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ABSTRACT

Differential pulse voltammetry (DPV) of TOPO-capped CdTe nanoparticles (NPs) in dichloromethane and a mixture of benzene and acetonitrile
showed two anodic and one cathodic peaks of the NPs themselves and an additional anodic peak resulting from the oxidation of reduced
NPs. The electrochemical band gap (~2.1 eV) between the first anodic and cathodic DPV peaks was close to the value (2 eV) obtained from
the absorption spectrum. Electrogenerated chemiluminescence (ECL) of CdTe NPs was highly intense for scans into the negative potential
region in dichloromethane. The fact that the ECL peak occurs at about the same wavelength as the band-edge photoluminescence (PL) peak
indicates that, in contrast to CdSe NPs, the CdTe NPs as synthesized had no deep surface traps that can cause a substantially red shifted
ECL.

1. Introduction. Semiconductor nanoparticles (NPs) have  The surface structure of NPs also plays a key role in
unique electronic properties depending on size and composi-determining the properties of the particles. Unpassivated
tion that can be probed by spectroscopic and electrochemicakurface atoms can form electronic traps for electrons and
measurements. The properties can also be very sensitive tholes that affect the luminescence processes. Figure 1 shows
the surface structure because of the large surface-to-volumeyathways of photoluminescence (PL) of a NP. In the core,
ratio of NPs compared to the bulk materials. there is excitonic radiative emission near the same wave-
The electrochemistry of semiconductor NPs can sometimesjength as the absorption. On the surface, the surface traps
reveal quantized electronic behavior as well as decompositionsomed within the band gap can cause luminescence at
reacti_ons upon_reduction apd oxidation. Our earlier réport significantly longer wavelengths and act as nonradiative
described the dlregt correlation of the bar?d gaps of CdS I\lpsrecombination centers that lower the efficiency of photolu-
measured t.)y optical and electrochemical methods. Theminescence. Thus, the passivation of surface traps is very
electrochemistry of monolayer-protected gold clusters (MPCs) important to obtain a highly efficient luminescence with a
shows evenly spaced voltammetric peaks that can be at'narrow emission line width. This passivation can be ac-

tributed to quantized double layer (QDL) chargihd@he ) . ) . .
charging capacitance of MPCs of a few aF results in complished by capping the particle surface with an organic

successive current peaks that show the same potential spacing9€nt or shell of a larger band gap semiconductor. In this
due to single charge additions to the MPCs. However, for [ePOrt, we used trioctylphosphineoxide (TOPO) to passivate

semiconductor NPs, such a QDL charging effect has not beertn€ surface of CdTe NPsRecently we demonstrated that
well established in general. Si NPshowed cathodic the electrogenerated chemiluminescence (ECL) of NPs is
voltammetric peaks due to the QDL charging of particles, much more sensitive to their surface electronic structure than
but for PbS and Cd3 NPs, the voltammetric responses were the PL, which is mainly characterized by the bulk electronic
irregular and irreversible because of decomposition of the structure®’# For example, Siand CdSé NPs showed an
particles on charge transfer leading to multiple electron- ECL emission that was substantially red shifted from the
transfer reactions. band-edge PL; this was attributed to surface state emission.
. On the other hand, CdSe NPs that were well-passivated with
:?ﬁg%snpiggrds'irt‘g ;“}rgés at Austin. a shell of ZnSe (CdSe/ZnSe core shell NPs) showed a large
#Konkuk University. ECL peak at the wavelength of band-edge®PL.
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Figure 1. Diagram of photoluminescence of a nanoparticle in the
core and on the surface.

We describe here the electrochemistry and ECL of 4 nm
diameter CdTe NPs. CdTe is a useful groupl¥ compound
semiconductor that has been used in photovoltaic cells an
electrooptic modulators, because its band gap (1.5 eV at 30
K) is in the visible region and its optical absorption
coefficient is high? In particular, we determined the elec-
trochemical band gap of the particles and explain the
voltammetric peaks observed in solution. Because of the

close correspondence of the ECL and PL spectra, we sugges
that the tellurium surface sites are passivated as synthesizeat.

