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In photocatalysis, metal-semiconductor hybrid structures have been proposed for ideal photocatalytic
systems. In this study, we investigate the effect of morphology and surface nature of Pt cocatalysts on
photocatalytic hydrogen evolution activity in Pt-tipped CdSe nanorods. Three distinct morphologies of Pt
cocatalysts were synthesized and employed as visible light photocatalysts. The rough tips exhibit the highest
activity, followed by the round and cubic tips. Kinetic investigations using transient absorption spectroscopy
reveal that the cubic tips exhibit lower charge-separated states feasible for reacting with water and water
reduction rates due to their defectless surface facets. In contrast, the rough tips show a similar
charge-separation value but a two-fold higher surface reaction rate than the round tips, resulting in
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Solar fuels, chemical fuels converted by renewable energy
resources originating from solar energy, are becoming primary
topics for establishing a clean energy system to resolve the
current energy and environmental problems.* One of the most
promising solar fuels is hydrogen gas, which has a wide range of
applications, including fuel cells, hydrogen vehicles, and
industrial processes.> Among the various methods for hydrogen
production from aqueous protons, photocatalytic pathways are
considered an ultimate goal due to their ability to
utilize sunlight directly.®* Since Honda et al. observed the
photocatalytic ~ effect of semiconducting  materials,
semiconductor catalysts combined with metal cocatalysts have
been proposed as an ideal configuration for achieving efficient
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photocatalytic hydrogen production.*”

This ideal structure may appear simple, with only two
distinct domains. However, its photophysical kinetics are
exceedingly complicated, including processes such as light
absorption, charge-separated (CS) state formation, carrier/
exciton transfer and recombination, trapping at surface traps,
and water reduction on active sites.>® For instance, in the Pt-
CdSe cocatalyst—catalyst system (Scheme 1a), the band diagram
illustrates a complex profile consisting of multiple independent
kinetic parameters for hydrogen evolution (Scheme 1b).” The
hydrogen evolution rate is deduced from a series of kinetic
equations when the water reduction rate is slower than the

others (see ESIT):
deSe y kwr
(ktCr?dSe 4 kr(“égSe 4 kgdSe 4 kgl({Se) (kcs + kwr)

[Ha] o Acase X (1)

where Acgqs. is the light absorption of the CdSe domain, k55 is

the electron transfer rate from CdSe to Pt, k595 is the electron
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Scheme 1 (a) A representative scheme of the Pt—CdSe photocatalyst

structure for hydrogen evolution (SA: sacrificial agent) and (b) corre-
sponding band diagram.”
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trapping rate in the CdSe domain, k535

is the recombination
rate of excitons, kS35 is the energy transfer rate from CdSe to Pt,
kcs is the relaxation rate of the long-lived CS state, and k,,, is the
water reduction rate in an aqueous medium. According to eqn
(1), hydrogen evolution is proportional to three major
components; the first and second terms are mainly dependent
upon the CdSe domain and interface, whereas the third relates
to the role of the Pt domain.

These carrier transfer and relaxation kinetics are closely corre-
lated; thus, it is challenging to estimate each parameter precisely.
In this respect, introducing simplified model catalysts can effec-
tively decouple the critical factors and provide vital information for
analyzing catalytic behaviors. Metal-tipped semiconductor nano-
rods are well-defined model catalyst systems for this purpose.® In
eqn (1), the first term, the light absorption of the rods (Aggse), could
be modulated by alloy semiconductors, Zn, _,Cd,Se, with different
metal ratios (x = 0-1). In Pt-tipped nanorods, however, electron
mobility toward the Pt tip was another critical factor in enhancing
hydrogen evolution.® For Pt-CdSe nanorods, elongation of the rods
increased the absorption cross-section (Acgqse) but significantly
reduced the electron transfer rate to the Pt tips (k5°°) in the
second term, leading to an optimal geometry of the tipped nano-
rods with 15-20 nm length.”

The morphology and composition of the metal cocatalyst
also play a crucial role in determining the overall efficiency of
the reaction,'** as depicted in the third term of eqn (1). Au tips
showed slower recombination of the CS state, while Pt tips
exhibited higher k. As a result, the combination of Au and Pt
as a core-shell structure at the tip induced the maximum
hydrogen evolution rate.'® Additionally, the size of the cocatalyst
has been found to be a critical factor, with cocatalyst sizes in the
range of 3 nm in Pt-CdS nanorods showing a high quantum
efficiency due to improved charge separation and water
reduction efficiencies.> However, the effects of morphology and
surface structure on the metal cocatalysts have not been widely
studied in the context of photocatalysis, despite their critical
impact on numerous catalytic reactions.'® Defect engineering in
semiconductors has been shown to affect the adsorption of
water molecules and protons, as well as the trapping of
electrons,** which suggests that similar effects may also occur
in the morphology of metal cocatalysts.

