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A B S T R A C T

Semiconductor photocatalysis such as ultraviolet/TiO2 (UV/TiO2) can be used in environmental remediation. It
is an advanced oxidation process that can degrade organic contaminants through redox reactions. Unmodified
TiO2 can only generate electron-hole pairs in the UV range so it has limited efficiency. Highly efficient materials
are required for this process to be implemented at a large scale. In this study, three methods were used to
investigate and improve the efficiency of UV/TiO2 slurry systems: (i) synthesizing one-dimensional TiO2, (ii)
formation of Schottky junctions, and (iii) application of UV-light emitting diode (UV-LED) under controlled
periodic illumination (CPI). These methods were quantified by measuring the formation of 2-hydro-
xyterephthalic acid (HTPA) as a probe molecule. In order to improve the charge separation in TiO2, one-di-
mensional TiO2 nanobelts (TNB) were synthesized using a hydrothermal method and Ag nanoparticles were
deposited on these nanobelts to form metal-semiconductor junctions. Ag-TNB was found to have HTPA for-
mation rate greater than 1.33 and 2.59 times than that of P25 and TNB, respectively, under continuous illu-
mination. UV-LED CPI was used to explore changes in photonic efficiencies by using duty cycles from 10% to
100%. At a duty cycle of 10%, normalized HTPA formation rate was 1.75, 1.40, and 0.70 times the HTPA
formation rate at continuous illumination for commercial TiO2 (P25), TNB, and Ag-TNB nanomaterials, re-
spectively. The pulse frequency was varied from 0.05 Hz to 25 Hz. Under high frequencies, the HTPA formation
rate was greater for Ag-TNB and P25 samples compared to the lowest frequency (0.05 Hz). Ag-TNB was de-
termined to be an effective photocatalyst using CPI by demonstrating photon-limiting behaviour when lowering
the duty cycle.

1. Introduction

Photocatalysis has applications in environmental remediation such
as air pollution control and water treatment. Titanium dioxide (TiO2) is
the most commonly used and studied material due to its biocompat-
ibility, non-toxicity, and commercial availability [1]. However, elec-
tron-hole pairs can only be generated under UV radiation, which limits
the use of conventional TiO2 in advanced oxidation processes (AOP) in
water treatment. Additionally, recombination losses are inherent in
semiconductors, further reducing the overall efficiency [2].

There have been attempts to increase both the photonic efficiency
and visible light absorption by optimizing material properties and/or
physical operational parameters. The photonic efficiency may be

improved by changing the material properties of TiO2. For instance,
decreasing the bandgap energy of TiO2 via metal [3,4] and non-metal
doping [5–8] allows TiO2 to generate electron-hole pairs under visible
light. The incoming radiation may be maximized by both slow photons
and stop-band reflection using SnO2-TiO2 composites [9]. Other studies
have attempted to reduce recombination losses by creating metal-
semiconductor (Schottky) junctions [10–13] and synthesizing one-di-
mensional (1-D) TiO2 nanomaterials (nanowires, nanorods, and nano-
tubes) that have greater electron transport than nanoparticles [14–17].

Photonic efficiency can also be improved by optimizing the opera-
tional parameters of TiO2 photocatalytic processes such as catalyst
concentration, light intensity, pH, temperature, and addition of oxidant
[18]. Temperature control and the addition of pH-adjusting chemicals
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increase operational costs. AOPs combining TiO2 photocatalysis with
chemical oxidants, such as hydrogen peroxide and ozone, can increase
efficiency, but this also comes at an additional cost [19–23].

The photocatalytic reaction order is dependent on the irradiance
and an increase in the light irradiance results in lower photonic effi-
ciency [18]. There are three light irradiance regimes: (i) low, (ii) in-
termediate, and (iii) high irradiance. At the low irradiance regime, the
reaction rate is linearly proportional to the irradiance. At intermediate
intensity, the reaction rate varies by the square root of the irradiance.
At high intensity, the reaction rate is independent of the irradiance
[24]. Under the latter two irradiance regimes, photocatalysis suffers in
efficiencys. Because of these limitations, UV-LEDs are more favourable
compared to mercury lamps, especially under low pollutant con-
centrations [25].

