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he coupling of semiconductor nano-

particles with noble metal cocata-

lysts has proven to be effective in
photocatalytic reactions.” " In particular,
noble metal cocatalysts enhance the quan-
tum yield of photoinduced electron transfer
processes by (1) improving charge separa-
tion within the semiconductor particle, (2)
discharging photogenerated electrons
across the interface, and (3) providing a re-
dox pathway with low overpotential. Earlier
studies have shown that metal nanoparti-
cles such as Pt promote hydrogen genera-
tion by intercepting photochemically re-
duced methyl viologen.'>~'> The present
study is aimed at providing a better under-
standing of the physical and photoelectro-
chemical interactions between semicon-
ductors and metals and the electrochemical
properties of the metal cocatalyst.

The recent thrust in designing photocat-
alyst systems for solar fuel production's~%'
has further rejuvenated interest in semicon-
ductor nanostructure-based hybrid assem-
blies. Of particular interest are the metal
chalcogenides, which offer a significant ad-
vantage because of their tunable response
to visible light.2~2¢ While most of the
photocatalytic studies focus on the net
photoconversion efficiency, the under-
standing of various electron transfer steps
at the fundamental level is still lacking. Early
studies have explored timeframes with
which photogenerated electrons and holes
in a semiconductor nanoparticle are trans-
ferred across the interface.?’ 3¢ Many of the
interfacial charge transfer processes can be
influenced by the presence of a metal co-
catalyst. In particular, the ability of coupled
metal nanoparticles to readily accept and
shuttle electrons can be beneficially used to
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ABSTRACT The electrodic behavior of platinum nanoparticles (2.8 nm diameter) and their role in influencing

the photocatalytic behavior of CdSe quantum dots (3.4 nm diameter) has been evaluated by confining both

nanoparticles together in heptane/dioctyl sulphosuccinate/water reverse micelles. The particles spontaneously

couple together within the micelles via micellar exchange processes and thus facilitate experimental observation

of electron transfer reactions inside the water pools. Electron transfer from CdSe to Pt is found to occur with a rate

constant of 1.22 X 10° s~. With the use of methyl viologen (MV?*) as a probe molecule, the role of Pt in the

photocatalytic process is established. Ultrafast oxidation of the photogenerated MV** radicals indicates that Pt

acts as an electron sink, scavenging electrons from MV*® with a rate constant of 3.1 X 10° s~". The electron

transfer between MV*® and Pt, and a drastically lower yield of MV**® under steady state irradiation, confirms

the ability of Pt nanoparticles to discharge electrons quickly. The kinetic details of photoinduced processes in

(dSe—Pt assemblies and the electrodic behavior of Pt nanoparticles provide important information for the

development of light energy conversion devices.

KEYWORDS: photocatalysis - solar fuel - semiconductor quantum dots - interfacial
electron transfer - metal nanoparticles

drive catalytic reactions. The storage/dis-
charge capacity of metal nanoparticles has
been probed through Fermi level equilibra-
tion between semiconductor—metal
nanoparticles.?’ ~#' The important ques-
tions to answer are (1) how fast are elec-
trons transferred from the excited semicon-
ductor to the metal nanoparticles and (2)
how does the electron equilibration be-
tween semiconductor and metal influence
the overall energetic scheme and thus the
charge transfer across the interface?

In the present study, the
semiconductor—metal interactions were in-
vestigated at the nanoscale by confining
CdSe quantum dots (QDs) and Pt nanopar-
ticles in reverse micelles of heptane/dioctyl
sulphosuccinate (AOT)/water. This method-
ology was similar to the one adopted previ-
ously to map the charge transfer processes
between excited CdSe and methyl violo-
gen.* Reverse micelles are stable, dynamic
structures composed of a polar core
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Figure 1. High resolution TEM images of CdSe QDs (left)
and Pt nanoparticles (right) prepared in reverse micelles.

surrounded by surfactant molecules in a nonpolar bulk
solvent. As inert “nano-cages”, reverse micelles act both
as templates for particle growth, and as confined cham-
bers to carry out fast, efficient chemical reactions.** Re-
versed micelles have been used to synthesize size con-
trolled metal nanoparticles*~*¢ and quantum
dots.364247-54 AQT is the preferred choice of surfactant
because of its ability to form spherical droplets of con-
trolled sizes.3%>> The size of the water pool is directly re-
lated to the water—surfactant molar ratio, w,.”® Par-
ticle size, however, depends on an array of variables
including precursor ratios, temperature, and pH. The
synthesis of nanoparticles in reverse micelle provides a
quick, low temperature synthetic approach. More im-
portantly, it allows one to directly control the surround-
ing medium of the particles, and introduce other spe-
cies into the pools, while retaining uncapped particle
surfaces.