In this study, we investigate the effect of Pt cocatalyst
morphology on the photocatalytic hydrogen evolution rate in
CdSe nanorods. Three distinct morphologies of Pt cocatalysts —
round, cubic, and rough - were synthesized at the tips of
otherwise identical CdSe nanorods. Photochemical hydrogen
evolution experiments showed that the rough tips exhibited
a six-fold higher reaction rate than the cubic sample. Through
comprehensive kinetic analyses, we demonstrate that the
rational design of metal cocatalyst morphology can
influence carrier dynamics and water reduction rates, leading to
a significant enhancement of photocatalytic activity.

Results and discussion

CdSe nanorods were selected as a model semiconductor catalyst
due to their single-crystalline nature and precisely controllable
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aspect ratio. The CdSe nanorods were uniformly prepared with
an average length of 174 4+ 1.6 nm and a diameter of
5.6 £ 0.5 nm (Fig. S1, ESIt), targeting the optimal geometry of
CdSe-Pt nanorod catalysts in hydrogen evolution reactions.”
Thermal decomposition of Pt precursors in the presence of
surface regulating reagents induced Pt tip growth on the
nanorods with specific morphology. Defect-mediated growth on
the heterogeneous CdSe surface induced selective formation on
the nanorod tips under the low concentration of the Pt
precursors.*'® Round tips were grown in a mixture of
hexadecanediol, oleylamine, and oleic acid.”® For cubic tips,
bubbling CO into the reaction mixture effectively suppressed
the growth along (100) by preferential coordination,'” and led to
formation of cubic morphology. For rough tips, bulky ligands
such as 1-adamantanecarboxylic acid were added to protect
active surface sites."™? As a result, anisotropic growth was
induced to generate rough tips with multiple bumps. The
atomic ratio of Pt was kept constant as 35-40% of the total heavy
elements, measured by inductively coupled plasma-atomic
emission spectroscopy (ICP-AES; Table S1, ESIf).

The transmission electron microscopy (TEM) images show
that Pt-CdSe nanorods were uniformly produced (Fig. 1).
Statistical analysis reveals the distribution of double-tipped (or
dumbbells, 64-70%), single-tipped (or matchsticks, 28-34%),
and bare nanorods (3-5%) for the three distinct morphologies
(Fig. S2, ESIt). These similar structural distributions allow for
comparing photochemical reactivity. The CdSe nanorods with
round tips (Round) have a tip morphology with smoother
surfaces than the other tip structures (Fig. 1a). In the
high-resolution TEM (HRTEM) images, CdSe nanorods are
single-crystalline with a growth direction along (002). A
single-crystalline Pt particle with a round morphology is
attached to the nanorod tip. The nanorods with cubic tips
(Cubic) have flat surface faces with sharp edges on the Pt tips
(Fig. 1b). Each cubic tip has lattice fringes parallel to the (100)
faces. The average distance between the neighboring fringes
matches the Pt(200) lattice constant, 0.196 nm, indicative of

Fig.1 TEM and HRTEM images of (a) Round, (b) Cubic, and (c) Rough.
The bars represent (TEM images) 20 nm and (inset and HRTEM images)
5 nm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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cubic morphology. The nanorods with rough tips (Rough) show
irregular curved surfaces on the Pt tips. In the HRTEM image,
however, the lattice fringes corresponding to Pt(111) and (200)
cover all particle ranges, revealing the single-crystalline nature
(Fig. 1c).

The Xray diffraction (XRD) data display a linear
combination between hexagonal wurtzite CdSe (JCPDS No.
08-0459) and face-centered cubic Pt (JCPDS No. 04-0802)
patterns (Fig. S3, ESIT).® The UV-visible absorption spectrum of
the bare CdSe nanorods exhibits an intense absorption peak
centered at 640 nm, assigned to the first excitonic transition
(1o, — 10.) from the valence band to the conduction band
edges (Fig. 2a).>° After the Pt deposition, these apparent peaks
are broadened due to delocalization of the electronic states of
the semiconductor into the metal domains.'” In addition,
a contribution from the absorption of Pt tips increases total
absorbance in a wide wavelength range. Similar patterns of the
absorption spectra indicate that the amounts of Pt atoms
deposited on the nanorods are nearly identical for all samples.
The photoluminescence (PL) spectrum of the bare CdSe
nanorods has an intense peak at 650 nm, but all Pt-CdSe
nanorods undergo nearly complete quenching (Fig. 2b). This
reveals that electron transfer effectively occurs from the CdSe
domains to the Pt tips regardless of their morphology.”