Most photocatalytic studies until recently were conducted using low
and medium pressure mercury lamps as UV light sources [26,27].
However, these suffer from warm-up time, reliability, durability, and
efficiency [28,29]. Other studies have focused on using solar radiation
in TiO2 applications [30,31] but are only feasible in locations where
solar radiation is abundant. LEDs are more efficient because the
quantum yields are close to unity and also have higher lifetimes than
mercury lamps [32]. Furthermore, mercury lamps cannot be alter-
natively turned on and off effectively on the millisecond time-scale.
Based on previous studies, LEDs under controlled periodic illumination
(CPI) were more effective for photocatalysis using xenon lamp illumi-
nation and a mechanical shuttering system [29,33].

One way to reduce recombination is to introduce noble metals such
as gold [34], platinum [3,35], palladium [36], and silver [37,38] that
serve as electron sinks for photogenerated electrons. Recombination is
controlled by the formation of a Schottky barrier between surface metal
particles and semiconductor photocatalyst[39]. Besides the reduction of
recombination, the use of silver is beneficial due to being: (i) a rela-
tively inexpensive noble metal, (ii) an effective and known disinfectant
[40], and (iii) a thermal catalyst under localized surface plasmon re-
sonance (LSPR) conditions that prevent deactivation of photocatalysts
[41].

The objective of this study was to explore the effect of CPI on the
photonic efficiency of UV-LED irradiation TiO2 process in a batch slurry
reactor by using the temporal decomposition of terephthalic acid (TPA)
as a probe and several TiO2-based nanomaterials. This is the first study
to investigate CPI effects on one-dimensional TiO2 nanobelt (TNB) and
silver nanoparticle − TNB (Ag-TNB) composite nanomaterials. The
decomposition of malachite green (MG) was also assessed under con-
tinuous illumination. In this study, three procedures were used to de-
crease recombination processes: (i) conversion of nanoparticles into a 1-
D TNB, (ii) addition of Ag nanoparticles onto TiO2, and (iii) the utili-
zation UV-LED controlled CPI processes. The effects of UV-LEDs under
various duty cycles were explored. TNB and Ag-TNB were compared to
commercial P25 nanoparticles under CPI to increase kinetic rates by
preventing charge carrier recombination.

2. Experimental

2.1. Reagents and chemicals

Titanium Dioxide (P25 Aeroxide™), silver nitrate (AgNO3), hexam-
ethylenetetramine (HMTA), hydrochloric acid (HCl), and sodium hy-
droxide (NaOH) were used in TiO2 synthesis procedures. Terephthalic
acid (TPA) and malachite green (MG) were used as model pollutant
compounds for photocatalytic experiments. All materials were pur-
chased from Sigma-Aldrich. Ultrapure water was obtained from a
MilliQ water purification system which was operated at 18.2 MΩ cm
resistivity and< 5 μg/L total organic carbon (TOC) at 25 °C (EMD
Millipore).