2. Experimental Section.2.1. Chemicals and Apparatus.
Cadmium acetate hydrate (99.99%), tellurium (200 mesh,
99.8%), trioctylphosphine (TOP; tech. 90%), and trioctyl-
phosphineoxide (TOPO; tech. 90%) were obtained from
Aldrich and were used without further purification. Dichlo-

romethane, acetonitrile, benzene (all anhydrous, 99.8%, Ald-

rich), tetran-butylammonium hexafluorophosphate (TBAPF
Fluka,>99.0%), tetran-butylammonium perchlorate (TBAP;
Fluka, >99.0%), methanol (Fisher, certified A. C. S.), and
chloroform (Fisher, certified A. C. S.) were used as received.

UV —vis absorption and PL spectra were measured with a
Milton Roy Spectronic 3000 array spectrophotometer and
PTI fluorometer, respectively, with rhodamine6G used as a
standard to determine the relative PL quantum efficiency.
Transmission electron microscopy (TEM) was performed on
a Philips 208 microscope with the sample prepared by
dropping a dilute particle solution on carbon film coated gold
grids.

For the electrochemistry and ECL experiments, the particle
solution was vacuum dried and the resulting powder was
dissolved in dichloromethane or a 5:1 (v/v) benzene/
acetonitrile mixture containing TBAP or TBARFas a
supporting electrolyte. The solution was placed in an airtight
cell inside a nitrogen filled drybox (MB200MOD-1-I,
mBRAUN, Germany) and the cell was closed and taken
outside the drybox for the experiments. Electrochemical
experiments were carried out with a potentiostat (model 660,
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CH Instruments, Austin, TX) and Autolab electrochemical
workstation (Eco Chemie, Netherlands) with a three-electrode
system: a Pt disk working electrode, a Pt wire counter
electrode, and an Ag wire quasi-reference electrode. The cell
potential was referenced to the standard calomel electrode
(SCE) by using Fc/Fccouple where the potential of this
couple in any solvent is assumed to be the same as measured
in acetonitrile, i.e., 0.342 V vs SCEBackground potential
scans in electrolyte solution in the absence of CdTe NPs
were obtained in all cases to determine which peaks could
be attributed to impurities. ECL transients were measured
using an Autolab electrochemical workstation coupled with
a photomultiplier tube (PMT, Hamamatsu R4220p), and ECL
spectra were obtained by applying a potential program with
a PAR model 175 universal programmer and model 173
potentiostat-galvanostat and recorded on a charge coupled
device (CCD) camera (CH260, Photometrics, Tucson, AZ)
cooled below—104 °C with liquid N, and a grating
monochromator (Chemspec 100S, American Holographics
Inc., Littleton, MA). The recorded spectra were calibrated
with an Hg—Ar vapor lamp.

2.2 Synthesis of CdTe Nanoparticle3dTe NPs were
synthesized according to the procedure developed by Peng

dand co-worker§. The tellurium precursor solution was
OIr)repared by loading 0.0664 g (0.52 mmol) of tellurium

powder ad 2 g (5.4 mmol) of TOP in a glass vial inside a
nitrogen filled drybox and heating it at 2FC for ~3 h to
dissolve the tellurium in the TOP outside the drybox. The
heating was maintained until the resulting solution showed
greenish-yellow color. If the heating was continued beyond
is point, the solution color changed to dark yellow; this
solution would not yield an optically clear NP solution but
rather a blackish precipitate as the product. The cadmium
precursor solution was prepared by mixing 0.0922 g (0.4
mmol) of cadmium acetate hydrateca8 g (20.7 mmol) of
TOPO in a 25 mL three-neck round-bottom flask and
increasing the temperature to 15€C under an argon
atmosphere. The mixture was kept at this temperature for 1
h and the colorless solution showed a pale yellow color after
this time. This solution was then heated to 3Mand the
color changed to dark yellow. The cadmium precursor
solution was held at this temperature and the tellurium
solution, cooled to room temperature, was injected quickly
into the reaction flask, stirred vigorously, and the heat was
removed immediately. The color of the solution abruptly
changed from dark yellow to reddish black. When the
resulting solution cooled te~150 °C, the solution color
changed to blood-red, which was the final product color. 10
mL of chloroform was added at 6TC.

