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ABSTRACT: We investigated the generation of hot electrons occur- I hot e~ Redilction aPmethyleneibiie
ring via two consecutive exciton—Mn energy transfer processes in Mn-

doped semiconductor nanocrystals. Due to the fast exciton—Mn o0

energy transfer rate combined with the long lifetime of the intermediate B - g

state of Mn>" ions, consecutive energy transfer from two excitons to B2 g 4T‘ -§

one Mn*" ion can efficiently generate hot electrons even under weak "\ [ =5ms é 0.1} undoped —e—

cw excitation. The evidence for the occurrence of two consecutive ET1 Mn-doped —e—

energy transfers was obtained from the measurement of the intensity of B Yy = 5 s o 75
luminescence from the excited state of Mn”>" ions serving as the (e]e] — A Time (min)

intermediate acceptor state. Under the excitation condition, hot
electrons can be generated via consecutive energy transfer, and Mn-doped nanocrystals also exhibit the stronger photoreducing
capability of methylene blue than undoped nanocrystals, demonstrating a potential benefit in photocatalysis.

1. INTRODUCTION

Generation of hot electrons in metallic or semiconducting
materials and hot electron-induced chemistry on their surfaces
have been actively investigated for decades. For instance, opti-
cally excited hot electrons with excess energy above the Fermi
level of metals demonstrated its capability to transfer part of the
electron energy to the adsorbate molecules and excite their
internal modes initiating various surface chemistries.' ® In
semiconductors, hot electrons excited above the conduction
band edge have been shown to be beneficial in catalysis and
photovoltaic applications via fast interfacial charge transfer that
can effectively compete with intraband relaxation.”””

Recently, a number of groups reported eflicient interfacial
charge transfer of optically excited hot electrons in semiconduc-
tor nanocrystals,'*”'* demonstrating the potential of harvesting
hot electrons in nanocrystals that are widely employed in cata-
lysis and photovoltaic applications. Hot electrons with larger
excess energy will generally experience a lower energy barrier for
interfacial charge transfer, and their wave functions can reach
further away from the nanocrystals, making them potentially
useful for photocatalytic and photovoltaic applications.

Hot electrons in semiconductor nanocrystals can be excited
via optical excitation in a number of different ways. The simplest
way is the above-band-gap excitation with sufficient excess
energy that can excite the electrons high in the conduction band.
Hot electrons with higher excess energy generally require
excitation with the higher-energy photons in the UV region,
which is increasingly less convenient to work with. The lower-
energy photons can also excite hot electrons with large excess
energy via multiphoton excitation.">”"* However, multiphoton
excitation is usually much less efficient than single photon
excitation and requires high excitation intensity.

v ACS Publications ©2011 american chemical Society

In this study, we investigated the generation of hot electrons
with large excess energy in Mn-doped semiconductor nanocrystals
that occurs via two consecutive exciton—Mn energy transfer
processes taking advantage of the fast exciton—Mn energy
transfer and long lifetime of the intermediate acceptor state. In
Mn-doped semiconductor nanocrystals such as Mn-doped CdS
or ZnS, the energy of photoexcited excitons can be transferred to
the excited ligand field state of Mn>" ions. Typically, exciton—
Mn energy transfer depletes the population of exciton and
creates the locally excited ligand field state of Mn>" ion (*T,)
that has a lifetime of ~10> s due to the dipole-forbidden nature
of the transition involved.'®"”

In principle, exciton—Mn energy transfer to the same Mn®> "
ion can occur twice consecutively promoting Mn*>" ion to the
higher-energy state if the second energy transfer occurs before
the relaxation of the T, state of the Mn>" ion. If such con-
secutive energy transfer occurs, the excited d-electron on Mn>"
ion at the terminal state is energetically located significantly
above the conduction band edge of the semiconductor host. In
this case, the excited state of Mn>" ion after two consecutive
energy transfers can be considered as Mn*>" ionized into the
conduction band of the semiconductor host creating a delocalized
hot electron and a hole localized near the Mn>" ion.'®'® There-
fore, the overall effect of the two consecutive exciton—Mn energy
transfers can be viewed as an “upconversion” of the energy of two
excitons into one composed of a hot electron and alocalized hole.
Hot electron and localized hole pair created in this way ultimately
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Figure 1. Absorption (solid) and luminescence (dashed) spectra of
undoped (blue) and Mn-doped (red) CdS/ZnS nanocrystals. Excitation
wavelength is 370 nm.

relax rather nonradiatively without significant recycling for the
repopulation of the *T| state.

