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ABSTRACT: We report a thermolytic reduction of silver precursors in the presence

Ag-TiO,photocatalyst

of anatase TiO, nanorods to form Ag—TiO, hybrid nanocrystals (HNCs). Upon

changing the reaction conditions, the size and number density of Ag on the HNCs
could be adjusted. The size and number density of Ag on the HNCs were found to
have an inverse relation. We assess the hydrogen evolution of TiO, nanorods, P25
TiO,, and Ag—TiO, HNCs in methanol/water under xenon lamp irradiation. The
turnover frequency for hydrogen evolution on silica-supported Ag—TiO, was 1.4 X
107* s7!, greater than that of the anatase TiO, nanorods (9.8 X 10~

coupled anatase/rutile TiO, (P25 catalyst; 5.2 X 107> s7%).

KEYWORDS: nanocrystal, TiO,, silver, hydrogen, photocatalysis

B INTRODUCTION

Semiconductor photocatalysis, particularly for the purpose of
artificial photosynthesis-type ~~ reactions such as water
splitting, has attracted intense interest because the concept
offers the possibility of addressing pressing global issues
through utilizing solar energy.*”” The semiconductor photo-
catalysis scheme involves light absorption by the semi-
conductor that increases the population of conduction band
electrons and valence band holes, followed by electron-transfer
reactions at the semiconductor interface.”” The efficiency of
the process is limited by the undesired fates of the excited
electron/hole pair, the efficiency of light absorption, and the
stability of the photocatalyst. For widespread applications, the
material must have a high benefit/cost ratio, which favors
active catalysts composed of stable, nontoxic, earth-abundant
materials that are easy to prepare. Overcoming these
limitations is the principal driver in the research of new
materials and the light-activated processes that occur within
them.

The introduction of a metal particle on the surface of a
semiconductor can contribute multiple advantages to the
photocatalysis process:'’ (1) On the basis of the energy
difference between the metal Fermi level and the semi-
conductor band-edge potential, the photoexcited electrons and
holes can be separated among the two material phases. (2) The
metal surface can promote the electron-transfer reaction with
substrates and enable faster catalysis. Additional possibilities
exist for plasmonic metal particles:'”'> (3) The plasmonic
metal could be tuned to absorb photons over an energy range
not absorbed by the semiconductor. (4) The localized electric
field due to the excited surface plasmon can lead to electron
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transfer from the metal to the semiconductor conduction band.
Whereas the metal—semiconductor junction can facilitate the
separation of electrons and holes, the direction of electron flow
depends on the excitation mechanism, whether it is semi-
conductor band-gap excitation or metal plasmon excitation. In
the former, there is fast transfer of the photoexcited electron
from the semiconductor to the metal. For example, the transfer
of photoexcited electrons from CdS to Au occurs on a sub-20
fs time scale in metal—semiconductor matchstick hybrid
nanocrystals."’
nanocrystals in which the metal has strong surface plasmon
resonance (SPR), the excitation of the surface plasmon
produces a strong near-field effect with electron transfer from
the metal to the semiconductor conduction band."*~'* This
effect is strongly dependent on the metal particle size and
shape."” For example Au—TiO, heterostructures with different
Au nanoparticle sizes (4 and 67 nm) were prepared and found
to exhibit distinct charge-separation mechanisms upon light
excitation.”” The 4 nm Au nanoparticles have weak SPR with
charge transfer occurring upon band-gap excitation of TiO,,
followed by conduction band electron transfer to Au, whereas,
67 nm Au nanoparticles with strong SPR donate electrons to
the TiO, conduction band upon the excitation of the metal
plasmon.

The control of the material morphology on the nanoscale
affords the ability to tune the electronic structure and surface
properties of materials and enables the possibility of highly

Conversely, in metal—semiconductor hybrid
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engineered nanostructured materials for efficient photo-
catalysis. With this impetus, examples and design strategies
of well-defined hybrid nanocrystal (or heteronanocrystal)
(HNC) structures are on the rise. HNCs combine
physicochemical and optoelectronic properties of the compo-
nent crystal phases as well as emergent features upon the
combination of the crystal phases in selected orientations and
spatial combinations.”’ ">® Whereas the concept of colloidal
photoelectrochemical catalysts dates back several decades,””
rapid advances in instrumentation and synthesis methods for
nanocrystals have led to several well-defined metal—semi-
conductor HNCs.”*™** Most examples utilize rod-shape
semiconductor nanocrystals to take advantage of the
longitudinal electron delocalization for charge separation in
the HNC."' Recent work from the Amirav group indicate that
fewer metal cocatalyst domains on the semiconductor
nanocrystal lead to a higher rate of photocatalysis,* and the
cocatalyst size plays an important role.*” Thus the design
principles for metal—semiconductor HNC photocatalysts are
improving at a rapid pace.