The NPs dispersed in the resulting solution were precipi-
tated in methanol and collected by centrifugation and
decantation. The precipitate was dissolved in chloroform and
centrifuged. The purified solution was used for spectroscopic
measurements or vacuum-dried for electrochemical and ECL
measurements.

3. Results and Discussior.1 Characterization of CdTe
NanoparticlesThe absorption and PL spectra of CdTe NPs
are shown in Figure 2. The band gap from the absorption
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Figure 2. Absorption (solid line) and PL (dashed linkyx = 480 -— (B)
nm) spectra of CdTe NPs in CHCI
i i O
= Q
peak is 2.0 eV (625 nm) and is shifted to higher energy from é g—
the band gap of bulk CdTe (1.5 e¥)representing the = r 125 S
quantum size effect of the NP# particle size of 3.9 nm is 2 Q
estimated from this spectrum, based on the first absorption 3 i 7 3
peak wavelengtht From TEM measurements, the particle -g o 15 3
size was 4.0+ 0.2 nm, demonstrating a narrow size 2 citl 1™ g
distribution. <
The PL shows a peak at 635 nm and the quantum yield is I 1
~3% relative to rhodamine6G at room temperature. In 3 0.5
particular, the PL went down to the background level at i A2 1™
longer wavelengths without any PL tail, suggesting no . . . _’ .
significant luminescence from surface traps. In general, PL
of NPs at substantially longer wavelength from the band- 1 0 -1 2
edge PL is assigned to surface trap emis&i&ior example, E (V) vs. SCE

Wuister and co-worket3 reported two PL peaks of trio-

ctylphpsphlne/dodecylam|ne.—ca_1pped CdTe NPs, one Corre_batches of CdTe NPs at a 0.06 TRt working electrode with scan
sponding to band-edge emission and the other from trapoyarg positive or negative potentials, scan rates of 10 mv/s and
emission. However, after modification of the capping groups, pulse amplitude of 50 mV. The arrows indicate the starting potential
the band-edge PL was enhanced and showed no surface trapnd scan direction. (A) 9.6M CdTe NPs in 5:1 (v/v) benzene/
emission. This property (no observable surface trap emissionacetonitrile containing 0.1 M TBAP. The current value of peak Al

) . : is magnified three times and dotted lines are background signal
of TOPQ-capped CdTe NPs) will be referred to again to from supporting electrolyte solution. (B) 38 CdTe NPs in CH-

support the result of ECL. Cl, containing 0.1 M TBAPE
In addition, the concentration of NPs was estimated as 40

uM by using the number of CdTe units (493 CdTe units) in about half of the cadmium precursor participated in the
a NP of this size and assuming that all of the cadmium formation of the NP.

precursor was consumed in the NP formation process. The 3.2. ElectrochemistryAs with other semiconductor NPs,
total number of atoms in a particle was calculated by obtaining good electrochemistry is difficult, because the
multiplying the number of atoms per unit lattice volume (8 concentrations of the TOPO-capped CdTe NPs in typical
atoms are contained in a cubic lattice with a spacing of 6.477 solvents, like CHCl,, benzene and THF are small (typically
A)13 by the volume of a spherical NP of radius 20 A. The about 10 to 3QM) and differential pulse voltammetry (DPV)
particle consists of approximately 987 atoms (493 CdTe is often used to obtain a good signal over background. Figure
units). The concentration of NPs was calculated based on3 shows DPVs of two different batches of CdTe NPs. In
moles of cadmium precursor and total volume of resulting Figure 3a, in a 5:1 (v/v) benzene/acetonitrile mixture as a
solution, 20 mL. The estimated concentration of/A is, solvent, three anodic peaks (Al and A2 at 0.45 and 0.73 V
however, about twice that of the value of A® obtained with potential spacing of 0.28 V and an additional peak at
from absorption measurements using an extinction coefficient0.9 V) were observed in the positive potential scan. Three
of 4 nm size CdTe NPs(= 1.9 x 10° cm™t M~1).1! Thus, cathodic peaks (C1 at1.68 V and two other peaks atl.0
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Figure 3. Differential pulse voltammograms of two different



Table 1. Diffusion Coefficients of TOPO-Capped CdTe NPs
Dnp (cm?/s) from DPV peaks?

