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ABSTRACT: Among the world’s most deadly toxins are a class of
organophosphates that are used as chemical warfare agents (CWAs).
It is imperative to continue to develop novel means for mitigation and
protection against these chemical threats. Sensitizing the surface of
metal oxide semiconductors with plasmonic nanoparticles for
photocatalytic degradation of chemical threats has been a prominent
area of research in recent years. Anisotropic silver nanoplateles were
purposefully grown on the surface of TiO, fibers, in order to
determine the impact of silver nanoparticle shape on (1) the
generation of hot electrons by the silver, (2) the subsequent transfer
of those electrons from the silver into the TiO,, and (3) the
photocatalytic behavior of the Ag—TiO, composite. To elucidate the
charge injection properties of the composites, transient absorption experiments (pump—probe experiments) were undertaken.
These involved pumping the composite samples with a range of discrete visible wavelengths and probing the composite within
the intraband transitions of the TiO,. As a complement to these experiments, the photocatalytic properties of the Ag—TiO,
composite fibers were studied via the photocatalytic hydrolysis of methyl paraoxon, a chemical warfare agent simulant. This
involved exposure of the methyl paraoxon to either red, green, blue, or white LED illumination. For both the transient
absorption and photocatalytic experiments, maximum efficiency was observed for those scenarios in which the resonance of the
silver platelets most closely matched the wavelength of incident radiation. Furthermore, the composite with silver nanoplatelets
clearly outperformed its counterpart with silver nanospheres, in terms of both charge injection and photocatalytic behavior. We
believe these results shall serve as a basis for future catalytic research in which the resonance of anisotropic plasmonic
nanoparticles (in a given composite) shall be designed to match the wavelength of incident radiation.

1. INTRODUCTION

pubs.acs.org/JPCC

Sensitizing the surface of metal oxide semiconductors with
plasmonic metal nanoparticles has been a prominent area of
research in recent years."” Several research groups have
explored the use of gold or silver nanoparticles on the surface
of metal oxides, such as titanium dioxide (TiO,) and zinc oxide
(ZnO), as a means of enhancing visible photocatalysis and
solar energy conversion.” The presence of plasmonic
nanoparticles on the surface of metal oxides provides several
advantages. First, metal oxides such as TiO, have wide band
gap energies which generate absorption primarily in the UV
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region. The inclusion of plasmonic nanoparticles on the surface
of these metal oxides provides a means of extending the
absorption of the plasmonic/metal-oxide nanocomposite from
the UV into the visible region. The tunable nature of the
surface plasmon resonance (SPR) in the visible region, via
changes in the particle size and shape of the metal
nanoparticle, is the driving force behind its use in improving
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Scheme 1. Hydrolysis Mechanism of Dimethyl 4-nitrophenyl Phosphate (Methyl Paraoxon), a Chemical Analog of Phosphate
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“For the premises of this manuscript, 3 mg of TiO, as prepared, spherical Ag—TiO,, and anisotropic Ag—TiO, will be used as the catalyst.

visible light harvesting in the plasmonic/metal—oxide nano-
composites.”

A second distinct advantage of functionalizing metal-oxide
semiconductors with plasmonic nanoparticles is the enhance-
ment of photogenerated charge separation across the metal—
semiconductor interface. This so-called hot electron injection
process is one in which the photoexcited plasmon first decays
into a hot electron—hole pair within the metal. The hot
electron from the metal then decays into the conduction band
of an adjacent semiconductor, providing charge separation at
the Schottky barrier, which is formed at the metal—semi-
conductor interface.'”'" The electron injection dynamics at
the metal—semiconductor surface interface may be studied
using transient absorption spectroscopy.lz’l’l*_16 This is
achieved by pumping the sample with a pulsed visible laser
to generate hot electron within the metal, and then by probing
the sample with an infrared laser pulse to monitor the
absorption of the electron within the intraband transitions of
the semiconductor’s conduction band. The absorption of the
probe pulse as a function of time therefore reveals the rate of
injection of hot carrier from the metal to the semiconductor, as
well as their decay. The choice of material and shape of
plasmonic metal can be crucial for creation of large numbers of
hot plasmonic electrons, which can be used in catalysis."” ="
The shape of a nanocrystal is another crucial factor. It has been
shown that the hot spots in a nanocrystal generate nonthermal
(hot) electrons very efficiently.'”'®'>'¢ In particular, the cubic
and disk-like shapes exhibit high field amplification factors near
the edges of a nanocrystal and, therefore, these shaEes should
be able to generate large numbers of hot electrons.”'* In that
respect, choosing to decorate semiconductor with a nano-
crystal that exhibits high field amplification is a plausible
approach for generating hot electrons at or near the surface of
the semiconductor.'”'"*