We are interested in the study of Ag—TiO, HNCs as a
photocatalyst for hydrogen evolution. Several Ag—TiO,
nanostructures,**** including HNCs, have been reported as
photocatalytic materials. From these studies, there is increasing
knowledge of the factors that influence the role of Ag as an
electron sink or plasmonic sensitizer. For example, Ag—TiO,
HNCs with a high number density of Ag nanoparticles on the
TiO, surface can give rise to interparticle coupling of the
surface plasmon. In particular, Ag—TiO, HNCs in which rod-
shape TiO, nanocrystals are multiply decorated with Ag
nanoparticles give SPR absorbance spectra that mimic the SPR
features of Ag nanorods, showing red-shifted longitudinal SPR
modes.**™* This feature, in combination with changes in SPR
due to the size and shape of the Ag nanoparticles, allows
multiple avenues to change the light absorption properties of
the Ag—TiO, HNCs. However, few studies report Ag SPR-
sensitized photocatalysis,”’ and there is no putative evidence of
this mechanism in Ag—TiO, HNCs.

There is considerable evidence that the band-gap irradiation
of Ag—TiO, HNCs leads to electron accumulation in the Ag
nanoparticles. Evidence of electron buildup was observed upon
the irradiation of Ag/TiO, core—shell nanocrystals with UV
light that led to a dynamic blue shift of the Ag SPR feature.”'
This effect could be produced with chemical reducing agents as
well, and the addition of NaBH, to Ag—TiO, nanorods led to a
significant blue shift in the Ag SPR without a change in the Ag
nanoparticle size.”” In addition, the UV irradiation of TiO,
nanocrystals in contact with solutions of Ag" is an established
method for the preparation of Ag—TiO, HNCs."”™>* Initially,
Ag nanoparticles nucleate on the TiO, nanocrystals at multiple
locations on each nanocrystal. Over time, the Ag nanoparticle
size grows with increasing irradiation. Eventually, the Ag
particles undergo ripening to form HNCs with one Ag
nanoparticle. The mechanism for ripening involves dissolution
of the surface Ag* ions from smaller particles and deposition
on the larger particles. In air and under visible-light irradiation,
Ag—TiO, HNCs undergo oxidation of the silver domains with
a total loss of the SPR given sufficient time, which could be
restored upon the photoreduction of the Ag® under UV
irradiation.”” From these studies, the role of oxygen in etching
and the formation/dissolution of Ag in the HNCs is well-
established.
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In this work, we prepare Ag—TiO, HNCs upon the chemical
reduction of Ag® in the presence of rod-shaped TiO,
nanocrystals and evaluate hydrogen evolution photocatalysis
in water—methanol solutions. The Ag—TiO, HNCs show
activity up to 12.3 pmol/g catalyst/min and an apparent
quantum yield of 0.92% for hydrogen evolution under Xe lamp
irradiation, from which the activity is derived from the incident
UV radiation. Under visible-light illumination in which the Ag
SPR is excited, we do not observe hydrogen evolution from
water—methanol or water—formaldehyde solutions.

B EXPERIMENTAL SECTION

Chemicals and Equipment. 1-Octadecene, (technical grade,
90%, Acros), oleic acid (90%, Fisher Scientific), oleylamine (>50%,
TCI America), 1,2-hexadecanediol (technical grade 90%, Aldrich),
TiO, (Aeroxide P2S, ACROS Organics), AgNO; (99%, VWR), and
methanol (99.9%, HPLC grade, 0.2 ym filtered, Fisher Scientific)
were used. TiO, nanorods and Ag—TiO, HNCs were synthesized
under a flow of N, with an in-line drying tower charged with P,Os.
Sonication procedures utilized a Neytech 28H Ultrasonik (100 W,
44—48 kHz) sonication bath. Vortex mixing was achieved with a
Vornado benchtop vortex mixer. Calcinations utilized an MTI KSL-
1100X furnace. Centrifugation protocols utilized benchtop Thermo
IEC Centra CL-2 or Eppendorf 5804 models configured to accept
Falcon 50 mL conical centrifuge tubes.