Dnp (cm?/s) from

Al C1 Einstein-Stokes eq.? 0.2
Figure 3A 1.3 x 1077 2.0 x 1077 1.4 x 1076 ’
Figure 3B 2.0 x 1076 1.9 x 1076 —
<
aDPV peak current(di)max = (NFAD,Y2C, (1 — 0)/(1 + o))/(w¥(x — 3
7')¥2)23 where pulse widtl{(z — ') is 0.05 s,0 = exp(NFAE/2RT) where = 04 |
pulse heightAE is 50 mV and assumed single charge= 1) reaction. o
b Einstein-Stokes equaticif) D = kgT/67;ry, wherekg is the Boltzmann 5
constant (1.38x 10723 J/K), T is the absolute temperaturg,is solvent O

ViSCOSity (7benzene, 300 &= 0.5883 CPy7acN, 300 k = 0.3548 CPyjcH2ci2, 300 K
= 0.4060 cP}* andry is the hydrodynamic radius of species & rcdre 0.6 F
NP + dropo= 2 nm+ 0.7 nm, the length of TOPO monolayekopo, are
adapted from experimental results using electrostatic force microscopy
(EMF)®).

and—1.24 V) appear in the negative potential scan direction. 0.8

The first anodic peak (A1), as discussed later, is characteristic 1.5 1 0.5 0 -0.5
of a one-electron reaction and could sometimes not be E (V) vs. SCE
distinguished well from the background, as shown in Figure 2 r

3b, even in the same batch of particles in the same electrolyte
solution. The third anodic peak around 0.9 V and two
cathodic peaks at potentials positive 01.68 V were not 0
reproducible and are probably due to impurities in the NP D
preparation or reduction of residual oxygen. The electro-
chemical band gap between the first cathodic (C1) and anodic
(Al) peaks from Figure 3A is 2.13 V, which is close to the
value of 2 eV obtained spectroscopically. Similarly, in Figure
3B, the electrochemical band gap~2 eV if the positive
onset point or the shoulder neai0.45 V is taken as the
first anodic current peak. Recently, Gao and co-woKkers
reported voltammetric current peaks of thioglycolic acid-
stabilized CdTe NPs aroundl and+1 V (vs Ag/AgCl) in 6
agueous solution. Similar voltammetic behavior was observed
by Greene and co-worképfsrom a solid film of dimethyl-
dioctadecylammonium-stabilized CdTe NP monolayer. They 1.5 1 0.5 0 0.5
reported an electrochemical band gap that correlated with E (V) vs. SCE

the optical value as well as anodic current peaks located at _

. S : _Figure 4. (A) Differential pulse voltammograms with different
potentials inside the valence band edge, which were ex staring potentials;-0.5 and 0.5 V, (10 mV/s scan rate and 50 mV

plained by hole injection into the surface traps of the pyise amplitude) and (B) cyclic voltammograms with different scan
particles. rates (0.02, 0.04, 0.08, and 0.16 V/s) and scan toward positive
To get some quantitative feeling for the observed wave potentials of 9.1uM CdTe NPs in 5:1 (v/v) benzene/acetonitrile
heights, we estimated the diffusion coefficient of the NPs containing 0.1 M TBAP at a 0.03 chiPt working electrode. Inset
(Dnp) from the DPV's by assuming a single electron reaction iDgws linear relationship between peak current around 0.7 V and
and compared it with the value estimated from the Stekes )
Einstein equation (Table 1). ThegPmeasured from Al and NP solution, or multicharge (hole) injection into the NPs.
C1 in Figure 3A was approximately 10 times smaller than To investigate the possibility of the wave being caused by a
the expected value. This would indicate that the electron- species formed by reduction of the CdTe NPs, DPVs were
transfer reaction of A1 and C1 would involve less than one taken starting at different initial potentials. Figure 4a shows
electron, which is unreasonable. However, Bhig measured DPVs with initial potentials of~0.5 V (solid line) and 0.5
from C1 in Figure 3B is similar to the expected value and V (dotted line), respectively. The same peak current for A2
suggests a single electron reaction per NP in C1. The smallwas found with both initial potentials, so this peak probably
Dnp obtained from Figure 3A may be caused by uncertainty does not involve species of the NPs reduced betd@b V.
in the estimation of the small current values associated with To investigate the possibility of adsorption, CVs at different
the electron-transfer reaction in the presence of the largescan rates were obtained as shown in Figure 4b. The linear
background current in the DPV measurement at the small relationship between the peak current and:tHeshows A2
NP concentration or an error in the concentration estimation. is mainly from diffusion of particles in solution, with no
The large reproducible peak, A2, which is 10 to 15 times appreciable contribution from an adsorbed species. The
larger than Al and C1, could result from adsorbed speciessample, as synthesized, contains capped CdTe NPs, residual
on the platinum surface, other components contained in theprecursor and capping agents, and impurities from the TOP