Photocatalytic degradation encompasses a variety of
reactions including organic synthesis, photoreduction, hydro-
gen transfer, water detoxification, and gaseous pollutant
removal.”’ TiO, is one particular photocatalytic material that
has demonstrated its utility in the degradation of organic
pollutants and other chemical threats. However, limitations of
TiO, are due to its inherent band gap, which only allows this
material to absorb in the ultraviolet region and a portion of the
visible region. More specifically, TiO,’s band gap energy is
limited to the use of only 5% of the total irradiation from
natural sunlight.”' There have been many efforts to function-
alize the surface of metal oxide semiconductors with plasmonic
nanoparticles, in order to overcome the limiting factors
identified for photocatalysis. This has been possible through
the introduction of gold or silver nanoparticles on the surface
of the semiconductor. The growth of gold or silver nano-
particles typically involves exposing the semiconductor to a
gold (HAuCl,) or a silver (AgNO;) salt in solution,

respectively.”” >° A reducing agent (e.g, NaBH,) is sub-
sequently used to convert the cationic form of the metal to its
solid state. In contrast to the nanoparticle growth approach,
premade gold or silver nanoparticles may be covalently
attached to the surface of semiconductor materials using
coupling agents such as silanes, thiols, or ss-DNA.**™**
Regardless of how the plasmonic particles are deposited onto
the surface of the semiconductor, i.e., via growth or covalent
attachment, a spherical shape has been the primary nano-
particle geometry that has been explored in the deposition of
metal nanoparticles on the surface of semiconductor materials.

In this study, we report the enhancement of TiO,
photocatalytic behavior by decorating the surface of TiO,
fibers with anisotropic silver nanoparticles and tuning the
resonant wavelength to the source of irradiation. Anisotropic
shapes of silver are particularly attractive for tuning and
maximizing absorption in the visible region, due to the
exceedingly high extinctions that are predicted in the
literature.”® The impact of nanoparticle geometry on
plasmonic resonance and extinction has been, and continues
to be, a well-studied area of research.**™>° However, the
impact of plasmonic nanoparticle geometry and anisotropy,
and the associated plasmonic resonance, on the injection of hot
electrons into an adjacent semiconductor for enhanced
photocatalytic degradation has not been a focal point of
research studies to date. To this end, we intentionally grew
anisotropic, silver nanoplatelets on the surface of TiO, fibers.
The photocatalytic properties of the Ag—TiO, composite
fibers were studied via the photocatalytic hydrolysis of methyl
paraoxon, a chemical warfare agent simulant. More specifically,
the photocatalytic behavior of methyl paraoxon was
determined under blue, green, and red LED illumination.
The purpose of this approach was to elucidate the impact of
matching (or mismatching) the wavelength of radiation with
the resonance wavelength of the silver nanoplatelets on the
overall catalytic behavior of the system. A general reaction
mechanism for the hydrolysis of methyl paraoxon is provided
in Scheme 1.

Methyl paraoxon is a benign simulant that has been studied
in the literature for the more toxic class of organophosphate
chemical agents, which are among the world’s most deadly
toxins.”” Currently, employed as chemical warfare agents,
phosphate esters have the ability to rapidly inhibit
acetocholinesterase, a critical enzyme for nerve synapses to
function properly, which ultimately leads to death.’®
Destruction of these CWAs is imperative. Currently, CWA
degradation techniques include incineration, water hydrolysis
followed by biotreatment, and water hydrolysis followed by
supercritical water oxidation.*”** Drawbacks to these techni-
ques include the selectivity of the analyte, degradation of the
enzyme over lengthy treatment time, and lack of practicality.
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As a complement to the photocatalytic study described
above, transient absorption spectroscopy was also used to
probe the electron injection process of the Ag—TiO,
composite, i.e., to study the absorption of light by the silver
nanoplatelets, the subsequent generation of hot electrons, and
the transfer of those electrons from the silver into the TiO,.
Specifically, this involved pumping the Ag—TiO, composite at
400 nm wavelength and subsequently probing at 5260 nm
(1900 cm™), in order to observe the injection of hot electrons
into the intraband transitions of the TiO,. Additionally, visible
pump-visible probe experiments were undertaken at various
“pump” wavelengths (515, 713, 742, 790, and 825 nm) in
order to determine the impact of incident radiation wavelength
on the generation of hot electrons by the silver nanoplatelets.
In short, our overall goal in this study was to determine if the
presence of anisotropic silver on the surface of TiO, fibers
could enhance the injection of charge into the TiO,, thereby
enhancing the photocatalytic ability of the composite to
degrade methyl paraoxon. More specifically, our goal was to
determine how catalysis and free carrier generation were
impacted by matching the resonance wavelength of the silver
nanoplatelets with the wavelength of irradiation.