Instrumentation. Transmission electron microscopy (TEM)
images were obtained from a Tecnai Spirit G> Twin TEM (FEI
Company) with a LaB4 filament operating at 120 kV. HR-TEM
images were obtained from a Titan G2 XFEG TEM operating at 200
kV. Scanning electron microscopy (SEM) data were obtained from a
Zeiss Sigma FE-SEM with Oxford AZtec energy-dispersive X-ray
spectroscopy (EDS) detector. Powder X-ray diffraction (PXRD) data
were obtained from a Rigaku Ultima IV instrument. The X-ray tube
produced Cu Ka radiation (4 = 1.54 A), and the generator was set to
44 kV and 44 mA during data collection. Data refinement and analysis
were performed with PDXL software. A Cary 50 spectrophotometer
was used to obtain UV—vis absorption spectra of nanocrystal
dispersions in hexanes. Photoluminescence spectra were obtained
using a Fluoromax 4 spectrofluorometer. Hydrogen generation in the
headspace of the photochemical reactor was measured by gas
chromatography (GC) using an Agilent 7890A GC equipped with a
30 m X 320 pum column with 5 A molecular sieves and Ar as the
carrier gas.

Synthesis of TiO, Nanorods. Anatase-phase rod-shaped TiO,
nanocrystals were prepared according to the procedure reported by
the Hyeon group.”* Degassed oleic acid and titanium isopropoxide
were heated under inert conditions at 270 °C and kept for 2 h. The
reaction mixture was cooled, isopropanol was added, and the product
was precipitated after centrifugation at 3500 rpm for 8 min.

Synthesis of Hybrid Ag—TiO, HNCs. The synthesis of Ag metal
hybrid TiO, nanorods was inspired by the method reported by Bigall
and coworkers for noble-metal growth on CdSe nanoplatelets.>® In
this synthesis, 0.058 g (0.73 mmol) of TiO, nanorods, 0.124 g (0.73
mmol) of AgNO3, 2.4 mL of oleylamine (7.29 mmol), 2.3 mL of oleic
acid (7.29 mmol), 0.472 g of 1,2-hexadecanediol (1.83 mmol), and 20
mL of 1-octadecene were combined within a 100 mL three-necked
flask. Volatiles were removed under vacuum at 50 °C over 20 min.
Then, the flask was filled with N, and heated to 100 °C for 2.5 h. The
reaction mixture was allowed to cool, and the product was separated
by the addition of isopropanol, followed by centrifugation at 3500
rpm for 8 min, after which the supernatant was decanted. The
precipitate was redispersed in hexanes.

Preparation of Supported Catalysts: TiO,/SiO, and Ag—
TiO,/Si0,. A slurry of 0.667 g fumed silica with 40 mL of hexanes
was prepared in a 50 mL centrifuge tube. The contents were agitated
with a vortex mixer for 2 min. Then, 20 mg of photocatalyst (TiO, or
Ag—TiO,) dispersed in hexanes was added to the centrifuge tube and
sonicated for 20 min. After that, the contents were centrifuged at 3500
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rpm for 8 min, and the clear supernatant was discarded. The uptake of
TiO, on the SiO, surface was verified by UV—visible spectroscopy
(Figure S1). The gelatinous precipitate of Ag—TiO,/SiO, was spread
onto a watch glass and dried under vacuum (~30 mTorr) at 175 °C
for 24 h. The sample was allowed to cool to room temperature and
was ground with a mortar and pestle.