Here, we present experimental evidence showing that two
consecutive exciton—Mn energy transfers occur efficiently gen-
erating hot electrons in Mn-doped colloidal CdS/ZnS core/shell
nanocrystals. The key evidence comes from the measurement of
the luminescence intensity from the *T state of Mn*" ion serving
as the intermediate acceptor state at varying excitation densities
under one- or two-pulse excitation conditions. We also show that
Mn-doped nanocrystals exhibit a higher photocatalytic reducing
capability of methylene blue than undoped nanocrystals when the
excitation rate is sufficiently fast to have consecutive exciton—Mn
energy transfer even under cw excitation conditions.

2. EXPERIMENTAL SECTION

Synthesis of Mn-Doped and Undoped CdS/ZnS Nano-
crystals. Mn-doped and undoped CdS/ZnS core/shell nano-
crystals of the same semiconductor host structures were
synthesized for the comparative analysis of the photolumines-
cence intensity and photoreduction efficiency following the
published methods and their variations.”>*" Briefly, CdS core
nanocrystals (3.6 nm in diameter) were synthesized by injecting
the octadecene (ODE) solution of sulfur (0.25 M, 2.0 mL) to the
mixture of cadmium oxide (0.126 g), oleic acid (2.02 g), and
ODE (12.0 mL) heated at 250 °C. To coat ZnS shell on CdS core
and Mn-doped CdS core, ODE solutions of sulfur and zinc
stearate were added alternately to the ODE solution of CdS
nanocrystals at 220 °C in the presence of oleylamine. In Mn-
doped nanocrystals, Mn>" ions were doped at the interface of
CdS core and ZnS shell. Doping of Mn>" ions was achieved by
adding manganese diethyldithiolcarbamate dissolved in oleyla-
mine to the solution of CdS core nanocrystals in ODE at 220 °C
before putting ZnS$ shell. The average doping density of Mn*"
ions in Mn-doped nanocrystals was determined to be 3.6 ions per
particle from the elemental analysis employing ICP mass spectro-
metry and the particle size measurement with TEM. Figure 1
shows the UV—vis absorption and luminescence spectra of
both undoped and Mn-doped nanocrystals used in this study.
Luminescence spectra of both nanocrystals were obtained
with 370 nm excitation. The exciton and Mn luminescence in
undoped and Mn-doped nanocrystals occur at 440 and 625 nm,
respectively.

Excitation Density-Dependent Luminescence and Lifetime
Measurement. The exciton and Mn luminescence intensities of

undoped and Mn-doped nanocrystals were measured with 395 nm
pulsed excitation within the fluence range of 0—4.6 mJ/cm” per
pulse. The excitation pulses were generated by frequency doubling
790 nm output from a Ti:sapphire laser in a f-barium borate
(BBO) crystal. The nanocrystal solution in hexane was circulated
in a 1 mm thick liquid cell at the linear flow rate of ~1 cm/s to
avoid any potential photodegradation of the nanocrystals by the
excitation pulse. The repetition rate of the excitation pulse was set
at 50 Hz, much slower than the relaxation time of the *T state on
Mn”" ions, to avoid the reexcitation of Mn-doped nanocrystal
before the complete decay of Mn luminescence. The optical setup
for the measurement of the luminescence intensity and lifetime is
shown in Figure 2a. In order to obtain an accurate correlation
between the luminescence intensity and excitation density of the
nanocrystal (number of photons absorbed per particle), the spatial
intensity profiles of both the excitation pulse and luminescence
from the sample were measured. The spatially resolved detection
of the luminescence intensity is particularly important when using
excitation source with a small beam diameter. This is because Mn
luminescence intensity becomes nonlinear to the excitation in-
tensity as the excitation intensity increases, resulting in the
mismatch of the spatial intensity profiles of excitation beam and
Mn luminescence at higher excitation intensities.