The dynamics of CdSe—Pt interactions in confined
media, the kinetics and efficiency of electron transfer
between CdSe and Pt, and the electrochemical behav-
ior of Pt have now been investigated by using time-
resolved transient spectroscopy to probe the photoin-
duced electron transfer events. An in-depth
understanding of the charge transfer processes will en-
able the development of efficient photocatalyst sys-
tems for solar fuel generation.

RESULTS AND DISCUSSION

Characterization of Particles. Figure 1 shows transmis-
sion electron microscopy (TEM) images of the CdSe
and Pt nanoparticles prepared in reverse micelles. TEM
provided the basis for obtaining the sizes of the CdSe
and Pt nanoparticles. The particles were washed several
times with excess water and centrifuged, resulting in a
three-phase system. The water and excess surfactant
were decanted. The washed nanoparticles were depos-
ited on a carbon grid to record TEM images. The CdSe
particles have an average size of 3.4 nm with 11% poly-
dispersivity. The Pt particles have an average size of
2.8 nm with 16% polydispersivity. The diffraction pat-
tern of the Pt nanoparticles exhibited a standard face-
centered cubic structure. The absorption spectra of
these nanoparticles in heptane/AOT/water reverse mi-
cellar suspension are shown in Figure 2.

Coupling of CdSe and Pt Nanoparticles in Reverse Micelles. To
gain insight into the nature of the physical interactions
between the particles, their arrangement among the
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Figure 2. Absorption spectra of 4 um CdSe quantum dots
and 4 um Pt nanoparticles in heptane/AOT/water reverse
micelles.

micelles was considered. The distribution of solutes in
reverse micelles is governed by Poisson statistics.”” The
probability of a micelle containing n solutes can be ex-
pressed by
na=%
Pin) = LE— )
n!
where ¢ is the expected number of solutes per mi-
celle. Therefore, the distribution of solutes is depend-
ent on the size of the water pools. The radius of the
pools is related to w, by>®
r v,

— =1+
(r—L)> woV,

()

where r is the water pool radius, L is the length of an
AOT molecule (15 A), V, is the volume of an AOT mol-
ecule (825 A3), and V; is the volume of a water molecule
(30 A%). The micelle concentration is inversely propor-
tional to the square of the water pool radius by3¢

A [AOI] 3)

[M] =
4qr,

w

where A is the area of the AOT headgroup (0.55 hm?).
The distributions of the precursors, and the predicted
distributions of the particles formed, are shown in the
Supporting Information (SI-1). Micelles are dynamic
structures which readily exchange contents via intermi-
cellar collisions. Collisions lead to the formation of mol-
ecules, which agglomerate into small particles. These
small particles undergo Ostwald ripening to form the
particles shown in Figures 1 and 2.

The agglomeration numbers of the CdSe and Pt par-
ticles are 486 and 758, respectively. The particle concen-
trations can be obtained using the expression [p] =
[Cl/n,, where [C] is the ion concentration of the limit-
ing reactant (for CdSe, C is the concentration of Se?”,
and for Pt, C is the concentration of PtCls>™), and n, is
the agglomeration number. As a result of agglomera-
tion, most of the micelles (~98%) are left empty follow-
ing the completion of the particle growth. The maxi-
mum value of P(n) occurs at n = 0 and decays rapidly
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Scheme 1. CdSe and Pt coupled in a heptane/AOT/water re-
verse micelle.

as n approaches 1. Because [micelle] >> [particles], it
may appear that the probability of a pool containing
both CdSe and Pt particle based on Poisson statistics
alone would be negligible. However, as will be seen in
the forgoing discussion, the intermicellar exchange re-
sults in strong coupling of the CdSe and Pt nanoparti-
cles within the same micelle. Therefore, particle distri-
butions, unlike ion distributions, cannot be predicted
using Poisson statistics due to such external factors as
strong electrostatic attractions between the particles
and thermodynamic stabilization of the occupied
micelles.