Photocatalytic Hydrogen Evolution. A 150 mL quartz flask
with a magnetic stirrer was charged with 10 mL of water, 2 mL of
methanol, and catalyst (P25 or TiO, nanorod powder = 20 mg, silica-
supported catalysts = 167 mg). The flask was sealed with a rubber
septum and fitted with a 2.5 in. 20 gauge needle outlet. Argon gas
(~50 sccm) was introduced to the flask through a needle to purge the
contents for 30 min; then, the inlet and outlet needles were removed.
Using a gastight syringe, a 1 mL aliquot of the headspace was
extracted and injected into the GC, at which time no oxygen was
detected. The flask was irradiated with a 150 W Xe Arc lamp powered
by an ABET Technologies solar simulator. The photocatalytic reactor
was covered with a wooden shield box to isolate the system from the
outside light as well as to avoid UV-light exposure. The headspace was
sampled at desired time intervals for GC analysis. In a separate control
experiment, a mixture containing two supported catalysts (83.4 mg of
calcined Ag nanoparticles supported on SiO, (1.5% Ag) and 83.4 mg
of calcined TiO, nanorods supported on SiO, (1.5% TiO,)) was
evaluated.

B RESULTS AND DISCUSSION

Synthesis and Characterization. Oleic-acid-stabilized
anatase TiO, nanorods were frepared according to the
procedure reported by Hyeon.”* From this protocol, we
routinely obtained multigram quantities of nanocrystals. PXRD
and TEM data from the samples are shown in Figure 1. PXRD
data indicate the presence of the anatase TiO, phase. The
(004) reflection shows a higher relative intensity and narrower
line width, which are indicators of the anisotropic nature of the
nanocrystal due to the selective growth in the [001] direction.
The Rietveld analysis of the data indicated that anatase was
phase pure and the crystallinity was 96%. The refinement
indicated a crystallite of 10.7 nm, whereas the size calculation
from the Williamson—Hall method indicated a crystallite of 3.2
nm. The discrepancy is likely due to the highly anisotropic
nature of the anatase nanorods. We note that the Williamson—
Hall result is consistent with the diameter of the nanocrystal.
Unfortunately, because of the systematic absences of (00!)
reflections, there are too few diffraction peaks for the
calculation of the crystallite size in the ¢ direction. A
Debye—Scherrer analysis of the (004) reflection yields a
crystallite of 17.7(9) nm. TEM data indicate nanorods with an
average length of 42.0 + 7.3 nm and a diameter of 3.1 + 0.4
nm. From HRTEM data, we observe lattice fringes consistent
with the distance and orientations from the {101} and (004)
planes. The (004) planes are oriented perpendicular to the
major axis of the nanorod, confirming the growth of the crystal
in the [001] direction. The bulk analysis from PXRD data is in
good agreement with TEM data.

Dispersions of TiO, nanorods in 1-octadecene were heated
to 100 °C with AgNO;, oleic acid, oleylamine, and 1,2-
hexadecanediol. The initial dispersion changed color from light
straw to dark brown over time as the silver ion was reduced.
The addition of isopropanol to the reaction mixture led to a
floc that was subjected to centrifugation. The supernatant was
discarded, and the dark-brown solids were redispersed in
hexanes to give a stable dispersion of Ag—TiO, HNCs.

In the reaction, oleylamine and 1,2-hexadecanediol contrib-
ute to the reduction of the Ag" ion and the formation of Ag
nanoparticles. The use of 1,2-hexadecanediol (without oleyl-
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Figure 1. (A) TEM image of the TiO, nanorods with length and
diameter histograms (scale bar = 100 nm). (B) HRTEM image of the
TiO, nanorods (scale bar = § nm). (C) Powder X-ray diffraction data
and relative intensity lines of anatase TiO, from JCPDS no. 00-021-
1272.

amine) led to the formation of Ag nanoparticles with an
average diameter of 1.9 #+ 0.7 nm, and the nanoparticles were
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Figure 2. Ag—TiO, HNCs prepared from 4:1 oleylamine/1,2-hexadecanediol reducing agent and a 1:1 ratio of Ag/TiO, in the reaction. (a) TEM
image and size distribution of Ag nanoparticles, (b) powder X-ray diffraction patterns, (c) UV—visible absorption spectra, and (d)
photoluminescence emission spectra (4., = 300 nm) of TiO, nanorods and Ag—TiO, HNCs.