The intensity profile of the excitation pulse was directly
imaged with a CCD camera using a wedge beam splitter placed
in front of the sample cell. The beam diameter (full width at half-
maximum) measured in this way was ~500 #m. The intensity
profile of the luminescence from the sample was measured
by imaging the luminescence on the entrance of an optical fiber
(50 um in diameter) mounted on an x—y translation stage. The
exit side of the optical fiber was connected to a CCD spectro-
meter (QE65000, Ocean Optics) that measured both the
spectrum and intensity of the luminescence as a function of the
position of the optical fiber. The intensity profile of the lumines-
cence was obtained by raster scanning the optical fiber. Figure 2b
shows the spatial intensity profile of the excitation pulse at a low
excitation fluence regime, where the luminescence intensity
increases linearly with the excitation fluence. The line profiles
of the excitation beam and Mn luminescence intensities are
almost identical under this condition as shown on the top and
right panels of Figure 2b. However, the two intensity profiles
become more dissimilar as the excitation fluence increases. In this
study, the excitation and luminescence intensities at the center of
the peak within 50 um diameter were taken to obtain excitation
density-dependent luminescence intensity. For the lifetime mea-
surement, the optical fiber was connected to a photomultiplier
tube (931A, Hamamatsu), and the data were collected by a digital
oscilloscope (TDS 2022B, Tektronix).

Photocatalysis Measurement. The kinetics of photocatalytic
reduction of MB by undoped and Mn-doped nanocrystals was
studied under 405 nm cw excitation. All the sample solutions
were prepared in a N-atmosphere glovebox. Dichloromethane
bubbled with N, for more than 1 h was used as the solvent to
prevent oxidative photodegradation of MB by the dissolved
oxygen. For the comparative measurement of the photoreduc-
tion rate by undoped and Mn-doped nanocrystals, concentra-
tions of MB (6.1 #M) and nanocrystal (0.23 #M) and the total
volume (2.1 mL) of the sample solution were kept identical for all
the measurements. The sample solutions in the cuvette with an
airtight cap were illuminated at two different excitation inten-
sities, 760 and 1.2 mW/cm?, using a diode laser and a light
emitting diode, respectively. The absorbance of MB at 656 nm
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Figure 2. (a) Experimental setup for the measurement of excitation density-dependent luminescence intensity. L, M, W, and F are lens, dielectric
mirror, wedge beam splitter, and filter, respectively. (b) Two-dimensional intensity profile of the excitation pulse at a low excitation fluence. The top and
right panels compare the line profiles of the excitation (blue) and Mn luminescence intensities (red) in two directions indicated with the dashed line.
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Figure 3. Possible pathways for hot electron excitation in Mn-doped
CdS/ZnS nanocrystals. (a) Hot electron excitation via two consecutive
exciton—Mn energy transfer processes in Mn-doped CdS/ZnS semi-
conductor nanocrystals. (b) Hot electron excitation via exciton—Mn
energy transfer followed by a direct resonant excitation of the *T| ligand
field state of Mn>" ion. VB and CB are valence and conduction band,
respectively. Thick downward arrows in orange color indicate Mn
luminescence. The lifetime of the *T state is S ms.

was recorded as a function of time to monitor the reduction
kinetics. MB has negligible absorption at the excitation wave-
length, and the illumination of the sample solution containing
only MB showed virtually no change of absorbance during the
period of time of the measurements.