Ultrafast Electron Transfer at the CdSe Interface. Electron
scavenging by Pt nanoparticles at the CdSe surface re-
veals three key features with respect to the coupled sys-
tem: (1) favorability of particle coupling in confined me-
dia, (2) kinetics of the electron transfer from CdSe to
Pt, and (3) the electron injection efficiency across the
CdSe—Pt interface. Femtosecond transient absorption
measurements were conducted using 387 nm laser
pulse excitation (fwhm 130 fs) to probe the photoin-
duced electron transfer processes between CdSe QDs
and Pt nanoparticles. The CdSe—Pt composite micelles
(Scheme 1) were obtained by mixing known aliquots of
the two stock solutions. Figure 3A shows the time-
resolved transient absorption spectra recorded at a
few selected delay times. The bleaching seen at 510
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nm corresponds to the depletion of the excitonic ab-
sorption band of CdSe. As shown in the previous
study,*>%8~63 this bleaching arises from the charge sepa-
ration following the laser pulse excitation of CdSe quan-
tum dots. With increasing delay times, these charge car-
riers recombine and the observed bleaching recovers.
Figure 3B shows the time-absorption profiles recorded
at 510 nm, showing the bleaching recovery in the ab-
sence and in the presence of Pt nanoparticles. These Pt
nanoparticles exhibit the distinct effect of enhancing
the rate of bleaching recovery as the photogenerated
electrons are transferred from excited CdSe into Pt
nanoparticles. If we assume the increased recovery is
due to the interparticle electron transfer, we can esti-
mate the rate constant of electron transfer. A similar ap-
proach has been found to be useful in estimating elec-
tron transfer between excited CdSe and TiO,
nanoparticles.#>6465

The bleaching recovery traces in Figure 3B are mul-
tiexponential and can be analyzed using a triexponen-
tial expression eq 4, where the parameters a;, a,, and as
are the relative amplitudes of each lifetime compo-
nent 7. The average lifetime, (1), of a given process is
calculated by eq 5, using the normalized components
(A = armi/(Zam)).

AA®R) = a,e"™ + a,e"™? + a,e® )

=12, Az Y (A7) 5)

The interparticle electron transfer is a static process,
as the electron transfer processes in question occur on
a much faster time scale than the estimated time of mi-
cellar exchange (>1 ws), and also because the par-
ticles are confined within the nanosized micelle cores.
Thus, the ultrafast processes observed during the fem-
tosecond transient absorption experiments are not dif-
fusion limited and should therefore should be indepen-
dent of acceptor concentration. The rate constant of
the electron transfer process is defined as the recipro-
cal of the average lifetime. Since the bleaching recov-
ery shown in trace a in Figure 3B is attributed to
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Figure 3. (A) Transient absorption spectra of 4 uM CdSe in heptane—AOT—water reverse micelles recorded following 387
nm laser excitation at different delay times. (B) Time—absorption profiles showing the bleaching recovery of CdSe at 510 nm

(a) in the absence and (b) in the presence of 4 .M Pt.
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electron—hole recombination processes, and trace b
corresponds to the sum of the rates of recombination
and electron transfer processes, we can estimate the
rate of electron transfer from CdSe to Pt using

ket = 1/Tcaserpy™ 1/ Ticase) (6)

The corresponding rate constants derived from the
traces are 1.80 = 0.16 X 10° s™' (k,) and 3.02 = 0.11 X
10° s (ky), respectively. The rate constant of electron
transfer from excited CdSe into Pt was kgr = 1.22 = 0.19
X 10° s, The high rate constant of the electron trans-
fer reaffirms that the interactions between the CdSe
and Pt nanoparticles are static. Additionally, we can also
estimate the maximum attainable efficiency of elec-
tron transfer during the initial encounter from the rate
constant of recovery of the CdSe and CdSe—Pt systems.
From this analysis, it is determined that 40% of the elec-
trons generated following the pulse excitation are scav-
enged by Pt nanoparticles.