not attached to TiO, (Figure S2), whereas the use of
oleylamine (without 1,2-hexadecanediol) led to Ag—TiO,
HNCs with a Ag nanoparticle average diameter of 1.4 + 0.5
nm (Figure S3). In this case, the HNCs were multiply
decorated with Ag nanoparticles. We found the combination of
oleylamine/1,2-hexadecanediol in a 4:1 ratio as the reducing
agent led to the growth of Ag nanoparticles on the surface of
the TiO, nanorods with an average diameter of 3.4 + 0.8 nm
(Figure 2a and Figure S4). In all of the reactions, the size and
shape of the TiO, nanorods were retained. PXRD data from
Ag—TiO, HNCs (shown in Figure 2b) indicated the presence
of anatase TiO, (versus JCPDS no. 00-021-1272) and fcc Ag
phases (versus JCPDS no. 00-004-0783). Rietveld and
reference intensity ratio (RIR) analyses of the data indicated
Ag and anatase TiO, phases in a 29:71% ratio. The Ag and
TiO, crystallites were calculated as 1.5 and 4.1 nm,
respectively, from the Williamson—Hall method. As previously
discussed, the calculated crystallite size of TiO, is representa-
tive of the nanorod diameter, whereas the narrow line width
and increased relative intensity of the anatase (004) reflection
indicate a highly anisotropic nanocrystal. SEM and EDS of the
Ag—TiO, sample (Figure SS) indicate a uniform distribution
of Ti and Ag on the micron scale with a consistent ratio of Ag/
Ti 25:75% over multiple regions. The EDS result is in close
agreement with the Ag/TiO, phase ratio from the PXRD data
analysis. The UV—visible absorption spectrum obtained from a
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dilute dispersion of Ag—TiO, HNCs shows two main features
(Figure 2c). Below 300 nm, there is strong absorbance due to
O 2p — Ti 3d charge transfer, which splits into two peaks (238
and 284 nm) due to the anisotropy of the TiO, nanocrystal. A
broad peak with A, = 444 nm can be assigned to the SPR of
Ag nanoparticles. On the basis of the data reported by Peng et
al,*® it is possible to estimate the size of solution-dispersed Ag
nanoparticles based on the red shift of the SPR feature.
However, an additional red shift of the SPR will occur due to
the attachment of the Ag nanoparticles to the TiO, surface that
has a much higher index of refraction than organic ligands and
solvent. Emission spectra (Figure 2d) from TiO, nanorods and
Ag—TiO, HNCs were compared. Using an excitation wave-
length of 300 nm, the dispersion of TiO, nanorods showed
broad, weak luminescence, whereas the dispersion of Ag—TiO,
HNCs showed no luminescence. Although it is by no means a
proof, this observation is consistent with a model in which
conduction band electrons produced upon band-gap excitation
of TiO, are rapidly injected to Ag, thereby quenching
luminescence.

Upon adjusting the mole ratio of Ag/TiO, in the
preparation of HNCs, we observed an effect on the Ag
nanoparticle size and number density on the TiO, nanorod
surface with appreciable effects from the reducing agent. We
prepared Ag—TiO, HNCs via oleylamine reduction (no 1,2-
hexadecanediol) and varied the Ag/TiO, ratio. From the TEM

DOI: 10.1021/acsaem.9b01730
ACS Appl. Energy Mater. 2019, 2, 8274—8282


http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01730/suppl_file/ae9b01730_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01730/suppl_file/ae9b01730_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01730/suppl_file/ae9b01730_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01730/suppl_file/ae9b01730_si_001.pdf
http://dx.doi.org/10.1021/acsaem.9b01730

ACS Applied Energy Materials

I
»

(4B

"X‘%Sw

Frequency ‘

0.8 1.2 1.6 2.0 24 2.8 3.2

S ,-fy.\;?? 6
3' 5
e

s

Ag diameter (nm)

Absorbance (a.u.)

Absorbance (a.u.)

—Ag:Tio, =1:1

—TiO,
0.0
T T T T T T T
300 400 500 600 700
Wavelength (nm)
D
——Ag:TiO, = 3:1

0.0 +
300

——Tio,

1 I I
400 500 600
Wavelength (nm)

700

Figure 3. (a) TEM image and (b) UV—visible spectra of Ag—TiO, HNCs from oleylamine reduction (Ag/TiO, ratio 1:1). (c) TEM image and (d)
UV-—visible spectra of Ag—TiO, HNCs from oleylamine reduction (Ag/TiO, ratio 3:1). Scale bar = 50 nm.

