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Abstract Controllable doping is an effective way of tuning
the properties of semiconductor nanocrystals (NCs). In this
work, a simple strategy of fast doping Cu ions into ZnSe
NCs under ambient conditions was proposed. The principle
of doping is based on hydrazine (N,H,) promoted cation ex-
change reaction. By direct addition of Cu ion stock solution
into the preformed ZnSe NCs, Cu doped ZnSe NCs can be
obtained. Furthermore, the emission of doped NCs can be
tuned by changing the amount of impurity ion addition. The
cation exchange reaction is facilitated by three factors: 1)
N,H, addition, 2) fast impurity ions, and 3) partial stabilizer
removal. The proposed cation exchange reaction in aqueous
solution could be an alternate route for NC doping as well as
synthesis of ionic NCs.

Keywords Doped - Cation exchange - Aqueous solution -
Cu:ZnSe NCs

Introduction

Colloidal semiconductor nanocrystals (NCs) have been wide-
ly studied for their size-dependent optical and electronic
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properties and applications such as light-emitting diodes, bio-
medical labels, and solar cells etc. [1-3]. Aside from changing
the NC size, doping of semiconductor NCs provides another
attractive way of producing functional materials with new
properties [4—7]. For instance, doped semiconductor NCs usu-
ally possess large Stokes shift thus can avoid self-quenching
problems of intrinsic NCs [8, 9]. In addition, wide-band-gap
zinc chalcogenides doped with transition metal ions are less
toxic than conventional cadmium chalcogenides, which is of
great importance for biomedical diagnosis [8]. Furthermore,
with different dopant types and concentration, the bandgap
and Femi level of the NCs can be controlled [10].

One challenge of the synthesis of doped semiconductor
NCs is the so-called “self-purification” process in which the
host matrix tends to expel the dopant ions to the NC surface
[11]. Early doping approaches were generally based on the
pre-mixing of dopant ions and competitive host ions followed
by high-temperature growth [12—15]. Afterwards, Peng and
coworkers proposed a new strategy called “nucleation-dop-
ing” which could achieve doping of almost all NCs in a given
sample [8, 16]. Another challenge in the synthesis of doped
semiconductor NCs is to develop greener method that is sim-
pler, less time-consuming, and less toxic than that reported
previously [17-20]. Synthesis in aqueous media is an alterna-
tive since it’s more environmental friendly, safe, and easy for
biological application, in comparison to high-temperature or-
ganometallic ways [21]. The nucleation-growth doping strat-
egy can also apply to the synthesis of doped NCs in aqueous
solution, such as Mn:ZnSe [22, 23]. However, aqueous syn-
thesis of doped semiconductor NCs are time-consuming and
the NC solution should be taken to reflux at relatively high
temperature.

In recent years, chemical transformation has been emerged
as a new route to nano-material synthesis by using well-
developed NCs (such as CdSe NCs) as starting templates
[24, 25]. It has been reported by Alivisatos and coworkers that
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for ionic semiconductor NCs, cation exchange reaction could
be greatly promoted by simply adding methanol in organic
solution at room temperature [26, 27]. Very recently, Banin
and coworkers developed a simple room-temperature method
for synthesizing heavily doped semiconductor NCs with metal
impurities by introducing of a dodecylamine [10]. These syn-
thetic methods are amazing for their easy control of chemical
composition and fast reaction speed at room temperature, ex-
cept that they are all conducted in the organic media.

Herein we report a simple method for doping Cu ions into
ZnSe NCs based on hydrazine (N,H4) promoted cation ex-
change reaction in aqueous solution at room temperature.
The doping of Cu into the ZnSe NCs can be achieved by
simply adding Cu ion precursor into preformed ZnSe NC
solution. By varying the amount of Cu precursor addition,
the emission of doped ZnSe NCs is tunable. Moreover, the
ZnSe NCs can be completely transformed into Cu; gSe NCs
by excess amount of Cu precursor addition. The proposed
cation exchange reaction in aqueous solution could be a ver-
satile route for expanding the range of nanoscale materials.

Experimental Section
Chemicals

Selenium powder (Se, 99.99 %), 3-Mercaptoacetic acid
(MPA, 99 %), Sodium borohydride (NaBHy, 95 %), Zinc
nitrate hexahydrate (Zn(NOs),-6H,0, 99 %), Copper chloride
(CuCly, 99 %), hydrazine hydrate (N,Hy, 85 %), Sodium hy-
droxide (NaOH, 97 %), All chemicals used in this work were
of analytical grade.