3. RESULTS AND DISCUSSION

In Mn-doped CdS/ZnS nanocrystals, Mn luminescence
arlses from the radiative relaxation of *T, ligand field state of
Mn*" ions populated by exciton—Mn energy transfer (ET1) to
the ground A, state. If an additional exc1ton —Mn energy
transfer (ET2) occurs to the same Mn”>' ion before the
relaxation of the *T state, the *T state can be further excited
to the conduction band level of the host leading to the ionization
of Mn>" to the conductlon band as depicted in Figure 3a. Since
the energy levels of Mn>" d electrons are close to the valence
band edge of CdS,*** the two consecutlve energy transfers
(ET1 and ET2) to the same Mn*" ion can create hot electrons
with a large excess energy in the conduction band. The hole
initially on Mn>" will likely to be shared locally by the sulfur
atoms nearby. Therefore, the resulting state from the two
consecutive exciton—Mn energy transfers can be considered
as a hot exciton composed of a hot electron and a localized hole
near the Mn>" ion. One might view this process as the
“upconversion” of the energy of two excitons into a more
energetic exciton via two energy transfer processes (eq 1) In
this scheme, while the intermediate *T, state is emissive the
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terminal state decays nonradiatively rather than decaying back to
the *T, state as will be discussed more in detail later.

Mn”(éAl)E Mn”(“T) B2 M3t

+ecs  (or Mn** + ecp + Miocal) (1)

The confirmation of the occurrence of consecutive energy
transfer from the spectroscopic detection of hot electrons is not
straightforward in the steady state or time-resolved absorption
measurements. This is because hot electrons in the conduction
band do not have a sufficiently distinct spectroscopic signature
from that of lower-energy electrons excited by the initial photo-
excitation. However, the decrease of Mn luminescence from the
depletion of the emitting “T| state can be used as a readily mea-
surable indicator of the occurrence of two consecutive energy
transfers under the experimental condition that rules out other
pathways to deplete the T state. In fact, a decrease of Mn lumin-
escence from the direct resonant excitation of the *T, state to
the conduction band following an exciton—Mn energy transfer
has been observed in Mn-doped ZnSe nanocrystals by Irvine
et al. under two-color cw excitation conditions as depicted in
Figure 3b'® (eq 2).

h
Mn?* (°A,) ™ Mn®* (*T ) > Mn**
+ecg  (or Mn*" + ecp + Miocal) (2)

In their study, the 440 nm beam was used for the excitation of
the exciton and the 676 nm beam was used to excite the *T,
state to the conduction band. However, since the absorption
cross section of the *T state was several orders of magnitude
smaller than that of the exciton, the 676 nm beam was several
orders of magmtude more intense than the 440 nm beam to
excite the *T) state to the conduction band resonantly. The
decrease of Mn luminescence intensity upon excitation from
the T state to the conduction band is considered to be due to
the relatively fast nonradiative relaxation pathway compared to
the relaxation of the electron through the manifold of ligand
field states of Mn*" 1on. The nonradiative decay of the electrons
ionized from Mn>" ions to the conduction band was also
reported in Mn-doped ZnO nanocrystals, where the direct
charge transfer excitation from A, state to conduction band
can occur w1th sub- bandgap excitation due to the midgap
location of the °A,; state.** (eq 3) However, such direct charge
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Figure 4. Excitation density-dependent luminescence of undoped
(blue) and Mn-doped (red) CdS/ZnS core/shell nanocrystals. The
lines are a visual guide. The inset compares the Mn luminescence decay
curves at the excitation density of 2.5, 5, and 15 photons/particle.

transfer excitation does not occur in Mn-doped CdS/ZnS nano-
crystals.

I
Mn2+ (6A1) _V>I\/[n?”L + ecp (OI' MnH + ecp + hlocal) (3)

In our study, we observed the decrease of Mn luminescence
intensity in Mn-doped CdS/ZnS nanocrystals as the excitation
density increased under pulsed excitation conditions, which can
only be explained by the excitation of hot electrons via two
consecutive energy transfers. We used pulsed excitation at 395 nm
(60 fs pulse width) in the fluence range of 0—4.6 mJ/cm” per
pulse. Under this condition, the probability of resonant excitation
of the *T, state to the conduction band is negligible, since the
absorption cross section of the *T; state at 395 nm is estimated
to be 3—4 orders of magnitude smaller than that of the exciton
(Oex = 22 x 107" cm®) in our Mn-doped nanocrystals."**
Therefore, the process described in eq 2 is highly unlikely under
our experimental conditions. In addition, the excitation pulse
width (60 fs) much shorter than the exciton—Mn energy transfer
time (~10 ps)26 and the slow rate (50 Hz) of the excitation
further preclude the possibility of the excitation of the T state to
the conduction band following ET1. Furthermore, the lattice
heating from the photoexcitation is sufficiently small and short-
lived, not affecting the luminescence lifetime and quantum yield
of the *T) state as will be discussed further in detail below. This
indicates that the decrease of Mn luminescence reflects the actual
depletion of the emitting T, state population.