data (Figure 3) of Ag—TiO, HNCs prepared in which the Ag/
TiO, ratio was 1:1, the ratio of Ag nanoparticles to TiO,
nanorods was ~2.7 (size distribution of Ag nanoparticles was
1.4 + 0.5 nm), whereas Ag—TiO, HNCs prepared from 3:1
ratio Ag/TiO, showed ~S5.5 Ag nanoparticles per TiO,
nanorod (size distribution of Ag nanoparticles was 2.3 + 0.6
nm). With increasing Ag/TiO, ratio, the UV-—visible
absorbance features from Ag nanoparticles systematically
changed (Figure S6). The primary SPR feature grew in
intensity with very slight blue-shifting, and the coupled SPR
feature grew in intensity with some red-shifting. As the Ag
nanoparticle size increases, the primary SPR feature is expected
to become more intense and blue-shifted. As the Ag
nanoparticle number density on the TiO, nanorods increases,
we expect more interparticle SPR coupling to occur to give
more intense and red-shifted absorbance. Theoretical studies
of the electrodynamics of Ag nanoparticle ensembles indicated
that strong interparticle dipole coupling contributes a red shift
of the SPR.>” The extreme case of interparticle dipole coupling
arises for particles in direct contact, and when aligned on a
single axis, these behave as a single elongated particle.
Interestingly, if we adjust the Ag/TiO, ratio in the
preparation of Ag—TiO, HNCs via oleylamine/1,2-hexadeca-
nediol reduction, then we obtain samples with larger Ag
nanoparticles and a lower number density of Ag nanoparticles
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on each TiO, nanorod. UV—visible spectra of samples formed
from a Ag/TiO, ratio of 1:1 and 4:1 from oleylamine/1,2-
hexadecanediol reduction show one Ag SPR peak with no
additional feature from SPR coupling. TEM data from Ag—
TiO, HNCs prepared from oleylamine/1,2-hexadecanediol
reduction and a 1:1 ratio of Ag/TiO, indicate that the Ag
nanoparticle diameter is 3.4 + 0.8 nm and the number density
is ~3.2 Ag nanoparticles per TiO, nanorod, whereas the Ag—
TiO, HNCs prepared from a 4:1 ratio of Ag/TiO, have a Ag
nanoparticle diameter of 4.0 + 1.5 nm and a number density of
~1.9 Ag nanoparticles per TiO, nanorod. The data are shown
in Figure 4.

Photocatalysis. We assessed the activity of the Ag—TiO,
HNC:s for light-driven hydrogen evolution in methanol/water
1:6 v/v solutions. The Ag—TiO, HNCs do not disperse in the
aqueous solution, and simply stirring the Ag—TiO, HNCs as a
slurry is problematic in that the surface sites are blocked due to
aggregation and surface ligands. To present the highest
possible number of unblocked surface sites for the reaction,
we prepared silica-supported Ag—TiO, HNCs, followed by
mild calcination at 175 °C in a 30 mTorr vacuum oven for 24
h. For comparison, we evaluated Evonik Aeroxide TiO, P25
powder, fumed silica, TiO, nanorods supported on silica
(calcined and uncalcined samples), a powder form of oleic-
acid-stabilized TiO, nanorods, and a mixture of Ag/SiO, and
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Ti0,/Si0, in which the Ag nanoparticles and TiO, nanorods
of equal dimensions to the HNCs but spatially separated such
that there are no Ag—TiO, junctions.