The Role of Pt in Mediating Electron Transfer. In the previ-
ous section, we investigated the electron transfer be-
tween CdSe and Pt. The next step would be to see how
Pt affects the electron transfer between CdSe and a
probe molecule. There are several possible ways that
Pt could influence the electron transfer process. For ex-
ample, Pt could act as an electron shuttle, improving
charge separation at the CdSe surface by quickly scav-
enging photogenerated electrons, then transferring
those electrons to the probe molecule, hence, enhanc-
ing the efficiency of the reduction and the yield of the
reduced probe species. Pt particles may also compete
with probe molecules for photogenerated electrons at
the CdSe interface or undergo charge equilibration with
reduced probe molecules. Thus, the Pt particles would
either store the electrons or quickly discharge the elec-
trons into the medium (e.g., to H™ ions to produce hy-
drogen). The examples of photocatalytic production of
water highlight the electron discharge capability of
metal nanoparticles.

Methyl viologen (MV?*) is an excellent probe for
monitoring photoinduced electron transfer at the semi-
conductor interface due to its favorable redox poten-
tial, pH independence, and unique spectral characteris-
tics. The MV2* cation readily undergoes 1-electron
reduction (E° = —0.445 V vs NHE) to form the cationic
radical, MV™"®, which has a characteristic blue color (¢ =
13700 M~ " cm ™" at 605 nm).%’ In addition, MV*® is ca-
pable of transferring electrons to Pt nanoparticles,
which in turn reduces surface adsorbed H* ions to pro-
duce hydrogen.®® Thus, by monitoring the changes in
the formation of the MV*® radical with and without Pt,
we should be able to establish the role of Pt in the
photocatalytic system. The absorption spectra of the
radical can be found in the Supporting Information (SI-4).

A known concentration of MV2* dispersed in hep-
tane/AOT/water was mixed with CdSe and CdSe/Pt dis-
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persions of reverse micelles. Care was taken to main-
tain equal wy values. The distribution of MV2* molecules
among the micelles is described in the Supporting In-
formation (SI-2). The high concentration of MV?* em-
ployed in our measurements ensured that [MV2*] >>
[CdSe] within the reverse micellar medium. At such con-
centrations, the CdSe and CdSe—Pt systems can readily
interact with MV2" within the same micelle, as the sur-
face of CdSe is saturated with MV?" (see Supporting In-
formation SI-3). As previously stated, the interactions
within micelles as established from femtosecond tran-
sient spectroscopy are static processes. Therefore, the
kinetic data obtained from the transient absorption
measurements exhibit first-order dependence. This ob-
servation differs from the second-order dependence
observed for diffusion controlled interactions between
MV*® and Pt colloids in other systems.'?~'> Slower ki-
netic events (us—ms time frame) corresponding to the
back electron transfer were also observed in these
studies.

Figure 4 panels A and B show the changes in absor-
bance versus delay time monitored at the excitonic
peak of CdSe (510 nm) and at the absorption peak of
the MV radical (605 nm), following the excitation of
the CdSe and CdSe/Pt systems. The panels on the right
show a selected region with an expanded time scale to
highlight the influence of Pt on the bleaching recovery
and MV**® formation. A flow cell was employed in these
measurements to avoid interference from the MV*®
radical accumulation. The spectra recorded immedi-
ately after the 387 nm laser pulse excitation shows tran-
sient bleaching at the excitonic band. However, the
spectra recorded after ~10 ps delay shows additional
broad absorption in the 600 nm region. The appearance
of the absorption band with a maximum at 605 nm con-
firms the photoinduced electron transfer to produce
MV, and also shows that the electron transfer to MV?*
from excited CdSe is an ultrafast event (see Supporting
Information, SI-5).