Based on the optical behaviors in the visible region, three Pt-
CdSe nanorods, Round, Cubic, and Rough, were employed as
photocatalysts for hydrogen evolution from water. The
surfactants were exchanged with mercaptoundecanoic acid,
and the resulting catalysts were dispersed in a 0.35 M Na,SOs/
0.25 M Na,S aqueous solution.®** The catalyst amount was fixed
at 1.5 mg for all catalysts, as confirmed by ICP-AES. Under
visible light irradiation (A = 420 nm), hydrogen was
continuously produced (Fig. 2c). The production rates were
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Fig. 2 (a) UV-visible absorption and (b) PL spectra of bare nanorods,

Round, Cubic, and Rough dispersed in toluene (inset: magnified PL
spectra showing complete electron quenching on the CdSe domain of
the Pt-tipped nanorods). (c) Temporal reaction progress and (d)
photocatalytic activity under visible light irradiation (A = 420 nm) (black
bars) and quantum efficiency with the excitation at 420 nm (red
squares) of Round, Cubic, and Rough in a 0.35 M Na,SO3/0.25 M Na,S
aqueous solution.
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highly dependent upon the Pt cocatalyst morphology. After an
induction period of 30 min, the reaction rate reached a constant
value for each catalyst. For Cubic, the infrared spectrum
indicated that the CO ligands were effectively removed during
the induction period (Fig. S4, ESIT).>** The hydrogen evolution
activity was measured to be in the order of Rough (5.66 mmol
h™' ¢7") > Round (2.55 mmol h™! g~ ') > Cubic (0.94 mmol h™*
¢~ ") (Fig. 2d, black). When irradiated by the 420 nm light using
a light-emitting diode, the quantum yield of hydrogen evolution
was estimated to be 2.46% for Rough, 1.62% for Round, and
0.51% for Cubic, respectively, showing the same trend as the
reaction rates (Fig. 2d, red). It is remarkable that Rough exhibits
six times larger activity and quantum efficiency than Cubic,
although all other structural parameters except the Pt
morphology are identical. The photocatalytic stability of Rough
was evaluated by four cycles of a 2 h-reaction after N, purging
(Fig. S5, ESIt). The reaction rate increased upon repeating the
cycle, revealing effective surface activation during the
photochemical reactions.

Numerous reports have shown that the catalyst morphology
and surface structure are essential factors dominating catalytic
performances in nanostructured systems.'**** We measured
photoelectrochemical responses to elucidate the trend of
photocatalytic properties (Fig. S6, ESIt). The catalysts were
deposited onto a fluorine-doped tin oxide (FTO) electrode as
aworking electrode in a three-electrode photochemical cell. The
photocurrent was measured at an applied potential of —0.5 Vvs.
Ag/AgClin a 0.35 M Na,S03/0.25 M Na,S solution. The resulting
photocurrent density was in the order of Rough > Round >
Cubic, following the hydrogen evolution rate in the reaction
study. This revealed that the charge separation was related to
the reaction rate.’ From the third term of eqn (1), it is rational
to consider that the charge carrier dynamics, particularly kcs, is
closely related to the cocatalyst morphology, as well as the
surface reaction rate, k.. The Nyquist plots of the catalysts also
indicated that Rough exhibited enhanced charge separation
and reduced recombination rates than the other samples
(Fig. S7, ESI¥).

To correlate the essential carrier generation and relaxation
dynamics with the catalytic efficiency more precisely, we carried
out transient absorption (TA) spectroscopy. For
semiconductor-metal hybrid systems, electron transfer has
been reported to occur in a time range of a hundred
femtoseconds.”?*?* Ultrafast energy transfer and short-lived
back electron transfer (recombination) occur on a similar
timescale of electron transfer and, thus, are the keys for
determining the extent of the electron transfer to the metal
domain, ie., the formation of a CS state.”*” The resulting CS
state in the hybrid system shows much slower relaxation than
exciton dynamics in bare CdSe nanorods.”*> When the
semiconductor rod length was the only factor to control the
carrier transfer process to the metal tip, the relaxation rate of
the CS state, kcs, was observed to be independent of the rod
length.”