Figure 4 compares the excitation density-dependent lumines-
cence intensities of Mn-doped (red) and undoped (blue) CdS/
ZnS nanocrystals in the excitation density of 0—20 photons/
particle. The two curves are plotted with the initial slopes in the
linear regime at low excitation densities matched in order to show
the difference at higher excitation densities more clearly. The
average excitation density, (n.,), was estimated from (n.,) = f- 0,
where f is the excitation fluence and 0 is the absorption cross
section of the nanocrystal assuming that o is not sensitive to the
excitation intensity. Although this assumption is not strictly true,
the measurement of the transmittance of the excitation beam
through the sample indicated that o is only very weakly depen-
dent on the excitation fluences of our study.

In Figure 4, the intensity of Mn luminescence in Mn-doped
nanocrystals increases initially at low excitation density regime
(0—3 photons/particle) but decreases as the excitation density
increases further. No noticeable change of the luminescence

spectrum was observed within the entire range of the excitation
density. The inset in Figure 4 shows the decay of Mn luminescence
intensity in time at several different excitation densities: 2.5, S,
and 15 photons/particle. It shows nearly identical decay at all the
excitation densities with the decay time of ~5 ms, indicating that
the relaxation channels of the *T; state do not vary within the
range of the excitation densities of this study. The initial transient
lattice temperature rise from the photoexcitation (AT, ~25 K
for 20 photon/particle)*” does not seem to influence the lifetime
of the *T state, since the small nanocrystals suspended in liquid
solvent cool very rapidly (e.g,, ~100 ps for <10 nm diameter).*®
On the other hand, the exciton luminescence intensity of un-
doped nanocrystal sample exhibits a quite different behavior. The
exciton luminescence intensity increases initially and saturates
at higher excitation densities, consistent with the previous
observation made in CdSe nanocrystals by Fisher et al.*® In
undoped nanocrystals, multiexciton state rapidly falls back to
one-exciton state. Therefore, the majority of the exciton lumi-
nescence intensity is contributed by the one-exciton state with a
minor contribution from the multiexciton state resulting in the
saturation of exciton luminescence intensity as observed.

As mentioned above, the direct resonant excitation from the
*T state to the conduction band following ET1 is highly unlikely
under our experimental conditions. Furthermore, while Auger-
type deexcitation of the *T state by an extra electron in the
conduction band may be a possible additional relaxation channel
of the *T, state reducing Mn luminescence lifetime, such a
process does not seem to occur either in our study.’® On the
other hand, the depletion of the T, state can occur via two con-
secutive exciton—Mn energy transfers from multiple numbers of
excitons if both ET1 and ET?2 are sufficiently fast compared to
the exciton relaxation and decay of the intermediate acceptor
state (*T). In our previous study, the time scale of ET1 between
a pair of exciton and Mn*" ion in Mn-doped CdS/ZnS nano-
crystal was determined to be tens of picoseconds for a single
exciton—Mn pair, and the energy transfer became faster with
increasing Mn doping density.”® Moreover, the energy transfer
was sufficiently fast even when Auger recombination was present
at high exciton densities in the nanocrystals.>® Considering that
ET1and ET2 are essentially the same type of energy transfer with
a difference in the accepting Mn ligand field transitions, it is
reasonable to expect that the rates of both energy transfer
processes are of a similar order of magnitude. In such case, the
two consecutive energy transfers to one acceptor can occur
effectively competing with two individual energy transfer pro-
cesses to two acceptors before the relaxation of all the excitons
when multiple numbers of excitons are excited in the nanocrystals.

