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Abstract: Phosphine-initiated cation exchange is a well-known
inorganic chemistry reaction. In this work, different phos-
phines have been used to modulate the thermodynamic and
kinetic parameters of the cation exchange reaction to synthe-
size complex semiconductor nanostructures. Besides preserv-
ing the original shape and size, phosphine-initiated cation
exchange reactions show potential to precisely tune the
crystallinity and composition of metal/semiconductor core–
shell and doped nanocrystals. Furthermore, systematic studies
on different phosphines and on the elementary reaction
mechanisms have been performed.

Cation exchange, a traditional inorganic reaction,[1] has
become a potential strategy for synthesizing highly mono-
disperse colloidal nanocrystals (NCs), because it can not only
preserve the original shape and size but also control the
amount of dopant in semiconductor NCs.[2–14] Recently, cation
exchange has also been demonstrated as an effective way to
tailor core–shell, heterodimer hybrid NCs under large lattice
mismatches.[15] Furthermore, compared to the hot-injection
method,[16, 17] the cation exchange method can mediate the
cation and anion composition as well as the amount of dopant
in semiconductor NCs at low temperature, because it can be
used to control the thermodynamic and kinetic parameters.
However, many cation exchange reactions, as shown in
reaction (1), are forbidden, because DGreaction> 0.[1, 3c]

n Mx EmðmoleculeÞ þm x Nnþ ¼ m Nx EnðmoleculeÞ þ n x Mmþ ð1Þ

Tertiary phosphines (R3P) are an important class of
ligands because their electronic and steric properties can be
altered in a systematic and predictable way over a very wide
range by varying the R groups.[18, 19] They can be used to
stabilize a variety of transition metal complexes.[20–23] There-
fore, the addition of phosphine agents, which have versatile

coordination abilities to many kinds of transition metals,
could induce different cooperation modes between M and N
cations and promote reaction (1) (DGreaction< 0).[19, 20]

It is worth mentioning that the Alivisatos group used
tributylphosphine (TBP) to mediate cation exchange reactions
in ionic nanocrystals and found the complete in situ conver-
sion of silver chalcogenide (Ag2E, E = chalcogen) NCs to CdE
NCs.[3] Afterwards, TBP has been widely used to synthesize
quantum dots with controlled dopant and composition by
several groups, such as the Norris, Manna, Klimov, and
Ouyang group.[6,8,24–26] We utilized TBP for the nonepitaxial
growth of hybrid metal@semiconductor core–shell and hete-
rodimer NCs under large lattice mismatches.[15c] However,
TBP is easily oxidized to tributylphosphite (TBPO) with
flammable and corrosive severity within short time when
operated in air, thus leading to the deactivation of cation
exchange. There are only a few studies on the flexible chemical
thermodynamics and kinetics control by different kinds of
phosphine agents. It is very critical because the choice of
phosphine will influence the crystallinity and composition of
the semiconductor NCs, thus enabling a more flexible tailoring
of their optical and electronic properties.

Nonepitaxially grown metal@semiconductor core–shell
NCs with monocrystalline semiconductor shell have exhibited
flexible plasmon–exciton coupling and enhanced lifetime of
excitons.[15b, 27] As a result, the energy of metal nanoparticles
can be efficiently utilized by the semiconductor component
without undergoing significant nonradiative energy loss. They
have potential catalytic and photovoltaic applications due to
the nonepitaxial nature of the metal/semiconductor interface
associated with low defect density.[15c, 27] Thus, more versatile
and facile synthesis of such NCs with well-controlled crystal-
linity and composition requires further study. Incorporating
heterovalent impurities in semiconductor NCs through cation
exchange with controlled dopant level and concentration has
demonstrated potential optoelectronic applications.[6,8,24–26]

Here, a series of phosphine ligands and other typical organic
ligands have been chosen to modulate the thermodynamic and
kinetic features of cation exchange in the case of metal@-
semiconductor core–shell NCs and doped NCs. The mecha-
nism of cation exchange reactions initiated by these phosphine
ligands and the control of crystallinity, morphology, and
composition of these two types of NCs have been investigated.