Current (uA)
Current (u1A)
N

0.2 0.4
V2 ([V/s]'?)

o

o

1156 Nano Lett., Vol. 4, No. 6, 2004



4 r (A)tech-TOPO and TOPO solutions. Other components, except for the
capped NPs, should largely dissolve in methanol during the
- purification step and probably are not at a high enough
oF e T concentration to produce this wave. We examined the
electrochemical behavior of each precursor and capping
agents to see if any current flows at a similar potential of
peak A2. Cadmium and tellurium precursors were prepared
by following the same procedure as that used in the NP
o 4 = synthesis. Both precursor solution and technical grade TOPO
8 L., Ewssce were vacuum-dried, and technical grade TOP was used as
15 05 05 15 25 stored in the drybox and dissolved in an appropriate solvent
for electrochemical studies as shown in Figure 5. The CV
of tech-TOPO does not show apparent current peaks corre-
sponding to the TOPO itself in the potential ranget& to
—2 V. The DPVs of TOPO in the inset show two broad
cathodic peaks around0.6 and—1.1 V, which could result
from impurities in TOPO such as dioctylphosphinic acid or
monooctylphosphonic acid,and an additional anodic peak
resulting from the oxidation of reduced species. Figure 5b
shows the reduction of cadmium ion a0.7 V and the
anodic stripping at-0.3 V where cadmium perchlorate was
used to observe the electrochemical behavior of cadmium
1 0.5 0 -0.5 -1 -1.5 ion in place of cadmium acetate because of the insolubility
of cadmium acetate in organic solvents. In the TOP solution,
as shown in Figure 5c, an anodic current flows around 1.5
V and reduction of the oxidized species occurs-8t02 and
—0.86 V. These two cathodic current peaks are observed
only after the potential scans to positive voltages around 1.5
V. The anodic peak current probably represents oxidation
of TOP in terms of the TOP concentration and it is
0 proportional to the square root of scan rate. In Figure 5d,
0 V12»(2[WS],,Z) 04 tellurium in a TOP solution shows an anodic peak around
L 0.8 V and another peak atl1.4 V, which is quite similar to
the anodic peak in a TOP solution. Two cathodic peaks are
15 05 -05 15 25 " :
also observed only after positive potential scans. Interest-
ingly, the anodic peak around 0.8 V is 20 or 10 times larger
(depending on the number of electrons assumed in the
electrode reation, 1 or 2) than the expected value from the
concentration of tellurium~0.2 mM. From the electro-
chemistry of each precursor and capping agent, peak A2 in
Figures 3 and 4 seems to be caused by oxidation of tellurium
species of NPs. This phenomenon may result from instability
of the oxidized patrticle.