Synthesis of ZnSe NCs

NaHSe solution was prepared by using Se and NaBH, accord-
ing to the reference methods [28, 29]. Aqueous ZnSe NCs
were synthesized according to the reference method [30,
31]. Namely, the mixture of Zn(NOs), and MPA was adjusted
to pH 11.4 by drop wise addition of 5.0 mol/L NaOH solution.
After being bubbled with N, for 30 min, freshly prepared
NaHSe solution was injected into the aforementioned mixture.
The total concentration of Zn in the mixture was 0.01 mol/L,
and the feeding ratio of Zn/MPA/Se was 1.0/2.0/0.20. The
solution was then refluxed at 100 °C for 2 h. The as-
prepared ZnSe NCs were purified by centrifugation after be-
ing precipitated by methanol and re-dispersed in water.

Synthesis of Cu doped ZnSe NCs
Cu doped ZnSe NCs were obtained by partial cation exchange

of Cu with Zn ions. First, the ion exchange stock solution was
prepared by mixing 4uL MPA with 5 mL of 2x 10> mol/L
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CuCl, aqueous solution. In a typical doping process, the
above Cu stock solution was added drop-wise into the solution
of ZnSe NCs (concentration of NCs was 1x 107> mol/L ac-
cording to Zn) in the presence of 0.2 mol/L N,H, under vig-
orous stirring. By adding different amount of Cu stock solu-
tion into the ZnSe NC solution in the presence of 0.2 mol/L
N,H,, different levels of Cu doped ZnSe NCs were obtained.
The samples were taken for absorption and emission measure-
ments immediately.

Complete Cation Exchange Reactions

ZnSe NCs could be converted into Cu; gSe NCs by addition of
excess amount of Cu ion exchange stock solution in the pres-
ence of 2 mol/L N,H,. The added amount of Cu stock solution
was 4 times the initial Zn content. After the addition of Cu
stock solution, the solution color changed immediately (in a
few seconds) from colorless to dark brown and the emission of
the NCs was completely quenched, indicating the formation
of Cu,; gSe NCs.

The converted Cu,; gSe NCs were recovered into ZnSe NCs
through a reverse cation exchange reaction by addition of Zn
ion stock solution. In the reverse reaction, certain amount of
MPA was mixed with 0.5 mol/L Zn(NOs), aqueous solution
(MPA/Zn*" > 2). An excess amount (200 times the initial Zn
content) of Zn stock solution was added into Cu, gSe solution
in the presence of 2 mol/LL N,Hy. There was a slower change
of the solution from brown back to colorless. The recovered
NCs show green fluorescence due to remaining Cu ions inside
NCs. The restored NCs were purified by centrifugation after
being precipitated by methanol and re-dispersed in water. In
order to remove the Cu ions as many as possible, the above
reverse reaction was repeated for 4~5 times until the intrinsic
fluorescence of ZnSe NCs showed up. All experiments were
carried out under ambient atmosphere at room temperature.

Characterization

UV-—vis absorption spectra (UV) were recorded with a
Shimadzu 3600 UV—-vis near-infrared spectrophotometer.
Fluorescence experiments were performed with an Edinburg
FLS 920 spectrofluorimeter. The excitation wavelength in PL
spectra was 350 nm. All optical measurements were per-
formed at room temperature under ambient conditions. X-
ray powder diffraction (XRD) investigation was carried out
by using the D/max-2500/PC diffractometer with Cu K« ra-
diation (A=1.5418 A). X-ray photoelectron spectroscopy
(XPS) was investigated by using a PHIS50 spectrometer with
a Mg K excitation (1253.6 eV). Binding energy calibration
was based on C 1 s at 284.6 ¢V. Before XRD and XPS mea-
surement, the as-prepared Au decorated NC were purified.
Namely, equal volume of methanol was added into aqueous
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NC solution, and the obtained precipitates were used for XPS
measurement.