The bleaching recovery of CdSe (trace c) is signifi-
cantly faster when MV2* is present. As discussed in our
previous study, such a fast recovery represents electron
transfer to MV2" and is further supported by the ap-
pearance of the MV radical with absorption in the 600
nm region. The rate constant of the exciton bleaching
recovery of CdSe in the presence of MV2" is estimated
to be 1.7 = 0.11 X 10" s7". The rate constant of elec-
tron transfer from CdSe to MV?* (trace ) is given by kgr
= 1/7cdse+mv) — 1/T(cdse) approximately 1.52 X 10"
s
In the presence of both Pt and MV?" (trace d), the re-
covery of the bleaching is enhanced by an order of
magnitude, yielding an electron transfer rate constant
of 1.7 £ 0.5 X 10" s7". In this case, Kcgse+mv-+py > (Kcdse
+ Kease+pt T Kcase+mv), indicating a synergistic effect on
the electron transfer rate when CdSe is coupled with
both Pt and MV2*. The exact reasons for this effect are

www.acsnano.org
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Figure 4. Time absorption profiles monitored at (A) 510 nm (bleaching recovery of CdSe) and (B) 605 nm (formation and
decay of MV**®) following 387 nm laser pulse excitation of 4 uM CdSe confined in a heptane/AOT/water reverse micelle: (a)
CdSe alone; (b) CdSe + 4 pum Pt NP; (c) CdSe + 1 mM MV?2*; (d) CdSe + 1 mM MV?* + 4 uM Pt NP. The figure to the right is
a magnified view of the circled region, which shows the evolution of ultrafast kinetic traces of panels c and d.

unknown, but large enhancements in reaction rates in-
side of micelles have been previously observed for
other systems.*#%°~73 Surfactant—water interface inter-
actions, strong electric fields, and changes in the chemi-
cal properties of water under confined conditions are
several unique attributes of reverse micelles which have
long been suspected of influencing photochemical re-
actions.” Achieving fast electron transfer across the in-
terface is an important criterion to maximize the effi-
ciency of photoconversion.

An interesting difference in the transient absorp-
tion of MV**® is seen as the transient absorption is
probed at longer time scales (traces c and d in Figure
4B right panel). In the presence of Pt, the MV**® exhib-
its a sharp decay within 100 ps. In the absence of Pt
nanoparticles, the MV*® remains stable during the same
time period. The decay of the MV**® absorbance indi-
cates fast oxidation of MV**® by Pt. These preliminary re-
sults suggest that Pt acts as an electron sink. We esti-
mate the rate constant of electron transfer between
MV*®and Pt to be 3.1 X 10°s™".

Influence of Pt Nanoparticles on the Steady State Yield of
MV2*, The steady state accumulation of MV*® in the
present experiments was monitored in the absence
and presence of Pt. An Ocean Optics UV—vis spectrom-
eter was employed to monitor the absorbance changes
during visible light irradiation of CdSe suspensions con-
taining (i) MV2", and (i) MV?" and Pt. The absorbance
values at 605 nm for each time interval were compiled
and plotted versus time (Figure 5A,B) to probe the

www.acsnano.org

build-up of the MV** radical. The excitation source
was a xenon lamp passed through a 450 = 10 nm nar-
row band-pass filter. This configuration allowed selec-
tive excitation of CdSe. (The MV** radical does not ab-
sorb in this region, and the absorbance of Pt is minimal
at the experimental concentrations.) Under these con-
ditions, the Pt particles remain stabilized and we do not
see any evidence for aggregation effects. Increasing
the Pt concentration thus results in increased number
of Pt particles within the micelle.

Reduction of MV2* proceeds following the excita-
tion of CdSe, and the radical attains a steady state con-
centration in about 400 s in the absence of Pt. In the
presence of Pt, we see an initial rise of MV*®, followed
by a fractional decay to establish a steady state concen-
tration in about 200 s. The steady state concentration
of MV*® in the presence of Pt is significantly lower than
the one achieved in the absence of Pt. The steady state
yield of MV**® also decreases with increasing Pt concen-
tration. These results support the argument made in the
previous section that the Pt acts as an electron sink,
scavenging electrons from the MV** radical.