When the potential was scanned from negative values at
or beyond wave C1 to positive potentials, an additional
anodic current peak appeared as shown in Figure 6. The
additional peak was found reproducibly around 1.1 V. This
Figure 5. Cyclic voltammograms of each precursor and capping Peak clearly results from oxidation of reduced species which
agent solution. (A) 4.1 mM tech-TOPO in 0.1 M TBAR remained on the platinum surface. Simply, by comparison
acetonitrile with scan rates of 50 mV/s, (inset: differential pulse with the electrochemistry of capping agents, this additional
v_oltammograms ofv_ll mM TOPO, dotte_d lines are background peak seems to result from the oxidation of TOP.
signal from supporting electrolyte solution). (B)1.6 mM Cd- . . s
(ClOy); in 0.1 M TABP + acetonitrile with scan rates of 50 mV The electrochemistry explained as the oxidation of tel-
/s. (C)~1.4 mM tech-TOP in 0.1 M TBAP§E+ CH,Cl, with scan lurium species and reductively produced species may become
rates of 50, 100, and 200 mV/s (inset: plot of peak current around different in more completely passivated NPs or particles
1.5 V versusy'?). (D) Te + TOP (~0.2 mM Te and~2.9 mM capped with other capping agents instead of TOPO and TOP.

TOP) in 0.1 M TBAPE + CH,CI, with scan rates of 50, 100, and . . .
200 mVI/s. (inset: plot of peak current around 0.8 V versi, The effect of different ligands on the electrochemistry of

at a 0.03 or 0.04 cAwPt working electrode. The arrows indicate  CdTe NPs will be studied so that more quantitative studies
the starting potential and scan direction. can be done at an increased NP solubility.

Current (LA)

Current (uA)

20 - (B) Cd(CIO)

—

uA)

Current (

Current (uA)

10

Current (LA)

15 |

20

-15 -~
(D) Te + TOP

15

Current (LA)

25 |

02 04
V7 ([V/S]w)
35 1 1 1 1 1 1 1 1 1
15 05 05 15 25
E (V) vs. SCE
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Figure 6. (A) Differential pulse voltammograms with different (—)'
starting potentials of 8.4M CdTe NPs in 5:1 (v/v) benzene/ I 90
acetonitrile containing 0.1 M TBARFat a 0.03 crh Pt working
electrode with scan rates of 10 mV /s and pulse amplitude of 50
mV. (B) Cyclic voltammograms with different scan directions of
9.1uM CdTe NPs in 5:1 (v/v) benzene/acetonitrile containing 0.1 -10
M TBAP at a 0.03 cri Pt working electrode and scan rates of 0 0.1 0.2 0.3 0.4 0.5

0.04 V/s. Time (s)
3.3. Electrogenerated Chemiluminescertigure 7 shows  Figure 7. (A) Cyclic voltammogram and the corresponding ECL

. ; ; i~ potential curve (scan rate: 1V/s) and (B) ECL transients (lower
an ECL-potential curve and transients of CdTe NPs in curves) by stepping potential (upper curves) betwe@W6 and

dichloromethane containing 0.1 M TBARRs the potential 11 44'y (solid line) or half potential betweer0.46 and—2.46 V
is scanned from zero te-2.46 V (vs SCE) at 1 V/s scan  (dotted line) of~7 uM CdTe NPs in CHCI, containing 0.1 M

rate, as shown in Figure 7a, significant ECL signal is detected TBAPF; at a 0.06 cri Pt working electrode.

around —1.85 V, which is slightly negative of the first

cathodic DPV peak potential (see Figure 3) and it shows a species (Ox) to accept an electron from the anion particle
large peak at more negative potential. However, in a reverseradicals and to form the emittéf.

potential scan, ECL is not observed at positive potential

region. In Figure 7b, the ECL transients are measured by (CdTe)p "+ Ox— (CdTe),p* + products 1)
applying 10 Hz potential steps betweef.46 and+1.44 V

(solid line). A large ECL signal is detected at the first (Here, we assume that NPs in bulk solution are neutral.) The
negative potential step and a much smaller ECL signal at oxidant (Ox) can come from supporting electrolyte, TBAPF
the subsequent positive potential. The latter can be explainedor dichloromethane solvent. In a different supporting elec-
by electron transfer reaction between reduced and oxidizedtrolyte, 0.1 M TBAP-CH,Cl, system, significant ECL signal
NPs. This small ECL signal is not often detected even in at the first negative potential was still observed. However,
ECL transients. The former ECL observed at the first in a different solvent, a mixture of benzene and acetonitrile
negative potential region is not explained with annihilation as shown in Figure 8, ECL signal is 30 times lower at the
of redox species of NPs because there are only reducedirst negative potential, which can be attributed to some
particles without the oxidized ones acting as an electron impurities in the cell. These results suggest that the large
acceptor. Rather, a larger ECL signal is still observed by ECL at the first negative potential in Figure 7 might result
applying negative potential steps fron?.46 to—2.46 V in from the oxidized form from the dichloromethane solvent.
Figure 7b (dotted line). There might be another oxidized Ushida and co-worket% revealed that CKCl* radicals