2.2. TiO2 synthesis methods

2.2.1. TiO2 nanobelt synthesis
TiO2 nanobelts were synthesized using a modified method devel-

oped previously [42]. In a 125 mL stainless steel acid digester with a
insertable Teflon cup (Parr Instruments), P25 Aeroxide™ (2 g) was
added into the Teflon cup containing a solution of NaOH (60 mL, 10 M).
The cup was inserted into the stainless steel body, sealed, and placed in
a muffle furnace at 250 °C with a ramp rate of 10 °C min−1. After 24 h
at the setpoint, the furnace was turned off and cooled naturally. The
sodium titanate (Na2Ti3O7) nanobelts settled at the bottom and the
excess alkaline solution was decanted and discarded. The Na2Ti3O7 was
transferred into a beaker and ultrapure water (400 mL) was added to
disperse the solution. The solution was then transferred into eight
50 mL conical tubes and centrifuged four times at 3500 rpm for 10 min
each. Subsequently, the nanobelts were transferred into a beaker con-
taining a solution of HCl (400 mL, 0.1 M), and through an ion exchange
process hydrogen titanate (H2Ti3O7) was obtained. Excess chloride ions
were removed by washing with ultrapure water, centrifuging samples,
and decanting the supernatant. This process was repeated three times.
Afterward, H2Ti3O7 was dried in a furnace for 80 °C for 8 h and sub-
sequently heat treated at 700 °C for 2 h to form TNB. The maximum
yield was around 90% from the synthesis step.

2.2.2. Ag-TiO2 nanobelt synthesis
H2Ti3O7 nanobelts from the TNB synthesis were used in the pre-

paration of Ag-TNB. In a solution containing a solution of H2SO4

(60 mL, 0.02 M), the precursor (1 g) was added in the acid digester and
kept at 100 °C for 12 h. The products were centrifuged, washed with
ultrapure water several times, and dried at 70 °C overnight. The hy-
drogen titanate, H2Ti3O7, obtained by acid treatment was heated at
700 °C for 2 h to form TNB. A hydrothermal method was used to create
nano-heterostructures of Ag nanoparticles on TNB [38]. Treated TNB
(1 g) was added to a 125 mL acid digested containing 60 mL of AgNO3

(1 mM) and HMTA (2 mM). The acid digester was heat treated for 4 h at
100 °C. Ag ions in solution were removed by washing with ultrapure
water, centrifuging samples, and decanting the supernatant. This pro-
cess was repeated three times. The Ag-TNB was dried in the furnace at
80 °C for 8 h.

2.3. Nanomaterial characterization

The surface morphology of TiO2 nanomaterials was characterized
using field emission scanning electron microscopy (FE-SEM, Zeiss LEO
1550), while the specific surface area was determined using a Bruauner-
Emmett-Teller (BET) surface analyzer (Quantachrome Autosorb iQ)
using nitrogen gas adsorption data. The bandgap of TiO2 samples were
determined by recording the diffuse reflectance spectra (DRS) using a
Shimadzu UV-2501PC UV–vis-NIR spectrophotometer with an in-
tegrating sphere. A Raman spectrometer (Renishaw Ramanscope)
equipped with a He-Ne laser (5 mW incident power, 633 nm wave-
length) was used to obtain spectra associated with different TiO2

crystalline phases. X-ray diffraction (XRD) was determined using an
Inel powder X-ray Diffractometer XRD) with Cu-Kα1 radiation and a
position sensitive detector. X-ray photoelectron spectroscopy (XPS) was
carried out to verify the presence of TiO2 and Ag. The measurement was
conducted using a VG Scientific ESCALab 250 system, using an alu-
minum Kα radiation source (hv= 1486.6 eV) under ultra-high vacuum.
A survey scan was collected at 50 eV pass energy, whereas individual
scans were collected at 20 eV pass energy. Ti 2p (Fig. S3b), O 1 s (Fig.
S3c), and Ag 3d (Fig. S3d) regional spectra were obtained and their
peaks were deconvoluted.

The isoelectric point (IEP) of engineered nanomaterials was ob-
tained measuring the zeta potential of the nanomaterial at pH values
ranging from 3 to 10. Zeta potential measurements were conducted
with 0.1 g L−1 in ultrapure water and adjusted to various pH values
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using NaOH or HCl. No salt, such as NaCl, was added as is the case with
methods used by others to measure zeta potential in order to simulate
experimental conditions [43]. The zeta potential analyzer was pro-
grammed to six measurements for each sample.