Results and Discussion

Doping of Cu impurities into ZnSe NCs was facilitated by
N,H, promoted cation exchange reaction in aqueous solution.
The reaction can be given by the following equation:

ZnSe + 2Cu* "5 CupSe + zn* (i)

Basically, one Zn>" ion in ZnSe NCs was replaced by two
Cu’ ions for charge balance. As a result, the degree of cation
exchange in these ZnSe NCs could be controlled by the
amount of added Cu stock solution. Although the used Cu
stock solution was a mixture of Cu®" and MPA, it was found
that the Cu ions were in the form of Cu" rather that Cu”" as
discussed later in this paper.

Cu doped ZnSe NCs were synthesized by directly adding
Cu stock solution into purified ZnSe NC solution in the pres-
ence of excess amount of NoH; (N,H4/Zn = 200). In our
experiments, very small amount of Cu addition would cause
enormous change in the emission of ZnSe NCs immediately
(Fig. 1). For pure ZnSe NCs, there are two emission peaks of
the PL spectra. The emission peak at around 400 nm is

Fig. 1 Evolution of
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attributed to band-gap emission of ZnSe NCs: namely the
irradiation recombination of electrons from ZnSe conduction
band to ZnSe valence band (Scheme 1S). Whereas the emis-
sion peak at around 480 nm is related to surface defect emis-
sion: namely the irradiation recombination of electrons from
defect energy levels to ZnSe valence band (Scheme 1S). The
band-gap emission and surface defect emission can also be
distinguished by the stokes shift (Figure 1S). For pure ZnSe
NCs, the excitonic absorption peak was at around 370 nm, a
30 nm stokes shift implied the PL peak around 400 nm was
bandgap emission. For PL peak around 480 nm, the stokes
shift is as large as 100 nm, which indicated surface defect
related emission. This PL characteristic of water soluble ZnSe
NCs and ZnSe:Cu was reported by earlier publications [28,
31]. Once addition of Cu stock solution into ZnSe solution,
the emission of ZnSe NCs changed immediately, indicating
the extremely fast cation exchange reaction. With increased
Cu addition amount up to Cu/Zn ratio of 0.2 %, ZnSe band-
gap emission nearby 400 nm became much weaker. Simulta-
neously, the longer-wave emission also shifted from 480 to
500 nm. Obviously, the emission change was caused by the
rapid replacement of Zn cations by Cu ones in the NCs. When
Cu addition amount increased to Cu/Zn ratio of 1 %, ZnSe
bandgap emission around 400 nm disappeared, leaving only
emission band at around 530 nm. By adding more Cu stock
solution, there was a continuous red-shift of this emission
band until the photoluminescence (PL) peak position of
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570 nm. It is still unknown the reason for the emission red-
shift with increased Cu amount since the Cu dopant energy
level will not be affected by Cu dopant amount in NCs with
unchanged size. To investigate the possible reason, the emis-
sion of as-prepared NCs were analyzed by decovolution in
Figure 2S. The fitted results were shown in Table 1S. As can
be seen, the addition of Cu into ZnSe NCs led to a new emis-
sion band around 580 nm: namely Cu dopant emission. Due to
the serious overlapping for ZnSe defect emission band and Cu
dopant emission band, the observed emission at the longer-
wave emission was actually an integration emission for afore-
mentioned two bands. With increased Cu addition amount,
ZnSe defect emission became weaker and weaker, leading to
changed integration emission from ZnSe defect emission-
dominant (480 nm) to Cu dopant emission-dominant
(570 nm). This should be the reason for the emission red-
shift with increased Cu amount.

High-resolution transmission electron microscope
(HRTEM) images showed that the size and shape of NCs were
preserved over the doping process (Fig. 2). HRTEM images
(insets) with well-resolved lattice planes indicated good crys-
talline structures of the NCs. The measured lattice spacing of
the starting ZnSe and Cu doped ZnSe are both 0.325 nm,
corresponding to (111) lattice plane of cubic ZnSe. It is noted
here that NCs in aqueous solution were easily aggregated
upon deposition and solvent evaporation because the TEM
grids used for this analysis were hydrophobic carbon coated

Fig. 2 High resolution transmission electron microscope (HRTEM)
images of a initial ZnSe NCs, b Cu doped ZnSe NCs, ¢ Cu; gSe NCs
and d recovered ZnSe NCs. Scale bars are 5 nm. Insets show the
magnified HRTEM images of individual NCs with well resolved lattice
planes. Scale bars are 2 nm
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grids [32]. In our work, NCs all have good mono-dispersity in
aqueous solution.