2. MATERIALS

Polyvinylpyrrolidone (M,= 29 000), poly(methyl methacry-
late) (M, = 996 000), chloroform (CHCI,), silver nitrate
(AgNO;), N,N-dimethylformamide (DMF), titanium isoprop-
oxide (TTiP), dimethyl 4-nitrophenyl phosphate (DMNP or
methyl paraoxon), N-ethyl morpholine, and sodium hydroxide
pellets (NaOH) were purchased from Sigma-Aldrich, Alfa
Aesar, and Fisher Scientific and used without any further
purification. Deionized water of 18.2 MQ-cm resistivity,
obtained from a Millipore Direct-Q 5 system, was used in all
experiments.

3. EXPERIMENTAL SECTION

3.1. Synthesis of TiO, Nanofibers. Electropsun TiO,
nanofibers were fabricated using sol—gel synthesis and
electrospinning followed by a thermal treatment. Procedures
were reproduced from Liu etal”’ A 320 mg sample of
poly(methyl methacrylate) (PMMA) was dissolved in 2 mL of
chloroform and allowed to stir until the polymer was dissolved.
Then, 0.67 mL of titanium isopropoxide (TTiP) was added
dropwise to the polymer solution, which was allowed to stir for
an additional 30 min. Next, 2 mL of dimethyl formamide
(DMF) were added to the solution in order to increase the
dielectric constant of the solution. The solution was then
stirred for an additional 2 h prior to electrospinning.
Electrospinning was achieved using an MTI Corporation
benchtop electrospinning and electrospraying unit (Model
HO-NFES-040-B). The sol—gel solution was added to a
syringe, and the needle was placed 8 cm from the collector.
The rotating mandrel collector was allowed to spin at 400 rpm.
The syringe pump was set to 0.15 mL/min, and 8 kV was
applied to the needle. The resulting composite nanofibers were
allowed to stand for 24 h at room temperature under ambient
conditions. This allowed for the hydrolysis of TTiP to
Ti(OH), and subsequent condensation to amorphous TiO,
prior to thermal treatment.*” The fibers were then collected
and calcined in a Thermo Scientific Lindberg Blue M Mini-
Mite Tiber Furnace (16 Pt: 120 V) at 400 °C for 4 h under
atmospheric conditions.

19581

3.2. Base Treatment of Electrospun TiO, Nanofibers.
In order to promote the growth of anisotropic silver
nanoplatelets on the surface of the electropsun nanofibers,
100 mg of TiO, was suspended in a 0.05 M NaOH solution
and stirred continuously for 3 h. The resulting mixture was
centrifuged and washed with DI water three times and then
dried overnight in an oven at 100 °C.

3.3. Growth of Ag on the Surface of TiO,. Ag—TiO,
nanocomposites were synthesized using a modified polyol
method from Su et al.”> The solvothermal synthesis included
200 mg of PVP, 17 mg of AgNO;, and 15 mg of TiO,
nanofibers dissolved in 20 mL of DMF. The solution was
placed into a three-neck round-bottom flask and stirred
continuously. The contents of the flask were refluxed at 160
°C for 2 h. The DMF played a dual role of solvent and
reducing agent for the Ag* ions to Ag. The previous exposure
of the titania to a high pH was pertinent to nonspherical Ag
growth at the fiber surface, while PVP was used as a stabilizing
agent. The resulting solution was washed with deionized water
and centrifuged; this was repeated three times until the
supernatant solution was clear in color. The remaining solid
was dried overnight at 100 °C. This method was used in the
synthesis of Ag on both the surface of the base-treated TiO,
and untreated TiO, nanofibers. To ensure PVP was no longer
present in the sample, TGA was performed, and the results can
be seen in the Supporting Information, Figure $5.**