1158 Nano Lett., Vol. 4, No. 6, 2004
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o4 | ] between—2.3 andt-2.3 V (vs Ag wire) at 10 Hz with an integration

time of 20 min of~7 uM CdTe NPs in CHCI, containing 0.1 M
40 TBAP at a 0.1 crh Pt working electrode. Dotted curve is PL

g 19 [ | m spectrum to compare with ECL spectrum.
= <
3 44 | & Table 2. Difference between PL and ECL Position of Si,
2 %) CdSe, and CdTe NPs
£ O
d 9 L m APL (nm) AECL (nm) AECL — ;LPL (nm)
w Si NPs? 365 640 275

4l CdSe NPs” 545 740 195

CdTe NPs 635 638 3
1 e | : 8 . .
Es of CdTe NPs is 1.95 eV from the PL measurement in
0 0.1 0.2 0.3 0.4 0.5 - . .
Time (s) Figure 2. In mechanism (3), i.e., the co-reactant scheme, we
ime (s

assume that oxidation potential of @B~ to CH,CI* might
Figure 8. (A) Cyclic voltammogram and the corresponding ECL P& larger than 0.4 V (vs SCE) to form the emitting state
potential curves (scan rate: 0.1V/s) and (B) ECL transients (lower based on the reduction potential of NPs<{1.68 V vs SCE).
curves) by stepping potential (upper curves) betwe@¥6 and In addition, annihilation of NP ions is possible thermody-

+1.44 V of ~14 uM CdTe NPs in 5:1 (v/v) benzene/acetonitrile  namically because the difference in voltammetric peak

containing 0.1 M TBAPFEat a 0.1 crA Pt working electrode. Gray ; o _ Eo)ic ;
line shows background ECL signal from supporting electrolyte potentials & Ec?) is ~2.13 eV. However, from Figures

solution. 7 and 8, most of the ECL results from the reaction between
reduced NPs and GBI, solvent as a co-reactant.
produced under irradiation of GBI, play a role as an 3.4. Surface StatesRecently, this research group has

electron acceptor to oxidize aromatic hydrocarbons. Based"®Ported that the comparison between ECL and PL of NPs
on this reference, we propose @ as an oxidant in our 1S @ good way to mvestlga_te if _the NPs hav_e significant
system. The reduced GEl,, CH,Cl,™, decomposes into surface trap;, because ECL is m.alnly charactenzed by surface
CH,CIF and CI, and the oxidant, CKCI, accepts an electron  State transitions as compared with P18Si* and CdSENPs

from reduced NP to form the emitting state. showed a substantially red shifted ECL peak due to surface
trap emission as shown in Table 2. It means the NPs have
surface traps by incomplete passivation of NP surface with
capping agents. However, more completely passivated CdSe
NPs with a shell of ZnSe, CdSe/ZnSe NPs showed a small
ECL peak at a wavelength substantially red shifted and a
much larger ECL peak around the wavelength of®PL.

In contrast, CdTe NPs show a unique ECL spectrum in
Figure 9. That ECL peak at 638 nm is very close to the PL
maximum at 635 nm, which was obtained by stepping
potential between-2.3 and+2.3 V (vs Ag wire) at 10 Hz
—AH°=E’ —E°’—0.1eV> E 4) in dichloromethane solvent. The same ECL peak position
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CH,CIl, + e — CH,Cl, "— CH,CI"+ CI” 2
(CdTe)p "+ CH,CI"— (CdTe)x* + CH,CI™ (3)
ECL resulting from mechanisms (3) is possible only when

the reaction enthalpy\H®) characterized by the redox reac-
tion is larger than the first excited singlet state enekgy??