X-ray diffraction (XRD) patterns were further used to char-
acterize the structure of Cu doped ZnSe NCs (Fig. 3). The
starting ZnSe NCs and Cu doped ZnSe NCs showed almost
identical diffraction characteristics, the major diffraction
peaks at 27.5°, 45.6° and 54.1° are attributed to (111), (220)
and (311) planes of cubic ZnSe respectively. The identical
cubic structure of NCs is in consistent with HRTEM results.

To further understand the doping process, Cu doped ZnSe
NCs were taken for XPS measurements (Fig. 4). Signals at
932.7 and 952.4 eV originated from Cu, which confirmed the
presence of Cu ions in the doped ZnSe NCs. However, it is
difficult to discriminate the valance state of Cu* or Cu®" in
ZnSe NCs by XPS because the binding energies of Cu” and
Cu®" are so close. Moreover, signals at 399.4 and 406.5 eV
which were attributed to N were observed. According to the
experiments, signals from N came obviously from the N,H,
addition. This result indicates the presence of N,H, on the NC
surface.

In the above doping process, Cu ions were easily incorpo-
rated into the host ZnSe NCs with surprisingly fast speed. In
addition, the host ZnSe NCs seemed can take in as many Cu
ions as possible. These properties implied that the doping
process may probably be based on fast cation exchange reac-
tions. As is known, ionic semiconductor NCs could be chem-
ically transformed into new ones by adding new ions in or-
ganic solution [33, 34]. In order to figure this problem out, a
complete cation exchange reaction was performed by mixing
a solution of purified ZnSe NCs with over amount of Cu stock
solution the presence of 2 mol/L N,H4 (N,H4/Zn =2000). The
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Fig. 3 XRD patterns of initial ZnSe NCs. Cu doped ZnSe NCs, Cu; gSe
NCs and recovered ZnSe NCs. For comparison, the reference peaks of
bulk cubic ZnSe and Cu, gSe are displayed
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Fig. 4 X-ray photoelectron spectroscopy (XPS) of partially exchanged
Cu doped ZnSe. Insets are the spectra of Cu 2p and N 1 s, respectively

color of the solution changed rapidly (in a few seconds) from
colorless to brown and the fluorescence is completely
quenched (Figure 1S).

X-ray diffraction patterns revealed that the reaction product
was Cu, gSe (Fig. 3). For small amount of Cu doping, the
XRD patterns barely changed. By addition of more Cu impu-
rities, the peaks of XRD gradually shifted to smaller 26
values. After a complete cation exchange the XRD patterns
of final product was in consistent with cubic Cu, gSe and there
was a obvious shift of the XRD peaks to the smaller 20 values.
This shifting of peaks can be explained by the contraction or
expansion of the lattice. It has been reported that lattice
contraction/expansion will cause the peaks shift to the larger/
smaller 20 values [35, 36]. In our experiments, lattice expan-
sion was accompanied by the transition from ZnSe NCs to
Cu, gSe ones as observed from the lattice spacing in HRTEM
results of Fig. 2. As a result, the diffractive peaks will shift to
much smaller 20 values. The diffraction peaks of the NCs at
26.9°, 44.7°, and 53.1° were attributed to (111), (220) and
(311) planes of cubic Cu, gSe, respectively. It is noted that
the major peak positions of ZnSe and Cu, gSe are rather close
due to the overlapping of the peaks. However, the conversion
from ZnSe to Cu, gSe could also be judged from the evolution
of the relative intensity of the peaks at the positions of ZnSe
compared with Cu, gSe.

Since Cu stock solution was prepared by mixing CuCl,
with MPA, Cu®" ions were probably reduced to Cu* by
MPA in aqueous solution [31]. Interestingly, the product of
complete cation exchange reaction was not Cu,Se. Cu, gSe
which is lack of Cu” ions was more favorably formed. Any-
way, it means the Cu ions in the NCs were in the form of Cu"
rather than Cu?®". From HRTEM image, the measured lattice
spacing of the converted Cu; gSe was 0.34 nm, corresponding
to (111) lattice plane cubic Cu, gSe (Fig. 2).

The converted Cu; gSe NCs could be recovered back into
ZnSe NCs through a reverse cation exchange reaction by ad-
dition of excess amount of Zn stock solution in the presence of

2 mol/L N,H,4. The recovered ZnSe NCs showed almost the
same absorption and emission features as the initial ZnSe NCs
(Figure 1S). Since the absorption and emission peak positions
are strongly dependent by the NC size, the recovered ZnSe
NCs should have almost identical size with the initial ones.