3.4. Photocatalytic Degradation of Methyl Paraoxon.
All degradation experiments were carried out at room
temperature. Reactions were done in the presence of white,
blue (475 nm), green (520—530 nm), and red (640 nm)
LEDs. The LED spectra of the light sources can be seen in
Figure S6. Simultaneously, the reaction was performed without
incident irradiation, i.e., in a dark environment. A 3 mg sample
of Ag—TiO, was introduced to an aqueous solution of N-ethyl
morpholine (1 mL). The mixture was stirred continuously for
30 min to allow for adsorption desorption equilibrium. To the
dispersed suspension was introduced 4 yL of methyl paraoxon
(5.2 mg, 0.021 mmol) to the suspension. Then 10 uL aliquots
were extracted through the course of the experiment at various
time intervals (1, S, 10, 1S, 20, 25, 30, 60, and 120 min).
Aliquots were diluted to 5 mL with 0.45 M aqueous N-ethyl
morpholine and measured using UV—vis spectroscopy. P-
Nitrophenoxide was monitored via UV—vis spectroscopy due
to its absorbance at 407 nm. Standard control reactions were
performed under the same conditions

3.5. Characterization and Associated Instrumenta-
tion. Powder X-ray diffraction (XRD) patterns of the
nanofibers were recorded on a Panalytical X'Pert Pro
diffractometer with Xcelerator, using Cu Ka radiation (4 =
1.5406 A) at 45 kV and 40 mA. Scanning electron microscopy
(SEM) images were obtained using a Hitachi S-4700 Field
Emission SEM. Transmission electron microscopy (TEM)
specimens were prepared via the nanoparticle suspension
technique by dispersing the sample powders in ethanol and
casting on holey carbon support films purchased from Ted
Pella, Inc. The samples were examined using a JEOL 2100F
TEM operated at 200 keV (JEOL USA, Inc.) in bright field
(BF) and scanning transmission electron microscopy (STEM)
BF and high angle annular dark field (HAADF) modes. TEM-
BF images were acquired using Digital Micrograph and an
Orius digital camera (Gatan, Inc.). STEM images were
acquired using Digiscan and a model 806 HAADF STEM
Detector (Gatan, Inc.) having a collection angle range of 48 to
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144 mrad. Elemental analyses were performed using X-ray
energy-dispersive spectra (XEDS) using an Octane Elite T
windowless detector with the TEAM Analysis software (EDAX
Inc.). Elemental X-ray maps were derived from spectrum
images acquired with the EDAX system in the STEM mode
and postprocessed using a multivariate statistical analysis
technique with the Automated eXpert Spectral Image Analysis
(AXSIA) toolbox. Photocatalysis experiments were performed
using CREE XP solderless LEDs (RapidLED) mounted onto a
u-shaped aluminum setup using screws. Thermal grease was
applied behind the LEDs to reduce heat buildup during the
course of the reaction that could affect the integrity of the light
source. The setup was powered by a Mean Well LPC-35—700
constant current driver. The thermogravimetric analyses were
performed on a TGA Q500 analyzer in a flow of 10 mL/min
N, with a heating rate of 10 °C/min from 25 to 700 °C.
Elemental analysis was performed with X-ray photoelectron
spectroscopy (XPS) in an ultrahigh vacuum chamber. The XPS
(PHOIBOS HV series) was equipped with a dual-anode (Mg
and Al) X-ray source (DAR 400, Omicron Nanotechnology)
and utilized a Z translation stage with 5° x—y tilt for alignment
with the sample. Detection of photoelectrons was achieved
with an Omicron Sphera hemispherical analyzer with a five-
channel detector mounted at a 45° angle relative to the X-ray
source. The sample was outgassed within the load lock
overnight to prevent increase in overall pressure in the main
chamber.

3.6. Visible Pump- IR Probe Experiments. The
experimental setup for the visible pump-transient IR probe
experiments was described in our previous work.* Briefly, a
regenerative-amplified Ti:Sapphire laser system (Quantronix,
100 fs), operating at 800 nm and 1 kHz repetition rate, was
used for the experiments. A typical output power of the laser
was 2.5 W. Then 40% of the 800 nm output was frequency
doubled in a BBO crystal to generate a pump pulse of 400 nm
with a pulse energy of 3 yJ. The remaining 60% of the output
laser pulse was used to pump an IR Optical Parametric
Amplifier (Quantronix, Palitra-FS) to produce an IR pulse of
5260 nm (1900 cm™') with a pulse energy of 1.5 uJ. The IR
beam was attenuated by more than 1000 times before the
samples. The IR probe was detected by a liquid nitrogen
cooled HgCdTe detector (Judson J15D14-M204B-S01M-60-
D31316), followed by an amplifier. The pump pulse was
modulated by a chopper (New Focus Model 3501) at 500 Hz.
The amplified IR signal from the detector was sent to a lock-in
amplifier (Stanford Research, SR830). The digitized outputs
were processed and recorded by a homemade Labview
program. The instrumentation response function for the
transient IR was 300 fs. The samples of TiO, and Ag—TiO,
powders were pressed into thin slices, respectively. A typical
thickness of the samples is around 100 um for the transient IR
absorption measurements.