2.4. Standardization and setup

A schematic of the UV-LED/TiO2 process under pulsed-width mod-
ulation (PWM) is shown in Fig. 1. The setup consisted of multi-position
stir plate and collimated UV-LED setup as mentioned in Arlos et al. [44]
The UV-LED was controlled using a microcontroller (Arduino) coupled
with a LED Current Driver (LEDSEEDUINO) and PWM script (See Sec-
tion S1 in the Supporting Information Document) was programmed into
the controller. The average power output of the UV-LED lamps was
measured using a Thorlabs power and energy meter (PM100-USB). The
light pulse frequency of LEDs was controlled with various illumination
and dark periods listed in Table 1. The pulse frequency and duty cycle
was calculated as:

=
+

Pulse frequency v
t t

, 1
on off (1)

=
+

Duty cycle γ t
t t

, on

on off (2)

where ton and toff were the length of time that the UV-LED was on and
off, respectively.

2.5. Photocatalytic degradation

2.5.1. Malachite green degradation and pseudo first-order kinetic model
A 60 ppm malachite green (MG) stock solution was prepared by

dissolving MG (60 mg) in ultrapure water (1 L). Three replicates of MG
solution (300, 10 ppm) were made by mixing 60 ppm MG stock (50 mL)
and ultrapure water (250 mL). The tested TiO2 nanomaterials were P25,
TNB, and Ag-TNB. In each test, TiO2 nanomaterials were added to each
replicate for a final concentration of 0.1 g L−1. The beakers were placed
in the multi-position stir plate and the solutions were stirred at 600 rpm
for the duration of the experiment.

Prior to UV exposure, a 60 min equilibration period was set under
dark conditions for the adsorption of MG onto TiO2 nanomaterials.
Aliquots were sampled throughout the 300 min time span of the ex-
periment. The samples were centrifuged at 5000 rpm for 5 min to re-
move TiO2 nanomaterials from solution. The supernatant was then
transferred to a 96 well-plate for MG degradation analysis. The end-
point adsorption of MG was measured at a wavelength of 615 nm
against a calibration curve.

The photocatalytic degradation of MG was evaluated using
Langmuir-Hinshelwood kinetics [45]. The model assumed low con-
centrations of MG (C < < mM,). Therefore, the analysis was simpli-
fied using a pseudo-first order equation:

= −dC
dt

k Capp (3)

and can be rearranged to its integrated form:

⎜ ⎟
⎛
⎝

⎞
⎠

= −C
C

k tln
o

app
(4)

where kapp (min−1) is the apparent first-order reaction rate constant. A
linear plot of ln(C/C0) vs. t was plotted and a linear regression was
conducted to obtain the apparent kinetic rate, kapp.

2.5.2. TPA degradation and HTPA formation kinetic model
A similar TPA degradation and HTPA fluorescence method was used

from work conducted previously [44]. In a beaker, TPA (0.831 g) was
dissolved in NaOH (300 mL, 6 mM). TiO2 nanomaterials were added to
the solution for a final TiO2 concentration of 0.1 g L−1. The

Fig. 1. Schematic of UV-LED/TiO2 advanced oxida-
tion under pulsed width modulation.

Table 1
Light profiles for continuous and periodic illumination showing duty cycle and frequency
of pulsing.

Duty Cycle
(γ)

Average UV intensity
(m W cm−2)

ton (ms) toff (ms) Period (ms)

Duty cycle experiments at constant frequency
10% 0.22 100 900 1000 (1 Hz)
25% 0.54 250 750
50% 1.08 500 500
75% 1.63 750 250
100% 2.18 Continuous illumination

Frequency experiments at constant duty cycle
50% 1.08 10000 10000 20000

(0.05 Hz)
50% 1.08 1000 1000 2000 (0.5 Hz)
50% 1.08 100 100 200 (5 Hz)
50% 1.08 20 20 40 (25 Hz)
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experiments were conducted under illumination for 240 min and ali-
quots (1 mL) were taken at several time points.