Here, we examine the cation exchange between N+ in
amorphous N2E (E = chalcogen) nanoparticles (NPs) and
M2+ (such as Cd2+) ions in solution, as shown in reaction (2)

Nx EðNPsÞ þM2þ þ x ðR3PÞ !MEðNCsÞ þ 2 NðR3PÞx=z þDG ð2Þ
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and Figure 1. Based on our previous work on Au@ME core–
shell NCs under large lattice mismatches,[15a] many other
phosphines besides TBP, have been used to control the
thermodynamic and kinetic parameters of reaction (2). Ini-
tiated by trace phosphine (R3P), the crystallinity, morphology,
and composition of metal@ME core–shell NCs have been
tailored well.

Different phosphine and phosphite agents used in the
synthesis of semiconductor shells have been summarized in
Table 1. From Table 1 and Figure 1, several conclusions can be
drawn. Firstly, the prerequisite to promote cation exchange is
the lone-pair electrons of P in phosphines or phosphites. Based
on this, the different p-accepting and s-donating capabilities
of the phosphines and phosphites to M and N ions render
reaction (2) exothermic (DGreaction< 0).[18–22] 31P NMR meas-
urements of different phosphines coordinating to Ag+ and
Cd2+ and a study of their coordination abilities further prove
that reaction (2) is exothermic in principle (see the details in
Figure S1 and SI-1 in the Supporting Information, SI).[23]

Therefore, the thermodynamics and kinetics of reaction (2)
could be mediated. This explains why TOPO could not
promote reaction (2). Secondly, the stronger coordination
ability of R3P to N+ than to M2+ ions enables the in situ
conversion of amorphous N2E nanoparticles to ME NCs.
However, pyrazole and imidazole cannot initiate reaction (2),
although they show good coordination to many transition
metals through their N atoms (see also Table S1). Thirdly, but
most importantly, although many kinds of phosphines or
phosphites are thermodynamically applicable in reaction (2),
the steric effect derived from the carbonyl ligands, such as
alkyl and aryl ligands, would influence the kinetics of
reaction (2) and therefore the crystallinity and composition
of the resulting ME NCs distinctly. One example is the cation
exchange from the amorphous Ag2S nanostructure to form the
single-crystalline CdS nanostructure. As illustrated in Table 1,
the kinetic activity order is: PEt3>P(MeO)3>P(EtO)3>P-
(nBu)3>PPh3>P(n-Oct)3>P(PhMe)3>P(PhOMe)3. This is

almost consistent with their order of s donation ability and
contrary to the p backbonding order. Especially the steric
hindrance from carbonyl ligands would distinctly influence
the s donation ability and the chemical kinetics. That is the
reason why P(PhOMe)3 phosphines show low activity in
reaction (2). These findings are concordant with Chad Tol-
man�s classic phosphine ligands ordering in terms of their
electron-donating ability and steric bulk.[19] Furthermore,
after careful posttreatment of supernatant and 31P NMR
characterization (for details see SI-2), we confirmed the
existence of (PPh3)3Ag�NO3. This means that in the case of
PPh3, reaction (2) happened as follows:

CdðNO3Þ3 þ 6 PPh3 þAg2SðNPsÞ ! CdSðNCsÞ þ 2 ðPPh3Þ3Ag�NO3

ð3Þ

This confirmed the validity of reaction (2) and demon-
strated that phosphine promotes cation exchange.

Interestingly, air-stable PPh3 is a new potential alternative
to initiate reaction (2) (see also the analysis in SI-1). Figure 2
shows Au@CdS and Pt@CdS core–shell NCs prepared by
reaction (2) initiated with PPh3. Following the nonepitaxial
growth process we published before,[15] after the cation
exchange from amorphous Ag2S shell, Au@CdS and
Pt@CdS NCs could preserve a thick monocrystalline CdS
shell. LRTEM and HRTEM images in Figure 2A–D con-
firmed their good crystallinity. Especially, as shown in Fig-
ure 2D, despite the anisotropic shape of the Pt nanocube, the

Figure 1. Thermodynamic scheme of the cation exchange reaction
initiated by different phosphines or phosphites (R3P).