3.7. Visible Pump-Visible Probe Experiments. A single-
unit integrated femtosecond laser system (PHAROS, Light
Conversion) with a seed oscillator was used in our experi-
ments. The pulse duration is about 290 fs with 100 kHz
repetition rate and a center wavelength at 1030 nm. The
output power of the laser was 2.0 W in the experiments. 70% of
the 1030 nm output was either frequency doubled in a BBO
crystal to generate a pump pulse of 515 nm or directed toward
an optical parametric amplifier (OPA) to generate different
pump wavelengths including 713, 742, 790, and 825 nm. The
remaining 30% of the output laser pulse was focused onto a

YAG crystal plate to generate white light supercontinuum as a
probe light. For these visible pump and visible probe
experiments, the samples were probed dynamically from
500—1000 nm. The probe and pump light beams were focused
and overlapped on the sample. Transmitted probe light was
detected by a detection system. A charge coupled device
(CCD) detection system (AvaSpec-ULS2048CL-EVO,
Avantes) was used to obtain the signals. The pump pulse
was modulated by an optical chopper (Model 3501, New
Focus) at S00 Hz. The CCD sampling rate was synchronized
with the chopper. The digitized outputs were processed and
recorded by a homemade LabView program.

4. ELECTROMAGNETIC COMPUTATION MODELING
OF AG-TIO, COMPOSITE

The optical extinction of the Ag nanoplatelets on TiO, fibers
was numerically investigated by solving the wave equation of
the electric field with the finite element solver in the RF
module in the COMSOL software. In the simulations, the Ag
nanoplatelets were described as short cylinders with rounded
edges, whose typical thickness and diameter were estimated
from the TEM images of the Ag—TiO, composite. The
permittivity of Ag was taken from the literature.” To make
simple, but reliable estimates for the extinctions, we used the
effective medium approach to describe the dielectric environ-
ment of the medium surrounding the Ag nanoplatelets: The
permittivity of the environmental medium was estimated by €
= feutania + (1 — f)Ewaters Since the plasmonic resonances of the
Ag nanoplatelets are influenced by both the TiO, fibers and
the water solution. Given that &g, = 6.8, €, = 1.8, and
taking f = '/, we used a dispersionless permittivity of .4 =
3.45 for the environmental solvent. In other words, our choice
of the materials fractions in e, f = '/3 and 1 — f = /5. We
assumed that water contributes more to the effective dielectric
constant of the matrix than the TiO, support, since the Ag—
TiO, interface appears only below the Ag-nanocrystals,
whereas the Ag-water interface is more extended and occupies
the upper surface and the sides of the nanocrystal. The
COMSOL simulation was performed in a spherical space with
the radius of 400 nm and the Ag nanoplatelet was placed in the
center. The truncated simulation space was surrounded by a
perfect matched layer (100 nm) to absorb the outgoing light
and prevent any back reflection. The continuity boundary
condition was applied to the interface of Ag and the
environmental medium, which guaranteed the continuities of
tangential electric and magnetic fields components. The
incident light beams were linearly polarized plane waves. The
extinction of light was calculated as a combination of
absorption and scattering of light, and then averaged over
the three main polarization directions (EPX, EPy, EP%).

5. RESULTS AND DISCUSSION

Figure 1 provides a scanning electron microscopy image
(SEM) of the as synthesized TiO, nanofibers. These fibers had
no further treatment after their preparation and will be used as
the baseline for the photocatalytic study.

The electrospinning process used to fabricate TiO, yielded
nanofibers with an average diameter of 688 + 32 nm and major
dimensions on the order of tens of micrometers and greater.

TEM imaging was performed on all Ag—TiO, composite
nanofibers, as shown in Figure 2. This was done to confirm and
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Figure 1. SEM image of raw TiO, nanofibers: i.e., untreated/no Ag.
Average diameters are 688 + 32 nm, and major dimensions are on the
order of tens of micrometers and greater.

characterize the size and shape of both the platelet and
spherical Ag on the surface of the TiO, nanofiber.