TPA undergoes a reaction with a hydroxyl radical, producing 2-
hydroxyterephthalic acid (HTPA) [44,46]. The HTPA concentration was
monitored using a fluorescence plate reader (SpectraMax M3, Mole-
cular Devices). Under excitation mode (λex = 315 nm), an emission
spectra from 350 to 550 nm was used. A HTPA standard curve was
included in the plate to quantify the amount of HTPA formed during
TPA degradation. The standard curve was generated from the intensity
of the peak emission wavelength of each spectrum.

The formation constant rate, k1, of HTPA, which is the first de-
gradation product of TPA, was studied. In the first minutes of the ex-
periment, there is an excess of TPA and the concentration of HTPA
rapidly increases (first reaction step − formation of HTPA) due to the
oxidation of TPA by holes and/or hydroxyl radicals formed on the
surface of the TiO2 nanomaterial. As the HTPA concentration increased
over time, its degradation rate also increases (second reaction step). An
equilibrium concentration is reached, in which the rates of formation
and degradation of HTPA are equal. A simplified kinetic model for
HTPA was proposed by Černigoj et al. [46]:

= −dC
dt

k k CHTPA
1 2 HTPA (5)

where CHTPA represents the molar concentration of HTPA, k1 represents
the zero-order HTPA formation rate, and k2 represents the pseudo-first
order kinetic degradation rate. The fitting function was represented by
the equation [46]:

= − −( )C k
k

e1 k t
HTPA

1

2
2

(6)

In order to compare the photocatalysts used in the study, only the
initial rate constant k1 (first reaction step) was considered.

3. Results and discussion

3.1. Materials characterization

Three types of TiO2 nanomaterials were investigated: P25, TNB, Ag-
TNB and their material characteristics are presented in Table 2 (See Fig.
S1 for the (a) Tauc plot, (b) Raman spectra, and (c) zeta potential and
Fig. S2 for the XRD measurements). The SEM images of the nanoma-
terials are shown in Fig. 2. P25 contains clustered particles that range
from 10 to 30 nm, which is in the range reported from the manufacturer
(21 nm). TNB images show nanobelts that range from 20 to 100 nm in
width and μm lengths. This size distribution is consistent with previous
studies [42,47]. The TNB samples are also composed of nanoparticles
and truncated rods fused on the surface of the nanobelt. Ag-TNB images
are similar in morphology to TNB samples and show no obvious Ag
nanoparticles on the TNB using both Raman spectroscopy (Fig. S1b)
and XRD (Fig. S2), however, a purple tinge can be observed visually in
Fig. S1d. XPS analysis was conducted in order to verify that Ag was
deposited on TNB. XPS analysis (Fig. S3) revealed the presence Ag0

peaks at 368.4 eV and 374.4 eV, which corresponds to the Ag 3d5/2 and

Ag 3d3/2 peaks. Because of the growth along one dimension and larger
structure than P25, the synthesized 1-D TiO2 nanomaterials settled
faster in aqueous solution. The zeta potential can describe the stability
of the dispersion and the average values obtained for P25, TNB, and Ag-
TNB were −12.15 mV, −6.45 mV, and −8.60 mV, respectively, at the
experimental pH of 11 used in this study. P25 is more stable than the
synthesized nanomaterials in solution, however all the nanomaterials
will settle over time under a zeta potential magnitude of less than
30 mV under no external agitation.

All three nanomaterials contain anatase as the predominant crys-
talline phase as confirmed through Raman spectroscopy with char-
acteristic peaks as referenced through the RRUFF online database
(R060277 and R050417) and XRD. This is also confirmed through
diffuse reflectance spectroscopy in which the bandgap energy is be-
tween 2.95–3.20 eV, characteristic for TiO2 anatase and indicates that
only radiation below 400 nm is capable of generating electron-hole
pairs in all samples.