Furthermore, when the light is turned off, the de-
cay of the MV** is influenced by the presence of Pt.
The MV**® decays faster in presence of Pt, as the life-
time of the decay decreases from 602 s without Pt to
42 s at 0.5 M Pt. In the absence of Pt, the recombina-
tion with residual holes in CdSe dictates the decay of
MV*®, Since Pt acts as a mediator to accept electrons
from MV™® and discharge into the electrolyte (e.g., re-
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Figure 5. (A)Accumulation of MV*® during steady illumination (450 nm) of a solution of 1.38 uM CdSe and 1 mM MV?* in
heptane/AOT/water reverse micelles (light on) and decay of the MV**® radical upon stopping the illumination (light off). (B).
Accumulation of the MV** following illumination of a reverse micelle solution of 1.38 uM CdSe and 1 mM MV?* containing (b)
0.5 uM Pt NP; (c) 1 .M Pt NP. The inset shows the decay of MV** after stopping the illumination

duction of H*), we observe a faster disappearance of
MV*®. The stability of the MV** is also influenced by the
ability of unbound radicals to escape from the parent
micelle following electron exchange with bound MVv2*
molecules residing at the CdSe surface, which explains
the long lifetime observed in Figure 5.

In previous experiments, the stabilization of free
MV** radicals following excitation of CdSe was ob-
served on the microsecond time scale using laser flash
photolysis.*? The conjunction of transient and steady-
state absorption results confirm that the oxidation of
the free MV™*® radicals by CdSe surface holes is a
diffusion-controlled process. Similarly, diffusion con-

Reaction Scheme and Measured Rate Constants

CdSe + hv—> CdSe (e, h")
CdSe (¢', h")— CdSe
CdSe (¢, h*) + MV2 — CdSe (h") + MV™

(A)
(B)
©

trolled interaction between MV*® and Pt particles has
also been observed in earlier studies.'*

Scheme 2 summarizes various charge transfer steps
that dictate the accumulation of MV*® in CdSe and
CdSe—Pt systems. The rate constants determined from
this study are also included. The initial excitation of
CdSe leads to charge separation followed by charge re-
combination (reactions A and B). Both MV2* and Pt are
good electron acceptors, as evident from the high val-
ues of the observed rate constants. In the absence of Pt,
reactions E and F determine the net accumulation of
MV*®. The relatively slow back electron transfer (reac-
tion E) is due to the escape of MV*® from the parent mi-

within pulse duration (ka>8%10'%s")
ke=1.80£0.16x 10° s
ke=1.7x10"s"

CdSe (¢, h*) + Pt—> Pt(e) + CdSe (h') (D) kp=1.22x10"s™!
MV™ + CdSe (h")— CdSe (E) ps timescale for bound MV**; diffusion-controlled
process for free MV** (us-sec timescale )
MV,” + MV,? & MV, +MV,™ F) >ky
Pt(e) + MV*— MV*" + Pt (G) not observed
MV* + Pt— Pt (e) + MV>* (H) ky=3x10°s™!
Pt(e) + CdSe (h")—> CdSe + Pt 0 -
Pt(e) + H'— 1/2H, + Pt V) -
MV2*

C

MV*

MV MV*= =

J

h*

e

D

Mv*

MV*

mMv*

MV2+ mvz*

Scheme 2. Reactions in a CdSe—Pt—MV?2* coupled reverse micelle are shown. Dashed lines represent electrostatic interac-
tions. Red arrows represent electron exchange mechanisms between free and surface bound methyl viologen ions. Blue ar-
rows represent charge transfer between MV*® and Pt. The green arrow shows oxidation of Pt"~ by CdSe holes, while the yel-
low arrow shows direct electron transfer from CdSe to Pt. Black arrows show oxidation of MV** radicals by CdSe holes.
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celle (reaction F), which facilitates radical accumulation
under steady state irradiation conditions.

The attainment of steady state accumulation of
MV*® is significantly affected when Pt nanoparticles
are present. One would have expected a larger accumu-
lation of MV** if Pt particles were directly mediating
electron transfer to MV2" (reaction G). The low lying
Fermi level of Pt makes it a good acceptor of electrons
from photocatalytically generated MV**® (reaction H).
Both transient and steady state results show decay of
MV*® in the presence of Pt, thus indicating the domi-
nance of reaction H over reaction G. The accumulation
of MV**® under steady state irradiation allows one to
measure the equilibrium Fermi level of the semiconduc-
tor system.