The untreated TiO, fibers, i.e., no exposure to base, clearly
resulted in the growth of numerous spherical silver nano-
particles on the fiber surface, as shown in Figure 2d—f. For the
case in which the TiO, fibers were exposed to basic conditions

prior to silver growth, the TEM image clearly depicts the
presence of numerous faceted platelet shapes, as demonstrated
in Figure 2a—c. These observations were consistent with
previous studies in which exposure of TiO, nanoparticles to a
highly basic environment (pH > 11) prior to Ag deposition
promoted the growth of anisotropic silver on the surface of
TiO,.*’~* HRTEM was also used to demonstrate that no
oxidation was present in the both the spherical Ag—TiO, and
platelet Ag—TiO, geometry, Figure S9. Further images are
included in the Supporting Information to validate that none of
the Ag moieties were rod shaped and in fact were platelets on
edge, Figure S7.

To understand the spectral properties of silver nanoplatelets,
the extinction cross-section spectra of the nanoplatelets were
calculated using the finite element method (COMSOL
software). These computational results are provided in Figure
3. The nanoplatelets were modeled as Ag nanodisks with
thickness of 15 nm, whose edges were rounded by a 5 nm
radius. The nanodisks diameters were varied (40—75 nm) in
the calculations to describe the dispersion of the major
dimension of the synthesized nanoplatelets. Figure 3 clearly
reveals that as the major dimension of the platelet increases,
the main resonance of the platelet is red-shifted, and the
magnitude of the extinction peaks increases in the visible
spectral interval. Compared with the experimental extinction
spectra of the silver nanoplatelets on TiO, fibers, which were
superimposed onto the calculated spectra, it may be concluded

Figure 2. TEM images of platelet Ag—TiO, nanofibers (a—c) and spherical Ag—TiO, nanofibers (d—f). Images a and d are STEM-HAADF images,

and images b, ¢, e, and f are TEM-BF images.
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Figure 3. Calculated extinction cross-section spectra of silver
nanoplatelets. The computed extinction spectra belong to nano-
platelets with major dimensions of 40—75 nm and nanosphere with
40—70 nm dimensions. A thickness of 15 nm and a rounded edge of 5
nm were assumed for the nanoplatelets. The red curve corresponds to
the experimental spectrum of silver nanoplatelets on the surface of
TiO, fibers.

that a distribution of silver platelets, varying in size, are present
on the surface of the TiO, fibers. This conclusion is also
consistent with the TEM image provided in Figure 2B.

In order to confirm the crystal structure of both the TiO,
and Ag-TiO, nanofibers, X-ray powder diffraction was
performed. The TiO, exhibits a mixed phase of anatase and
rutile TiO, with well-defined diffraction peaks as shown in
Figure 4, black. Characteristic peaks for the (101) phase of

A —Platelet Ag-TiO:

—Spherical Ag-TiO:

—TiO:

10 20 30 40 50 60 70 80 90
20 (degrees)

Figure 4. XRD spectra of TiO, (black), spherical Ag—TiO, (blue),
and platelet Ag—TiO, (red). The major anatase (A) at 25.88° and
rutile (R) at 28.04° peaks are labeled as well as the major peaks of
(111) Ag at 38.66° and 44.74° (A).

anatase were seen at 26.20° and the (110) phase of rutile at
28.36°. The weight fraction of the rutile phase was then
calculated to be 72.2% and 27.8% anatase from the Scherrer
equation, Wy = 1/[1 + 0.8(I,/Iy)], where I, is the X-ray
integrated intensity of the (101) reflection of anatase at 26 of
26.20° and Iy is that of the (110) reflection of rutile at 26
28.36°.%

The XRD spectrum was also used to confirm the presence of
the Ag on the surface of the TiO, nanofiber, while also