The surface area can impact adsorption capacity and photocatalytic
activity, though the latter does not a correlate linearly to surface area; it
depends on the other factors such as the contents of the water matrix
used. The BET surface area of P25, TNB, and Ag-TNB were 57, 20, and
87 m2 g−1, respectively. TNB has a lower surface area due to fusing of
P25 nanoparticles during the hydrothermal process, reducing the
overall surface area compared to P25. Ag-TNB has a higher surface area
due to the acid corrosion step preceding Ag deposition that increases
porosity.

3.2. Photocatalytic performance under continuous illumination

HTPA formation rate from TPA degradation and MG apparent re-
moval rate coefficients were determined using P25, TNB, and Ag-TNB
(Fig. 3). MG was used as a model dye pollutant to compare various
catalysts. Its advantage is that it is not susceptible to dye decolouriza-
tion under UVA radiation compared to visible light irradiation [25].
There was no statistical difference between the absolute kinetic rate
coefficients of P25 and TNB, however there was a difference with Ag-
TNB (p < 0.017) for both MG removal and HTPA formation rates
(Table S2A for one-way ANOVA test). Even though the P25 and TNB
have similar TPA formation rates, the recombination rate of 1-D TiO2 is
generally lower when compared to nanoparticles due to a decrease of
grain boundary defects when joining nanoparticles into a 1-D structure,
which decreases charge transfer resistance [48,49].

3.2.1. Electron lifetime of TiO2 nanoparticles compared to nanobelts
To test that nanobelts have a lower recombination rate than nano-

particles, the electron lifetime of the nanomaterials were compared.
P25 nanoparticles and TNB were cast on fluorine-tin oxide (FTO) glass
using an electrodeposition method and tested using a photoelec-
trochemical setup (See Section S2 and S3 in the Supporting
Information). Under open circuit conditions, the photogenerated elec-
trons accumulate within TiO2 photoanode and react with its aqueous
environment. At steady state conditions, the rate of electron accumu-
lation reaches equilibrium with the rate of electron loss [50,51]. The
electron lifetime of the photoelectrode can be found from the change in
open circuit potential, VOC, upon termination of UV illumination.
Electron recombination kinetics at the semiconductor interface can be
analyzed from the decay rate. The decay rate, τ, can be calculated via
the following equation [50–52]:

= −⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

−
τ k T

e
dV

dt
B OC

1

(7)

where kB is Boltzmann constant, T is the temperature, and e is the
elementary charge.

The TNB film has an electron lifetime approximately one order of
magnitude longer than the P25 nanoparticle film (Fig. 4b). This

Table 2
Material Characterization of TiO2 nanomaterials.

Material Measurement P25 TNB Ag-TNB

BET Surface Area (m2 g−1) 57 20 87
DFT Pore Volume Method

(cm3 g−1)
0.12 0.03 0.24

Zeta potential at TPA
experimental pH (mV)

−12.15 −6.45 −8.6

Bandgap energy (eV) 3.02 2.95 3.20
Crystal phase Anatase/Rutile

Mixture
Anatase Anatase/Rutile

Mixture
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suggests that TNB supresses the recombination pathways at the pho-
toanode interface better than TiO2 nanoparticles. Even though the
electron lifetime is greater using nanobelts compared to nanoparticles,
there is no statistical significant difference between the P25 and TNB in
HTPA formation rate or MG removal rate (Table S2A). However, this
may be attributed to the higher surface area in P25 (57 m2 g−1) com-
pared to TNB (20 m2 g−1). TNB is also more prone to aggregation when
dispersed in solution due to increased size in one dimension (μm range)
compared to nanoparticles.

Generally, it is the case that the higher the surface area of the TiO2

nanomaterial, the higher the apparent reaction rate. The zeta potential
magnitude of nanobelts is lower than P25, which indicates that TNB
will aggregate faster compared to P25 nanoparticles due to lower re-
pulsion forces. The addition of Ag on TNB improved the electron-hole
pair generation as shown by the increased HTPA formation rate and MG
degradation rate via hole and hydroxyl radical in Fig. 3.