The hydrogen evolution data under unfiltered irradiation
from a 150 W Xe arc lamp are presented in Table 1 and Figure
5. The supported Ag—TiO, HNCs yield hydrogen at rates up
to 12.3 pumol/g catalyst/min. From this rate, we calculate a
turnover frequency (TOF = H atoms/site/second in which the
site is one surface silver atom) of 1.4 X 107* s™". The apparent
quantum yield (AQY) (based on the overlap of the TiO,
absorbance spectrum and the emission from the Xe arc lamp,
220 < A < 300 nm) is 0.92%. The average photon flux (220 < A
< 300 nm) for each surface Ag atom is ~ 1.5 X 107> s7..
Considering a hypothetical scenario of 100% light (220 < 4 <
300 nm) absorption by TiO,, 100% conversion of those
incident photons to injected electrons from the TiO,
conduction band to Ag, and 100% efficiency in proton
reduction, the resultant theoretical ceiling for hydrogen
evolution is well below those experimentally found for
hydrogen evolution on single-crystal Ag electrodes.”® There-
fore, quantum efliciency is not limited by the intrinsic activity
of the Ag nanoparticle surface. Rather quantum efficiency must
be limited by factors that include the probability of light
absorption, the degree of light scattering within the dispersion,
the rate of donor oxidation, and the recombination of electrons
and holes. Increasing the mass of the catalyst in the reactor
leads to diminishing returns on the hydrogen evolution rates
that give a lower apparent TOF, which is likely due to the
strong light scattering at the front face of the reactor. We
carried out the reaction with a UV cutoff filter (4 > 420 nm
transmitted) and found no hydrogen evolution under visible-
light illumination. Presumably, the extinction coefficient from
the Ag SPR is too low due to the small size of the Ag
nanoparticles to give an appreciable charge injection to the
TiO, conduction band. As noted by Qian et al., the plasmonic
photocatalysis on Au—TiO, takes place in the presence of large
Au nanoparticles with a strong SPR feature.”” Additionally, the
work function of Ag places the Fermi level of the metal close in
energy to the conduction band edge of the TiO,. In this case,
any electron transfer from Ag to TiO, leads to holes that are
weak oxidizers unable to accept electrons from the methanol
donor in solution. The addition of formaldehyde as an electron
donor similarly gave no hydrogen evolution under visible light.
We could rule out the photoreforming of methanol as the
source of hydrogen evolution because no carbon dioxide
formed during irradiation (Figure S7).

For comparison, fumed silica showed no activity for
hydrogen evolution. Silica-supported TiO, nanorods yield
hydrogen at a rate of 2.00 ymol/g catalyst/min with AQY =
0.13%. Uncalcined TiO, nanorods on fumed silica yield
hydrogen at a rate of 1.2 ymol/g catalyst/min with AQY =
0.08%. The activity is presumably slower due to presence of
oleic acid on the surface of the TiO, nanorods that blocks
surface titanium sites. Unsupported oleic-acid-stabilized TiO,
nanorods in powder form yield hydrogen at a rate of 1.46
umol/g catalyst/min with AQY = 0.09%, which was fairly
similar to the result from uncalcined silica-supported TiO,
nanorods. The Aeroxide P25 powder yields hydrogen at a rate
of 2.65 pmol/g catalyst/min with AQY = 0.04%. A mixture of
silica-supported TiO, nanorods and silica-supported Ag
nanoparticles yields hydrogen at a rate of 0.5 umol/g
catalyst/min with AQY = 0.03%. In this sample, there are no
contacts between Ag and TiO,, so there should be no
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Table 1. Activity of Photocatalysts for Hydrogen Evolution

catalyst (Ag diameter; no. Ag particles/TiO, nanorod)
Ag—Ti0,/Si0, (3.4 nm Ag; 3.2 Ag/TiO,)"
Ag—Ti0,/Si0, (4.0 nm Ag; 1.9 Ag/TiO,)%"
Ag—Ti0,/Si0, (2.1 nm Ag; 4.9 Ag/TiO,)%
P25
Ti0,/Si0,°
TiO, nanorods
Ti0,/SiO, (uncalcined)
mixture Ag/SiO, (1.5 wt % Ag) + TiO,/SiO, (1.5 wt % TiO,)"
Sio,

rate of H, evolution (umol H, g cat™ min™")

a

TOF (107%/s) apparent quantum yield %"

12.3 14.1° 0.92
3.3 3.8° 0.25
3.0 34° 0.22
2.7 5.18 0.04
2.0 0.978 0.13
LS 0.714 0.09
1.2 0.587 0.08
0.5 0.245 0.03
0 0 0

“Rates were calculated based on the mass of active phase (mass Ag + mass TiO,). ®AQY based on incident photons absorbed by TiO, (4 < 300 nm
for TiO, nanorods, 4 < 400 nm for P25). “Calcined ~30 mTorr air at 175 °C for 24 h. %3 wt % Ag—TiO, HNCs on silica. “TOF was calculated

based on the number of surface Ag atoms.

40000
35000 ;
< 30000 _ '
Q i Ag-TiO, NRs/SiO,
2 25000 - * P25
g ] { 4 Calcined TiO, NRs/SiO,
2. 20000 v TiO, NRs
- 1 ¢ Uncalcined TiO, NRs/SiO
s 15000 Ag/Si0, + TiO, NRs/SiO,
2 i
F 10000
5000
0 e
| N | ! I N I ! [ N 1
0 1000 2000 3000 4000 5000

Irradiation time (min.)