confirming crystal form of the TiO, nanofiber, Figure 4, blue.
For spherical Ag grown on a TiO, fiber, a mixed TiO, phase of
(101) anatase (peak at 25.88°) and (110) rutile (peak at
28.04°) was observed. The (111) phase of Ag was clearly
defined with two major peaks at 38.66° and 44.74°. However,
when the crystal structure percentages of anatase and rutile
were calculated at 77.0% rutile and 23.0% anatase, a slight
deviation in comparison to its complementary sample without
Ag. For the platelet Ag that was grown on TiO, nanofibers,
Figure 4, red, a mixed TiO, phase crystal structure was again
readily observed via the presence of the (101) anatase peak at
25.60° and the (110) rutile peak at 27.74°. Base treatment of
the fibers and Ag synthesis again caused a deviation in the
crystal structure percentages, increasing the rutile percentage,
82.5% rutile and 17.5% anatase composition. (111) Ag was
again readily observable with major 26 peaks at 38.4° and
44.56°. XPS analysis was further done to confirm the oxidation
state of the Ag on the surface of TiO,, Figure S8. The two 3d
core levels 3d;/, and 3d;, resulted in binding energies of 367.3
and 373.3 eV respectively. The difference of the peaks is 6 eV
which corresponds to the presence of metallic silver. Although
slightly shifted compared to values of bulk Ag® silver, this can
be attributed to the migration of electrons to the TiO,
signifying a covalent bond.”"**

Transient IR absorption spectroscopy was used in this study
to probe for any free carriers generated from Ag—TiO,
nanoplatelet composite fibers. The IR at 1900 cm™ is
transparent to any chemical groups, but sensitive to the
change in the absorption of free carriers. Therefore, the
transient IR absorption measures the absorption of free carriers
inside the conduction band of TiO,, following the 400 nm
pump excitation of electron from its valence band. Figure 5
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Figure S. Transient IR spectroscopy of TiO, fibers (black) and
TiO,—Ag nanoplatelets composite fibers (red). Visible pump pulse of
400 nm with a pulse energy of 3 uJ and IR probe pulse of 5260 nm
(1900 cm™) with a pulse energy of 1.5 uJ.

shows that no transient IR absorption occurred for the
untreated TiO, (the blue curve). This suggests that the pump
did not excite electrons from the valence band to the
conduction band of the TiO, semiconductor alone. On the
other hand, a prominent change in the transient IR absorption
was observed for the sample in which Ag platelets were grown
on the surface of the TiO, nanofibers (the red curve). To
determine generation efficiency of free carriers as a function of
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pump wavelength, visible pump—visible probe transient
measurements were conducted using a range of discrete
“pump” wavelengths including 5185, 713, 742, 790, and 825 nm.
The kinetic profiles of these experiments were probed at 600
nm, as provided in Figure 6. The negative change in
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0.E+00 i
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Figure 6. Kinetic profiles probing at 600 nm for anisotropic Ag—TiO,
under different wavelength pump beams including 515, 713, 742, 790,
and 825 nm. The greatest changes in transmission were observed for
the scenarios in which the sample was pumped with 713 and 742 nm
beams.

transmission at 600 nm is indicative of the newly generated
free carriers. Moreover, the changes in transmission for the
sample, when pumped with 713 and 742 nm, at t = 0, were
significantly larger than for those pumped with other
wavelengths (i.e., 515, 790, and 825 nm). These results are
consistent with the fact that maximum free carrier generation
was observed for those cases in which the incident radiation
wavelength (713 and 742 nm) most closely matched the
computational and experimental spectra of the silver nano-
platelets.

Finally, in order to elucidate the photocatalytic properties
the Ag—TiO, composite fibers, all fibers in the study were
exposed to methyl paraoxon in the presence of white, red,
green, and blue LED irradiation, as well as in the dark (i.e., no
direct source of irradiation). Our specific goal was to elucidate
the impact of anisotropic silver on the photocatalytic
properties of the composite fibers. Additionally, the impact
of matching (or mismatching) the resonance exhibited by the
nanoplatelets with the color of LED illumination was explored
in the experiments. This was done to test our hypothesis that
catalysis would be maximized when the resonance of the
nanoplatelets most closely matched the wavelength band of the
incident radiation.

Degradation of methyl paraoxon is reported as percent
conversion of the absorbing nitrophenoxide product after 120
min of irradiation, Figure 7. Percent conversion as a function of
time for each degradation experiment including untreated
TiO,, base-treated TiO,, spherical Ag—TiO, and, platelet Ag—
TiO, can be seen in Supporting Information, Figures S1—-S4.
In each experiment, the catalyst was stirred in the buffer
solution, N-ethyl morpholine, 30 min prior to adding the
methyl paraoxon. This was done to allow for the adsorption—
desorption between the catalyst and the solution to equilibrate.
At a pH of 10, a small percent conversion of methyl paraoxon
will convert to nitrophenoxide is via base-catalyzed hydrolysis

25
mDark 0440 nm-840 nm ®M740nm ®470nm =590 nm

20

Percent Conversion (%)

TiO: Platelet Ag-TiO-

Spherical Ag-TiO:

Figure 7. Graph depicting the LED source of irradiation versus the
percent conversion of methyl paraoxon to nitro phenoxide at 120 min.
Colors within the graph correspond to the color of the LED light
source, white (440—840 nm), red (740 nm), blue (470 nm), and
green (590 nm).