Figure 5 shows the equilibrated absorbance values
of accumulated MV** radicals following irradiation in
the presence of CdSe, and CdSe/Pt (AA%;s = 0.65 for
1.38 WM CdSe; AA%ys = 0.08 for 1.38 uM CdSe + 0.5 pM
Pt). Using Beer’s law, the equilibrium concentrations of
the MV*® radical were calculated for both systems. By
employing the Nernst equation, expression 7, we can
obtain an apparent Fermi level (E) of the photocatalyst
system.

B RT,  [MV*']
EF—EO+n—F|Ogm (7)
By substituting the values of [MV2*], [MV**], and E°
(—0.445 V vs NHE) we obtain the apparent Fermi levels
of CdSe and CdSe/Pt as —0.366 and —0.312 V vs NHE,
respectively. Although the difference between these
apparent Fermi level potentials is small, it reflects the
ability of Pt to (1) discharge electrons quickly, driving
the Fermi level to a more positive potential, and, (2) to
act as a microelectrode in the photocatalytic system. In
contrast to Pt, studies with ZnO/Au and ZnO/Ag have
shown a different scenario, in which gold/silver in con-
tact with ZnO facilitates electron storage, driving the
Fermi level to more negative potentials.®® In the present
study, the discharge of electrons mainly occurs through
reaction with trapped holes at the CdSe surface (reac-
tion 1), or by reaction with H* to produce hydrogen (re-

EXPERIMENTAL SECTION

Materials. Reagent grade sodium sulfite (anhydrous) and dio-
ctyl sulphosuccinate sodium salt (AOT) were purchased from
Alfa Aesar. Selenium powder (200 mesh), methyl viologen, and
anhydrous cadmium sulfate (99%) were purchased from Fisher
Scientific and used as supplied. Chloroplatinic acid (99.9%) and
hydrazine hydrate were purchased from Aldrich. Absorption
spectra were recorded using a Cary 50 Bio UV—vis spectro-
photometer. A 1 cm quartz cuvette was used.

Femtosecond Transient Absorption Spectroscopy. Ultrafast transient
absorption measurements were conducted using a Clark-MXR
2010 laser system (387 nm, T mJ/pulse, fwhm 130 fs, 1 kHz rep-
etition rate) and an Ultrafast Systems (Helios) detection system.
The white light probe was generated by feeding 5% of the fun-
damental laser output (775 nm) through an optical delay line
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action J). The reduction of H* ions on the Pt surface in
the MV**/Pt system has been elucidated earlier using
pulse radiolysis.%® In the absence of a sacrificial electron
donor, one would expect the back electron transfer to
dominate. These important distinctions between the
nature, size, and shape of cocatalyst metal nanoparti-
cles need to be taken into account while designing
photocatalyst assemblies.

CONCLUSIONS

CdSe QDs and Pt nanoparticles are capable of inter-
acting in a reverse micellar medium and undergoing
an interactive coupling process. Electron transfer from
excited CdSe to Pt occurs with a rate constant of 1.22 =
0.19 X 10° s~ " and an injection efficiency of 40%. When
an electron acceptor, MV?*, is introduced into the mi-
cellar medium, another pathway for deactivation of ex-
cited CdSe becomes apparent. The electron transfer, as
monitored from the formation of the MV*®, is an ul-
trafast process. The rate constant of direct electron
transfer from CdSe to MV2* is 1.7 = 0.11 X 10"%s7 . In
the presence of both MV2* and Pt, the CdSe bleaching
recovery rate increases by an order of magnitude. The
transient absorption spectra show that the photogener-
ated electrons are transferred to the surface-bound
MV?" and then quickly scavenged by neighboring Pt
particles, thus creating a channel for electron discharge.
The electron equilibration between CdSe, Pt, and MV*®
thus plays a major role in dictating overall photocata-
lytic conversion efficiency. The lower accumulation of
MV*®in the CdSe—Pt system under steady-state irradia-
tion is also indicative of the electrodic property of Pt
nanoparticles as they discharge electrons both from
CdSe and MV*®, The apparent Fermi level determined
from steady state accumulation of MV*® further high-
lights the important cocatalytic role that Pt plays in in-
fluencing the photocatalytic reaction. A mechanistic un-
derstanding of the reaction pathways and the kinetic
details of individual reaction steps is important in the
development of hybrid assemblies for solar fuel
generation.