Figure S. Hydrogen evolution versus time. Samples were irradiated
with unfiltered light from 150 W Xe arc lamp.

enhancement in photocatalysis due to the charge injection
from the TiO, conduction band to Ag. If the activity of the
sample is derived from light absorption on TiO,, then the
hydrogen evolution rate should be approximately half that of
the silica-supported TiO, nanorods. However, the observed
activity is substantially less, likely due to light scattering and
absorbance from the Ag/SiO,.

A comparison of Ag—TiO, HNCs photocatalysts with
different sizes and number densities of Ag particles per TiO,
nanorods shows that H, evolution rates can vary substantially.
In the sample showing the highest activity (12.3 pmol H, g
cat™' min~'), the Ag nanoparticles had an average diameter of
3.4 nm and a number density of ~3.2. A sample with 4.0 nm
Ag particles and a number density of ~1.9 showed activity of
3.3 umol H, g cat™' min~’, and a sample with 2.1 nm Ag
particles and number density of ~4.9 showed activity of 3.0
umol H, g cat™" min™". With too few comparisons, it is difficult
to delineate the effects of Ag particle size and number density
on the TiO, surface. Results from the Amirav group show a
clear advantage in Pt-decorated CdSe@CdS rods with one
cocatalyst site, whereas nanorods multiply decorated with Pt
showed greatly lowered activity due to intermediates being
distributed over multiple sites.*” Several groups have reported
the size effect of metal cocatalyst on the rates of H, evolution
on metal—semiconductor photocatalysts. The Amirav group
reported rates of H, evolution on Pt-decorated CdSe@CdS
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rods and observed an optimal metal domain size of 5.2 nm.
They proposed that increasing the metal domain size facilitates
charge separation; however, it also leads to a larger Schottky
barrier at the metal—semiconductor interface.”” The Banin
group reported size-controlled Au-CdS HNCs and found an
optimal metal domain size.”” The Idriss group reported H,
evolution from ethanol on Au/TiO, photocatalysts under UV
irradiation and observed an optimal size of ~12 nm.*’ In a
separate study of M/TiO, (M = Pd, Pt, Au) catalysts, the
effects of metal loading and particle size on H, production
from ethanol/water under UV irradiation were compared.61
The rate of formation of H, correlated with the metal work
function, but showed a complex dependence on the metal
particle size and the number density on the TiO, surface. Berr
and coworkers studied H, evolution from well-defined Pt
nanoclusters on CdS nanorods and concluded that electron
transfer from the semiconductor to the metal was most
effective when the separation between Pt clusters was
approximate to the spatial extent of the electronic wave
function (5—8 nm in this system).®> Overall, the size and
number density of the cocatalyst on HNCs are important
considerations in photocatalyst design.

B CONCLUSIONS

The chemical reduction of AgNO; in the presence of oleic-
acid-stabilized anatase TiO, nanorods using oleylamine and
1,2-hexadecanediol led to the formation of Ag nanoparticles
and Ag—TiO, HNCs. The size and number distribution of Ag
nanoparticles on the TiO, nanorod surface could be tuned
based on the selection of the reducing agent and the ratio of
Ag/TiO, in the synthesis. The average diameter of Ag
nanoparticles ranged from ~1.5 to 4.0 nm, and the number
densities ranged from ~2 to 5.5 Ag nanoparticles/TiO,
nanorod. Ag—TiO, HNCs with 3.4 nm Ag domains showed
the highest activity for H, evolution. The silica-supported Ag—
TiO, HNCs showed ~14X activity compared with silica-
supported TiO, nanorods. Band-gap excitation of TiO,,
followed by electron injection from TiO, to Ag leads to
charge separation and hydrogen evolution. However, visible-
light excitation of the Ag SPR did not lead to hydrogen
evolution. This may be due to multiple factors, such as the low
extinction coefficient of the Ag SPR on small Ag nanoparticles,
the small energy difference between the TiO, conduction band
edge and the Ag Fermi level, and the insufficient oxidizing
power of Ag holes. Future work could probe the factors that
limit visible-light photocatalysis in Ag—TiO, HNCs, such as
investigating Ag nanostructures with high SPR extinction
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coefficients or tuning the Ag Fermi level with different surface
ligands.
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