Table 1: Phosphines and phosphites with different alkyl groups and
steric properties that were used to promote cation exchange (C.E.) for
the synthesis of core–shell metal@semiconductor NCs.

Name Molecular
formula

C.E. reaction
conditions

Triethyl phosphine (C2H5)3P
P(Et)3

rt, 3–5 min

Trimethyl phosphite (CH3O)3P
P(MeO)3

rt, 3–5 min

Triethyl phosphite (C2H5O)3P
P(EtO)3

rt, 5–10 min

Tributyl phosphine
(TBP)

(C4H9)3P
P(nBu)3

rt, 20–30 min
(or 30–408C,
3–5 min)

Trioctyl phosphine (TOP) (C8H17)3P
P(n-Oct)3

40 8C, 30–40 min

Trioctyl phosphine oxide (TOPO) (C8H17)3PO
P(n-OctO)3

–[a]

Triphenyl phosphine (TPP) (C6H5)3P
PPh3

30–40 8C,
20–25 min

Tri-p-tolylphosphine (C7H7)3P
P(PhMe)3

50 8C, 30–40 min

Tris(o-methoxyphenyl) phosphine (C7H7O)3P
P(PhOMe)3

80 8C>30 min
or 30–40 8C>1.5 h

[a] No cation exchange observed. rt = room temperature.
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thick CdS shell has good single-crystallinity. PPh3 further
facilitates to overcome the critical layer thickness limit of
heteroepitaxy.[28] PPh3 is a “green” choice compared to TBP,
because it is sufficiently air-stable to enable reaction (2)
under more flexible conditions, such as higher temperature
and longer time to facilitate the production of versatile ME
NCs.

Moreover, besides crystallization tailoring, PPh3 could
initiate cation exchange to get more complex heterostructures
with precise compositional tailoring. Figure 3 A and B showed
the LRTEM and HRTEM images of as-prepared
Au@CdS1�xSex core–shell nanocrystals with ternary single-
crystal alloy shell. The S to Se ratio could be tailored
(CdS0.58Se0.42 and CdS0.45Se0.55, obtained by energy-dispersive
X-ray spectroscopy (EDS) elemental analysis) to engineer
their bandgaps. The consistent shift of the powder XRD peaks
from CdS1�xSex shell (Figure 3 C) and the distinct colloid color
changing (inset in Figure 3D) confirmed the homogeneous
composition modulation. The strong visible light absorption
(550–700 nm; Figure 3D) due to the surface plasmon reso-
nance (SPR) and exciton coupling in as-prepared
Au@CdS1�xSex NCs indicated their potential application in
photocatalysis and photovoltaics.[27]

Doped semiconductor NCs with controllable heterovalent
impurities have been shown to be an efficient way to control

the optical, electronic, transport, and magnetic proper-
ties.[29–31] Cation exchange is an effective way to achieve
heterovalent doping as shown by many groups, such as the
Norris, Banin, and Klimov group.[14,24, 25] Herein, different
kinds of phosphine (listed in Table 1) were found to modulate
the dopant concentrations through reaction (2). In contrast to
the reported methods, firstly, we synthesized highly mono-
disperse amorphous Ag2S NPs (Figure 4B) by treating Ag
nanoparticles with an organic sulfur precursor. The amor-
phous state is helpful for ion motion inside and further cation
exchange to achieve a single-crystalline matrix.[32] Secondly,
through cation exchange with Cd2+ promoted by different
phosphines, single-crystalline CdS NCs could be synthesized
successfully. Figure 4A and C shows the TEM images of CdS

Figure 2. Core–shell metal@semiconductor NCs with thick monocrys-
talline CdS shell synthesized by PPh3 initiation under large lattice
mismatches: LRTEM and HRTEM images of Au@CdS NCs (A) and
Pt@CdS NCs with Pt nanocube core (B–D). Scale bar in (A) = 20 nm.