and focusing it on a quartz crystal. The optical delay provided a
probe time window of 1.6 ns with a step resolution of 7 fs. The
pump beam was attenuated at 5 pJ/pulse with a spot size of 2
mm (diameter) at the sample position where it was merged with
the white light incident on the sample cell at an angle < 10°.
After passing through the sample the probe beam was focused
on a 200 wm core fiber connected to an Ocean Optics S2000 UV/
vis CCD spectrograph (425—800 nm). Typically 1000 excitation
pulses were averaged to obtain the transient spectrum at a set
delay time. Kinetic traces at appropriate wavelengths were as-
sembled from the time-resolved data. All measurements were
conducted at room temperature by flowing deaerated sample
through a 1 mm quartz flow cell.

Steady State Photolysis. The deaerated sample was excited in a
1 cm cuvette with collimated light from 250 W xenon lamp
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passed through a 450 nm bandpass filter. A Ocean Optics S-2000
UV/vis CCD spectrograph was used to record absorption spec-
tra in real time at preset time intervals during irradiation. CCD in-
tegration time was 300 ms and each data point was an average
of 10 measurements.

Synthesis of Pt Nanoparticles. Two micelle solutions of equal
water-to-surfactant ratio, w,, containing the platinum salt and
hydrazine precursors were prepared in separate vials and mixed.
In one vial, 500 pL of 0.050 M H,PtCls was added to the 4.5 mL
of 0.375 M AOT/heptanes. In the second vial, 500 p.L of 0.1 M hy-
drazine was added to 4.5 mL of 0.375 M AOT in heptane. The re-
sulting concentrations of AOT and H,O in the micelle solutions
were 0.34 and 5.55 M, respectively (w, = 16.5). This large value
of w, was used to prevent the so-called “implosion mechanism”,
which is observed when the diameter of a Pt nanoparticle ap-
proaches the diameter of the encapsulating water pool. This re-
sults in surface capping of Pt by AOT molecules. Chen et al. dem-
onstrated that the size of the Pt nanoparticles approaches a
fixed value for w, > 10 with low concentrations of Pt*".** To ex-
ecute the synthesis of Pt nanoparticles, the two vials are mixed
under vigorous stirring. The appearance of a deep brown color
indicates formation of Pt nanoparticles. The particles are allowed
to age for 24 h. The reaction is as follows:

H,PtCl, + N,H, — Pt + 6HCl + N, ®)

Synthesis of Sodium Selenosulfate. A stock solution of 0.10 M so-
dium selenosulfate, Na,SeSOs, was prepared by adding 0.395 g
of Se powder and 1.26 g of Na,SO; to 50 mL of distilled water.
The slurry is then heated to 70 °C under vigorous stirring for 24 h.
A clear solution is obtained.

Synthesis of (dSe QDs. Synthesis of CdSe followed the previ-
ously reported procedure in earlier work.*? Two micelle solu-
tions of equal w, containing cadmium and selenium precursors
were prepared in separate vials and mixed. In one vial, 500 pL of
0.1 M CdSO, was added to 4.5 mL of 0.375 M AQOT in heptane.
The concentrations of AOT and H,0 in the resulting micelle solu-
tion are 0.34 and 5.55 M, respectively (w, = 16.5). In the second
vial, to the same volume of heptane/AOT, was added 400 p.L of
0.1 M Na,SeSO; and 100 pL of distilled water. The separate mi-
celle solutions must be sonicated until they become completely
transparent, prior to mixing. The two solutions were then de-
gassed and mixed under vigorous stirring (or sonication) to pro-
duce CdSe particles. An excess of Cd?* was used to ensure the
neutralization of Se?~ and to control the overall growth of par-
ticles. The particles are aged 24 h in a cool, dark location for com-
plete growth. A bright orange solution is obtained as reaction 9
proceeds to completion.

Cd®" + SeS0,°” + 20H™ — CdSe + SO, + H,0  (9)
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