XRD patterns showed that ZnSe NCs changed back from
Cu, gSe had the same cubic structure as initial ZnSe NCs too
(Fig. 3). XRD patterns of reversed ZnSe NCs also showed
broadening features compared with initial ones. According
to Scherrer’s formula, the broadening of the XRD peaks was
strongly dependent on the NC size. But in our experiment this
broadening feature may probably caused by the degrading of
lattice ordering during cation exchange rather than by NC size
change since TEM images showed almost identical NC size
between the reversed ZnSe NCs and the initial ZnSe NCs.
From the above XRD results, the initial ZnSe NCs, Cu doped
ZnSe NCs, Cu; gSe NCs and recovered ZnSe NCs all had the
same cubic zinc blend structure. In fact, it has been revealed
that during cation exchange, the anion framework of the crys-
tal was preserved [37]. The above XRD results are in consis-
tent with the previous report. The measured lattice spacing
from HRTEM image was 0.325 nm, corresponding to (111)
lattice plane cubic ZnSe, confirming the recovering of ZnSe
NCs (Fig. 2).

In our work, there are some key factors for the cation ex-
change reactions to take place so quickly at room temperature.
First, there is no doubt that N,H, addition is very important
since it promotes the cation exchange reaction. As is known,
hydrazine is a Lewis base which can bind to metal ions. In the
above reactions, the coordinative interaction between N,H,
and cations (Zn>" and Cu") may greatly increase the diffusion
speed of cations thus creates the driving force to convert the
ZnSe NCs into Cu gSe. In fact, previous reports had revealed
that N,H, could promote the growth or transformation of NCs
in aqueous solution by binding to the metal ions [38—40]. In
addition, an extremely excessive amount of N,H, in aqueous
solution can also serve as an alkaline buffer to neutralize the
acidic Cu or Zn stock solution. It should be noted that exper-
iments without the presence of N,H, showed barely any cat-
ion exchange. Second, the Cu ions are considered fast dif-
fusers so that diffusion of the cations is allowed [41]. Previous
report of doping Cu into ZnSe have demonstrated that Cu ions
could be incorporated into ZnSe NCs under relatively mild
conditions [42]. However, for traditional synthetic ways, no
doping of Cu ions into ZnSe NCs could occur in such a fast
speed or at room temperature before. Third, purification of the
starting ZnSe NCs is also a very important step in our exper-
iment, addition of Cu stock solution into ZnSe NCs without
purification in the presence of N,H, showed barely any
change of emission color of ZnSe NCs. As thiol stabilizer
was in a excess amount during the synthesis of ZnSe NCs,
there was a close packed thiol stabilizer coating on the surface
of the NCs. Purification of the NCs resulted in the partial
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removal of the stabilizer thus facilitated the following doping
process [43, 44].

Based on the proposed cation exchange reaction above,
other two cations (Ag and Pb) were employed to verify that
the reaction is broadly applicable. Over amount of Ag or Pb
stock solution was added into purified ZnSe NCs in the pres-
ence of N,H, and the solution was left to stir for 5 min. After
that the NCs were purified by centrifugation after being pre-
cipitated by methanol and dried in vacuum. The samples were
taken to X-ray diffraction test. It turned out that the initial
ZnSe NCs were transformed into Ag,Se and PbSe respective-
ly after cation exchange (Figure 3S). This result indicates that
the proposed N,H, promoted cation exchange may also be an
alternative way for synthesizing ionic NCs.

Conclusion

In conclusion, we proposed a fast, simple doping method
through cation exchange reaction in aqueous solution at room
temperature. The proposed cation exchange reaction was pro-
moted by N,H,4 which can bind to cations and increasing the
diffusion speed. By partial removal of NC stabilizer and
employing fast ions (such as Cu, Ag, and Pb), the cation
exchange reaction could be further facilitated. Cu doped ZnSe
NCs with tunable emission was demonstrated through simply
addition of different amount of Cu stock solution into
preformed ZnSe NCs. This simple way of doping with flexi-
ble controllability offers an alternation for traditional high-
temperature ways. The proposed cation exchange reaction in
aqueous solution can also be an alternate route for NC doping
as well as synthesis of ionic NCs.
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