When TiO, was introduced to methyl paraoxon, the resulting
percent conversions were all similar in the case of the dark
versus the LED irradiation; this small percent conversion over
the course of the experiment can be attributed to the
background reaction between the methyl paraoxon and the
buffer solution.”®> More notable results were obtained when
methyl paraoxon was exposed to the composite Ag—TiO,
nanofibers that contained either spherical or nanoplatelet silver
nanoparticles. Upon inspection of computational and exper-
imental results provided in Figure 3, 40 nm silver nanospheres
typically absorb near 470 nm, while a distribution of silver
nanoplatelets (with major dimensions that range from 40 to 75
nm) nominally absorb from 400 to 850 nm, with a maxima
near 700 nm. With these facts in mind, a graph detailing the
impact of irradiation color on the percent conversion of methyl
paraoxon is provided in Figure 7.

Upon exposure to the white LED (440—840 nm), the blue
LED (470 nm), the green LED (590 nm), and the red LED
(740 nm), the catalytic results obtained for the platelet Ag—
TiO, fibers and the spherical Ag—TiO, fibers are comparable.
These results may be plausibly explained by the fact that (1)
the resonance exhibited by the spherical Ag—TiO, overlaps
with the illumination wavelength maxima of the white LED
and the blue LED and (2) the broadband resonance of the
platelet Ag—TiO, fibers overlaps with the illumination spectra
of the white LED, the blue LED, and the green LED source.
Conversely, in the presence of red LED light, a significant
difference in catalytic efficiency was observed for the platelet
Ag—TiO, fibers and the spherical Ag—TiO, fibers. Namely, the
platelet Ag—TiO, fibers were much more efficient in degrading
methyl paraoxon, in comparison to the spherical Ag—TiO,
fibers. This efficiency may be understood in terms of the large
population of the Ag nanodisks with plasmon peaks in the red
spectral interval, as clearly demonstrated in Figure 3.
Additionally, those Ag nanodisks with the “red” plasmons
exhibit strong plasmonic extinction peaks. Hence, photo-
chemistry is expected to be most efficient for the “red”
excitation. Finally, the catalysis results for the platelet Ag—
TiO, fibers are consistent with and complementary to the free
carrier generation results obtained in Figure 6. Hot electron
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generation was clearly maximized when the platelet Ag—TiO,
fibers were “pumped” with red light (713 and 742 nm).

Upon inspection of Figure 7, it is evident that 100%
conversion of methyl paraoxon was not achieved. However, the
energy output of the LED sources must be considered when
making any final conclusions, as the output power of all the
LEDs was significantly less than that of the sun. Additionally,
the absence of UV irradiation in this study significantly
reduced the ability to generate electron—hole pairs within the
TiO, itself, which have historically been used to catalytically
breakdown a range of chemicals and agents. With these facts in
mind, these results are very encouraging and demonstrate that
the Ag—TiO, interaction improves catalytic ability in the
visible region of the electromagnetic spectrum. More
importantly, the catalytic breakdown of methyl paraoxon was
maximized when the color spectrum of the LED, i.e., the red
LED, overlapped with the strongest resonances exhibited by
the silver nanoplatelet-TiO, composite.

6. CONCLUSIONS

In summary, a facile approach for growing anisotropic silver
nanoparticles on the surface of TiO, nanofibers has been
described. TEM and SEM imaging, experimental results, and
computational modeling results support the presence of
anisotropic silver nanoparticles on the surface of TiO,
nanofibers. TEM images revealed a range of nanoplatelet
sizes with major dimensions ranging from 40 to 75 nm.
Computations indicate that silver nanoplatelets with these
dimensions exhibit absorption maxima from 500 to 850 nm.
This prediction was consistent with the experimental spectra of
the Ag nanoplatelet—TiO, composite in which a maximum
absorption near 700 nm was observed. Transient absorption
and photocatalytic experiments revealed that when the
plasmonic resonance of the platelets most closely matched
the wavelength of incident radiation (713 nm for transient
absorption and red LED for catalysis), maximum charge
generation and catalytic breakdown of methyl paraoxon were
achieved, respectively.
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