Upon photoexcitation, the TA spectra of both bare and
tipped nanorods show negative absorption bands centered at
~645 nm, corresponding to the immediate bleaching of the first

29-31
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Fig. 3 Femtosecond-resolved TA maps of (a) bare nanorods and (b)
Rough upon excitation at 550 nm. All TA spectra were collected under
single excitonic conditions; see Fig. S9, ESI.t (c) Spectra of short-lived
(black, solid line) and long-lived (red, solid line) global-lifetime
components of Rough. The TA spectrum originating from the excitons
of CdSe (black, dashed line) is presented for comparison; see ESI.T (d)
Nanosecond-resolved bleaching—recovery profiles monitored at
645 nm. (e) Observed lifetimes (zcs, circles) and amplitudes (AAcs,
squares) of the CS state depending on the morphology of the metal tip.
(f) Carrier dynamics (AAcs/kcs, circles) and relative surface reaction
rates (Kwr/Kwr.rouna. SQuares) depending on the morphology of the
metal tip.

excitonic transition (XB) band of CdSe (Fig. 3a and b). For
the bare nanorods, the XB band bleaches further and
bathochromically shifts to 210 fs, owing to the intra-band
relaxation of hot carriers to the band edge (Fig. S11, ESI}).*
Then, it recovers multi-exponentially, mainly in the nanosecond
timescale (Table S2, ESIf). For the Pt-CdSe nanorods, the
majority of XB recovers within several hundred femtoseconds
(Fig. 3b, S6, and Table S2, ESIf). Approximately 10 ps after
excitation, the XB band narrows and hypsochromically shifts. In
addition, unique positive photoinduced absorption (PIA) bands
on both sides of the XB band appear in a peak-dip-peak shape.
These bands are evidence of new transient species evolving
during the electron transfer, which are not observed for the bare
nanorods. The transient species were found to exist much
longer than our time window of 3 ns for the femtosecond-
resolved TA measurements. To resolve the ultraslow
dynamics, we measured nanosecond-resolved TA spectra
(Fig. S10, ESIT). The Pt-CdSe nanorods also show the peak-dip-
peak-shape TA spectra on the microsecond timescale (Table S3,
ESIY). In contrast, for the bare nanorods, the excitons fully relax
within sub-microseconds (Fig. S10, ESIT).”

To relate the time-dependent spectral change to the charge
transfer and recombination dynamics, we constructed
lifetime-associated spectra over the entire spectral and

7556 | Chem. Sci, 2023, 14, 7553-7558
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temporal ranges by global-lifetime analysis (see Global-lifetime
analysis, ESIt).** This analysis is useful for distinguishing the
absorption spectrum of charge carriers in the CdSe domain
from that of the CS state. When both an electron and a hole
reside in the CdSe domain, the spectrum is manifested by the
XB band centered at ~645 nm and the positive PIA band at
around 600 nm (Fig. 3c, black, dashed line). The
lifetime-associated spectra of the short-lived components for
Rough (Fig. 3c, black, solid line, and Fig. S12, ESI{) match the
TA spectrum of excitons in the bare rods, showing that the
exciton dissociates into charge carriers and the electron
transfers to the metal tips immediately after the
photoexcitation. After these processes, only a hole resides in the
CdSe domains, producing a long-lived, peak-dip-peak-shape
TA spectral feature (Fig. 3c, red, solid line); regardless of the
counterpart of the electron transfer, the peak-dip-peak feature
has been commonly observed in the literature, and we attribute
the symmetric shape to the characteristics of the hole in the
CdSe domain.** The nanosecond-resolved lifetime-associated
spectra of the tipped rods with the same symmetric shapes
indicate that all components survive on the ns-to-us timescales
originating from the CS state (Fig. S12e, ESIT). It follows that
the AA of the slowest component analyzed from the
femtosecond-resolved TA spectra is a measure of the CS state
amount for each sample (Fig. S13, ESIt). Accordingly, we deduce
the lifetime of the CS state from the nanosecond-resolved TA
trajectory. The overall lifetimes of the CS states (tgg) are
obtained by amplitude-weighted averaging of lifetime, as
15.5 +1.8,17.3 + 7.8, and 27.1 £ 10.0 us for Round, Cubic, and
Rough, respectively (Table S3, ESIt). Fig. 3e summarizes the
lifetime and initial amount of the long-lived CS states for each
morphology. The amount of charge carriers at the Pt tips,
proportional to the extent of the CS state formation, AAcs, is the
largest for Round compared to Cubic and Rough. The lifetime
of the CS state is similar for Round and Cubic but reaches the
maximum for Rough.