3.3. TPA degradation under varied duty cycles

To determine the effect of duty cycle on TiO2 photocatalysis, the
duty cycle was tested at 10%, 25%, 50%, 75%, and 100% at a constant
pulse frequency (v = 1 Hz). Absolute and normalized rates of HTPA
under the various duty cycles were tabulated (Table S1) and post-hoc
comparison tests were conducted (Table S2B). The normalized rate was
given as:

=
×

Norm k k
γ

.
0.01 (%)1

1

(8)

The absolute and normalized rates of formation of HTPA (Fig. 5a)
and the ratio of the normalized rate of HTPA formation at a specific
duty cycle γ to the HTPA formation rate at continuous illumination

(γ= 100%), k1,DC:k1,DC=100%, were plotted for P25, TNB, and Ag-TNB
(Fig. 5b). Under continuous illumination, Ag-TNB has an increased
HTPA formation rate compared to P25 and TNB by a factor of 1.33 and
2.59, respectively.

The continuous introduction of photons results in a build-up of
charges (ecb−/hvb+) that can favour undesirable recombination pro-
cesses [53,54]. This effect can be shown through the reaction order of
photocatalysis at various intensities. There is an initial linear de-
pendency of the photocatalytic reaction rate on radiant flux (ϕ) that
eventually changes into a square-root dependency (ϕ1/2) above a
threshold radiant flux value. As the radiant flux increases, the con-
centrations of photo-electrons and holes increases, which exponentially
increases the band-to-band recombination rate, rR, defined as [18]:

= =− + −r k e h k e[ ][ ] [ ]R R R
2 (9)

where kR is the recombination rate coefficient, −e[ ] is the electron
concentration, and +h[ ] is the hole concentration.

It was found that the lowest duty cycle tested (γ= 10%) had a
significant increase in the normalized HTPA formation rate compared
to continuous illumination for P25 and TNB experiments (P25:
p< 0.000; TNB: p< 0.000). At γ = 10%, the normalized HTPA rate
was 1.75, 1.40, and 0.70 times the HTPA formation rate at continuous
illumination for P25, TNB, and Ag-TNB nanomaterials, respectively. In
the case of P25 and, to a lesser extent, TNB, there was an improved
normalized HTPA formation rate at low duty cycles (γ= 10%). This
improvement is due to the introduction of a dark period that is bene-
ficial in limiting the number of excess charges on the surface that tend
to recombine [29,54].

In the case of Ag-TNB, the duty cycle confirms that the re-
combination losses are not of the same magnitude to P25 and TNB.
Lowering the duty cycle was detrimental to the photonic efficiency for

Fig. 2. FESEM images of (a) P25, (b) TNB, and (c) Ag-TNB.

Fig. 3. (a) HTPA and (b) MG kinetic rates for P25, TNB, and Ag-TNB
nanomaterials. Bars that do not share a common letter are sig-
nificantly different at α = 0.05 significance level as determined by
one-way ANOVA using the Holm-Sidak post-hoc test.
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Ag-TNB (Fig. 5). Ag nanoparticles on TNB form a metal-semiconductor
and the Ag serves as an “electron sink” that collect electrons, while
holes are left on the TiO2 surface. The enhanced charge separation at
the metal-TiO2 interface has been attributed to the formation of a
Schottky energy barrier that prevents recombination in the depletion
region [55]. Because of lower recombination, a dark period is not ne-
cessary compared to other nanomaterials. Therefore, higher light in-
tensities can be used for Ag-TNB without photonic losses. The nor-
malized HTPA formation rate was detrimental when lowering the duty
cycle. This indicates that other processes may be occurring under
continuous UV irradiation that increases the normalized reaction rate,
such as localized surface plasmon resonance (LSPR) [34,56–58].