TOPO capping agent binds to cadmium sites on the surface
and most selenium surface sites are unbound because of the
basic character of TOP8®2! As a result, unpassivated
selenium or tellurium sites on the surface have been proposed
as surface hole traps. We assume the tellurium surface sites
can be more easily passivated by a surrounding component
than selenium surface sites based on the ECL spectra of both
NP systems. Very recently, Borchert and co-workers
reported the surface structures of thioglycolic acid-capped
CdTe NPs with different PL efficiency. They proposed that,
in highly luminescent CdTe NPs, sulfur of thiol ligands
replaces tellurium surface atoms and binds to cadmium atoms
more effectively. On the other hand, in lowly luminescent
NPs, most of tellurium surface atoms exist as traps decreasing
" the PL efficiency in two forms, unpassivated and oxidized
tellurium. Based on this report, we consider that the tellurium
500 600 700 800 900 surface atoms may exist as oxidized forms or be replaced
Wavelength (nm) by TOPO ligands or oxygen. In the former case, tellurium
atoms can react with oxygen and form the oxidized surface
states more easily than selenium atoms according to their
electronegativity trends. Otherwise the latter case, where
TOPO ligands or oxygen replace the tellurium surface sites
and bind to cadmium atoms, can be considered as a factor.
However, from a low PL efficiency of TOPO-capped CdTe
NPs,~3%, the first assumption is more reasonable to explain
their superior surface passivation. Even the oxidized tellurium
surface site may act as a luminescent quencher producing
S low efficiency of PL22 it can prevent the luminescence at
400 600 800 longer wavelength compared to unpassivated tellurium sites.
Wavelength (nm) As a result, passivation of tellurium surface sites by oxygen
" may result in an ECL peak at a similar position with PL and

ﬂ no apparent PL tail.

4. Summary. In conclusion, the DPV of TOPO-capped
CdTe NPs revealed the band gap-e2.1 eV, which was
close to the optical value and two discrete anodic peaks
resulting from diffusion of NPs in solution; where one large
Figure 10. PL spectra of (A) CdTe NPsl = 450 nm) and (B) anodic peak at-0.7 V was proposed as a multielectron
CdSe NPs Ax = 400 nm) dispersed in CHEIl Insets show reaction. An additional anodic peak appeared because of
magnified PL spectra in the range of low intensity and dotted lines oxidation of reduced species. The degree of stability of NPs
represent background PL from CHCI in solution under the potential could be the main reason of

the unpredicted voltammetric response. Intense ECL signal
was observed by stepping half potential between zero andof particles was observed by electron transfer reaction
—2.3 V (vs Ag wire). The result of Figure 9 suggests the peyeen reduced NPs and reductively oxidized species of
CdTe NPs as synthesized have no deep surface traps causingp,cl, at negative potential region. The good correspon-
luminescence at "?”gef yvavelength. Even though thg CdTedence of the ECL emission peak with the PL results suggests
NPs were synthesized with the same procedure used in Cds‘?he negligible participation of surface states in the emission

NPs \.N'th TOPO capping agehtthey show mare completely rocess. This difference with earlier ECL studies, e.g., of
passivated surface states than CdSe NPs based on the EC o .
dSe, perhaps results from better passivation of the tellerium

results. L . .

To support the superior surface passivation of CdTe NPs,Surface sites in the synthesized particles.
we investigated PL tails at longer wavelength than the
wavelength of band-edge PL. As shown in Figure 10, the Acknowledgment. We thank F.-R. Fan for his valuable
PL of CdTe NPs decreases to background levels without tailscomments and Seungwook Lee for assistance in acquiring
at longer wavelength, but CdSe NPs give a small and very TEM images. The support of the National Science Founda-
broad PL tail. Yet, it is not clear why CdTe NPs have a tion (CHE-0202136) and the Robert A. Welch Foundation
superior degree of surface passivation. Surface studies ofis gratefully appreciated. N.M. thanks Konkuk University
TOPO-capped CdSe NPs have reported that most of thefor financial support in the year of 2000.
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