The water reduction has been reported to occur on the
millisecond timescale,* far slower than the relaxation of the CS
state. Under this condition (kgs > k), eqn (1) can be
simplified as follows:

kwr
[Hz] OCAACS X W = AACS/kCS X kwr (2)

The term AAcs/kcs relates to the carrier dynamics within the
Pt-CdSe nanorods and represents the value of charge carriers
on the Pt tips feasible for reacting with water, and k,, is the
surface reaction rate on the Pt tips.

To stringently compare the effect of morphology and surface
structure of the Pt cocatalyst on carrier dynamics, we kept the
elemental ratio of Pt to CdSe constant, thus minimizing the size
effect of the Pt tips across all samples. For cubic tips, most
surface atoms lie on the clean {100} facets with fewer corners
and edge sites.” It is known that the Fermi level of Pt{100}
facets is higher than that of Pt{111}.>* It follows that the CS
states in Cubic are the least favorable among the Pt
morphologies; the measure of AAcs/kcs is distinctively low for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Cubic but nearly identical for Round and Rough (Fig. 3f,
circles). Rough tips host a significant fraction of surface defects,
and round tips are also composed of multiple poly-oriented
facets with many edges at the boundaries,” which trap
electrons and increase the CS state lifetime.

Because we compare the relative extents of the CS state
(AAgs) formation through the TA measurements, we only
estimate the ratio of k, among the Pt-CdSe nanorods from eqn
(2) wusing the extracted rate constants and observed
hydrogen-evolution rates. Assuming that the water reduction
with Round occurs on a millisecond scale, we deduce the
relative ratio of k&, 1:0.67:2.2 for Round :Cubic: Rough
(Fig. 3f, squares).*

The electrochemically active surface area (ECSA) for the
catalysts was estimated to be 132.5 cm® mg ™ for Round, 159.6
cm® mg ' for Cubic, and 141.6 cm® mg " for Rough (Fig. S14,
ESIT),*® revealing that the surface area of the Pt tips is not the
primary factor of the large surface activity differences. Instead,
there is a consensus about the correlation of catalytic
performances with the surface sites in heterogeneous reactions.
In photocatalytic hydrogen evolution, it was reported that the
water adsorption energy on Pt(100) facets was lower than that
on Pt(111),* which was suggested as a descriptor for the activity
difference. For Cubic, the surface facets are dominantly Pt(100)
with uniform orientations (Fig. 1b). For Round, the lattice fringe
is assigned to Pt(111), and the surface facets are analyzed as
a mixture of (100) and (111) with different orientations
surrounding the round morphology (Fig. 1a). These structural
features elucidate the low activity of Cubic compared to other
morphologies.*****” For Rough, the Pt tips show irregular
morphology (Fig. 1c). The surface analysis in the HRTEM
images shows that a significant fraction of the surface faces is
composed of (311). By the fast Fourier transform (FFT) of the
HRTEM image, the (311) pattern is identified with the intense
(100) and (111) patterns along the [011] zone axis (Fig. S15,
ESIt). The theoretical calculation and reaction study revealed
that the low coordination sites of the Pt surface distinctively
stabilized the intermediate states, such as surface-adsorbed
hydrogen atoms, and eventually lowered the activation energy
of hydrogen evolution reactions.’*** Accordingly, the
high-energy surfaces with multiple edges and undercoordinated
sites of Rough significantly promoted the surface reaction and
presented the maximum k.

Conclusions

In conclusion, the impact of cocatalyst morphology on the
photocatalytic activity of semiconductor nanorod catalysts was
systematically investigated. Three distinct morphologies of Pt
tips, Round, Cubic, and Rough, were prepared for hydrogen
evolution reactions. The results reveal a significant difference in
hydrogen evolution rates, with Rough exhibiting six times
higher activity than Cubic. Detailed kinetic analysis shows that
Cubic hosts fewer short-lived CS states and exhibits less surface
activity. In contrast, Rough has a similar value of CS state
feasible for reacting with water but much higher surface activity
than Round, resulting in the maximum hydrogen evolution

© 2023 The Author(s). Published by the Royal Society of Chemistry
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rate. These findings demonstrate that engineering the
cocatalyst morphology, in addition to composition and size, is
critical for optimizing photochemical activity. We suggest that
rational treatment of metal deposition on conventional
photocatalysts can significantly enhance catalytic activity.
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