Figure 3. Au@CdS1�xSex NCs synthesized by PPh3 initiation: A–B)
LRTEM and HRTEM images of prepared Au@CdS0.58Se0.42 NCs and
Au@CdS0.45Se0.55 NCs. C) Comparison of XRD patterns and D) UV/Vis
extinction spectra of Au@CdS0.58Se0.42 NCs and Au@CdS0.45Se0.55 NCs.
Inserted pictures show their colloid color.
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NCs synthesized with (CH3O)3P and (C6H5)3P, respectively.
XRD patterns in Figure 4D confirmed their good crystal-
linity. Using (C7H7)3P to initiate cation exchange, the as-
prepared CdS NCs have a high monodispersity and show
uniform self-assembly to a superlattice (Figure 4E). Figure S2
also shows monodisperse CdS NCs synthesized with P(EtO)3,
P(nBu)3, P(n-Oct)3, and P(PhOMe)3. Especially, the as-
prepared CdS NCs obtained with these phosphines exhibited
novel optical properties. As shown in Figure 4F and G, there
are almost no exciton absorption peaks in their UV/Vis
absorption spectra, although the CdS NCs had a high mono-
dispersity. Compared to undoped CdS NCs of the same size
and shape,[16] these CdS NCs emitted red fluorescence. The

luminescence arising from exciton
emission (� 460 nm) was very weak.
The luminescence peaks at 550–
700 nm were stronger. This stronger
emission should result from the Ag
dopant impurity induced shallow
defect energy level.[33] Furthermore,
using different kinds of phosphines in
reaction (2), different reaction ther-
modynamics and kinetics are
obtained that lead to different con-
centrations of the Ag residue. Thus,
the dopant luminescence intensity
could be mediated more flexibly (see
also the fluorescence spectra compar-
ison for using the same phosphine
under different reaction time and
temperatures in Figure S3A and the
fluorescence comparison for using
different phosphines under the same
reaction time and temperature in Fig-
ure S3B). Thus, as-prepared CdS NCs
will have potential bioimaging and
biosensing applications due to their
large Stokes shift and flexible dopant
luminescence intensity regula-
tion.[34, 35] More precise control of Ag
dopant concentration, position, and
resulting shallow energy level will be
further studied. Nevertheless, this
study provided a new way to synthe-
size doped semiconductor NCs with
precise control of dopant-related
optoelectronic properties.

In conclusion, by using different
phosphines, the traditional cation
exchange reaction could be used to
synthesize semiconductor nanostruc-
tures with a more flexible degree of
control of their crystallinity, composi-
tion, morphology, and related optical
properties, especially for metal/semi-
conductor core–shell nanocrystals
and doped nanocrystals. This is
mainly due to the fact that different
phosphines could enable flexible ther-

modynamic and kinetic control of the cation exchange
because of their different coordination capability to transition
metal ions and the steric effect derived from carbonyl ligands.
PPh3 was found to be a potential alternative. Due to the
versatility of phosphine-initiated cation exchange, this
approach should offer a general and constructive method to
create a wide range of complex semiconductor nanostructures
with desired multifunctionality.
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Figure 4. Cation exchange enabled the tailoring of the synthesis and optical properties of Ag-doped
CdS NCs: A) LRTEM image of as-prepared CdS NCs by initiation with (CH3O)3P. B) Amorphous
Ag2S nanoparticles. C) CdS NCs obtained by initiation with (C6H5)3P. D) XRD patterns of CdS NCs
in (A) and (C). E) Self-assembly of CdS NCs synthesized by initiation with (C7H7)3P.
F–G) Comparison of UV/Vis absorption spectra and related fluorescence spectra (lex = 400 nm) of
CdS NCs obtained by using different phosphines or phosphites under the same reaction
conditions. The inset is a digital photograph of fluorescence under irradiation with a 365 nm
ultraviolet lamp.
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