Unlike in usual two-photon processes quadratic to the excita-
tion intensity, the two consecutive exciton—Mn energy transfer
processes in Mn-doped nanocrystals will not exhibit such qua-
dratic behavior since the density of excitons varies with time
during the energy transfer process. Therefore, hot electron
generation via two consecutive energy transfers cannot be
confirmed by checking the presence of the quadratic excitation
intensity dependence. However, further corroborating evidence
for the occurrence of two consecutive exciton—Mn energy
transfers can be obtained from the comparison of Mn lumines-
cence intensities under one- and two-pulse excitation conditions,
as shown in Figure S. For the two-pulse excitation, the second
pulse with the equal intensity as the first pulse is applied 200 ps
after the first pulse, which is much longer than the time scale of
ET1. At low excitation densities (e.g,, <2 photons/particle) the
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Figure S. Excitation density-dependent luminescence intensity of Mn-
doped nanocrystals under one-pulse (solid) and two-pulse (dashed)
excitation. For the two-pulse excitation, the pulses are separated by
200 ps. The lines are a visual guide.

effect of the second pulse is increasing Mn luminescence in-
tensity. On the other hand, the second pulse results in the
decrease of Mn luminescence intensity at the excitation densities
higher than ~3 photons/particle.

The opposite effect of the second pulse on Mn luminescence
intensity in different excitation density regimes can be under-
stood from the different relative magnitudes of kgr;[ °A,] and
kera[*T,]. Here, kg, and kg, are the rate constants of ET1 and
ET?2 processes for a single donor— acceptor pair. [ °A;]and [*T,]
are the populations of the two Mn*" ligand field states at the time
of the excitation by the second pulse. Therefore, kgt [ Al] and
kgro[*T,] represent, respectively, the rate of population and
depletion of the "T; state via energy transfer from each exciton
excited by the second pulse. At low excitation densities,
kETl[ Al] will be larger than kero[*T,] since the majority of
Mn”" ions are at the ground ®A, state. Therefore, the net effect of
the second pulse is increasing the population of the *T state via
ET1, resulting in the further increase of Mn luminescence
1ntens1ty As the excitation den51ty from the first pulse increases,
ker1[®A,] decreases while kgro[*T,] increases. Therefore, ET2
will become the increasingly more dominating process in the
exc1tat10n by the second pulse, resulting in the depletion of the

*T, state and the decrease of Mn luminescence intensity as
observed in this study. However, if ET2 does not occur or is not
sufficiently fast compared to the exciton relaxation, the second
pulse should result in only the increase and saturation of Mn
luminescence intensity as the excitation density increases.

The fact that the second pulse has no net effect on Mn
luminescence at the excitation density of ~3 photons/particle in
the nanocrystals with Mn doping density of 3.6 ions/particle and
Mn luminescence quantum yield of ~40% suggests that the rates
of ET1 and ET?2 are of similar order of magnitude. In principle,
Mn luminescence intensity vs initial excitation density can be
simulated with an appropriate kinetic model to extract the rate of
ET2 if the rates of all other dynamic processes in play are known.
However, the complexity of the kinetics that includes various
competing linear and nonlinear processes and uncertainties of
some rate parameters in addition to Poisson distribution of
dopant ions requiring statistical averaging of kgt and kg, make
it difficult to extract an accurate rate of ET2 at this point.

Since both ET1 and ET?2 are many orders of magnitude faster
than the decay of the *T; state (r = 5 ms), two consecutive
exciton—Mn energy transfers can generate hot electrons even
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Figure 6. Photocatalytic reduction of MB in undoped (blue squares)
and Mn-doped (red circles) solution under (a) 760 and (b) 1.2 mW/ cm’®
40S nm cw excitation. The solid lines are a visual guide. The dashed lines
are the initial absorbance of MB.

with cw excitation as long as the exc1tat10n rate is sufficiently fast
to allow ET?2 before the decay of the *T state. In this regard, the
long 4T, state lifetime is particularly beneficial for having
consecutive energy transfer from cw excitation. Hot electrons
generated in Mn-doped nanocrystals in this way can potentially
be useful for photocatalytic reduction reaction taking advantage
of the lower energy barrier and larger donor—acceptor electronic
couphng of the electrons of higher energy for the electron
transfer.’" In order to test whether photocatalysis by Mn-doped
nanocrystals can benefit from consecutive exciton—Mn energy
transfer under cw excitation, the photocatalytic reduction effi-
ciencies of undoped and Mn-doped nanocrystals were compared
at two different excitation conditions: (a) fast excitation rate
allowing consecutive exciton—Mn energy transfer and (b) slow
excitation rate with no consecutive exciton—Mn energy transfer.
The comparison of the reduction efficiencies was made using the
photocatalytic reduction of methylene blue (MB). Photocatalytic
reduction of MB in the absence of the dissolved oxygen in
solution is known to lead to the disappearance of the color in the
visible via the formation of colorless leucomethylene blue.** To
prevent the degradation of MB via oxidative mineralization by
the dissolved oxygen that also results in the loss of color, the
measurement was made under O,-free env1r0nment using the
deoxygenated dichloromethane as the solvent.>> Due to the
simplicity of the colorimetric measurement, MB has been used
to assess the efficiency in heterogeneous photocatalytic reduc-
tion in many studies.**>°

Figure 6a and b compare the decay kinetics of the absorption
of MB at 656 nm by undoped (blue) and Mn-doped (red)
nanocrystals under 405 nm cw excitation at two different

11411 dx.doi.org/10.1021/jp2016598 |J. Phys. Chem. C 2011, 115, 11407-11412



The Journal of Physical Chemistry C

excitation conditions mentioned above. For the data in Figure 6a,
the average excitation intensity within the full-width at half-maximum
(fwhm) from a 405 nm diode laser was 760 mW/cm”
corresponding to the average excitation rate of 12 excitations/
*T, lifetime for each particle. At this excitation rate, two
consecutive energy transfers can occur in Mn-doped nanocryst-
als. For the data in Figure 6b, a 405 nm light emitting diode was
used for the excitation at the intensity of 1.2 mW/cm®> corre-
sponding to the average excitation rate of 0.02 excitations/*T;
lifetime. At this slow excitation rate, only the isolated single
energy transfer events can occur in Mn-doped nanocrystals.

In Figure 6a, the kinetics is ~4 times faster in Mn-doped
nanocrystals than in undoped nanocrystals. On the other hand,
undoped nanocrystals exhibit faster kinetics than Mn-doped
nanocrystals in Figure 6b. The opposite trend of the photo-
catalytic efficiencies of Mn-doped and undoped nanocrystals
under the two different excitation conditions may be explained in
the following way. At the slower excitation rate, the role of
exciton—Mn energy transfer is simply decreasing the exciton
density within the nanocrystals resulting in the lower photo-
catalytic reduction efficiency of Mn-doped nanocrystals com-
pared to the undoped ones. At the higher excitation rate, two
consecutive exciton—Mn energy transfers can generate hot
electrons and localized holes. Hot electrons with a large excess
energy can exhibit higher reduction efficiency than electrons
from near-band edge excitons in undoped nanocrystals, more
than compensating the smaller number of electrons generated.
The above result indicates that consecutive energy transfer in
Mn-doped nanocrystals has a beneficial effect in photocatalysis,
while further studies on the reaction involving both electron and
holes are needed to reveal its full potential.

4. CONCLUSION

In summary, we investigated the occurrence of consecutive
exciton—Mn energy transfer in Mn-doped semiconductor nano-
crystals that can generate hot electrons with a large excess energy
in the conduction band. Due to the fast exciton—Mn energy
transfer and long lifetime of the intermediate acceptor state, two
consecutive exciton—Mn energy transfers can occur efficiently
even with relatively weak cw excitation. Under the excitation
condition that supports consecutive exciton—Mn energy transfer
responsible for hot electron generation, Mn-doped nanocrystals
exhibit higher photocatalytic reduction efliciency than undoped

nanocrystals.
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