3.4. TPA degradation under varied frequency

The HTPA formation rate was measured under various pulse fre-
quencies (v = 25 Hz, 5 Hz, 0.5 Hz, and 0.05 Hz) at a constant duty
cycle of γ= 50% for P25, TNB, and Ag-TNB in Fig. 6 (See Table S2C for
one-way ANOVA test). As the frequency increases, the UV irradiation
approaches continuous illumination [54,59]. There was a statistical
difference using P25 at a pulse frequency of 0.05 Hz compared to all
other frequencies tested (25 Hz: p = 0.0006; 5 Hz: p = 0.0002; 0.5 Hz:
p = 0.0018, α = 0.05). There was no statistical difference in HTPA
formation for TNB when increasing the pulse frequency. Furthermore,
there was a statistical difference in HTPA formation rate at a pulse
frequency of 25 Hz compared to 0.05 Hz for Ag-TNB samples
(α = 0.10). Because high frequency CPI mimics continuous illumina-
tion, the results confirm the observations in the duty cycle experiments,

in which Ag-TNB produced higher formation rates when UV light ex-
posure was increased.

P25 experiments indicate an improvement in HTPA formation at
higher frequencies tested compared to 0.05 Hz as shown in Fig. 6 (See
Table S2 B for one-way ANOVA test), which may be due to two possible
mechanisms: (i) the excess charge under longer illumination periods
and (ii) fragmentation processes in TiO2 particle networks that generate
new adsorption sites from aggregates from illumination [54,60,61].
Under 0.05 Hz pulse frequency, HTPA formation kinetics for P25 reach
steady-state due to the long UV exposure time of 10 s follow by a dark
period of 10 s. This increased period permits excess charge build-up
that increases recombination. Increasing the frequency from 0.05 Hz to
a higher pulse frequency reduces the steady state time and increases the
HTPA formation rate, which was found to occur in the study by Bah-
nemann et al. [62] Under aqueous conditions, TiO2 nanoparticles can
attract other nanoparticles and aggregate due to electrostatic and van
der Waals interactions. The concept of photoinduced disaggregation
was proposed by Bahnemann’s group as explanation for higher oxida-
tion using intermittent pulsing [60,63]. Their group attributed the in-
crease in the quantum yield of formic acid oxidation under repetitive
laser-pulses to disaggregation of nanoparticles and fragmentation of
networks that promote additional adsorption sites for reactants. Irra-
diation of sufficient energy can partially disaggregate nanoparticles
from their aggregates, increasing diffusion. This has been demonstrated
through dynamic light scattering studies and membrane filtration
comparisons under dark and light conditions in other studies, where the
hydrodynamic diameter of TiO2 aggregates can be reduced via light
exposure [43,64]. Agglomerated TiO2 particles not only increase in

Fig. 4. (a) Open circuit potential and (b) electron life of P25 and TNB.

Fig. 5. (a) Absolute (filled) and normalized (patterned) formation rate of TPA, k1, at various duty cycles using P25, TNB, and Ag-TNB nanomaterials; (b) k1,DC/k1,DC=100% ratio vs. duty
cycle. Bars that do not share a common letter are significantly different at α = 0.05 significance level as determined by one-way ANOVA using the Holm-Sidak post-hoc test to compare
the formation rates at various duty cycles.
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catalyst surface area upon disaggregation, but also acts as an antenna
for transferring photon energy from the site of absorption to the site of
reaction through a network effect [60].

Derjaguin, Landau, Vervey, and Overbeek (DLVO) theory was used
to ascertain whether UV-LEDs have sufficient energy to dislodge na-
noparticles from aggregates. Electrostatic repulsion forces and van der
Waals attraction forces are taken into consideration in determining how
these forces interact with particles. There exists a deep energy well,
called the primary minimum, that traps particles that are below the
energy well and coalesce. At larger separation distances, the energy
profile passes through a shallow energy well, referred to as the sec-
ondary minimum [43]. The force-separation distance profile for TiO2

nanoparticles was calculated (See Section S4 in the Supporting In-
formation). The calculation indicates that 3.9 × 10−21 J (0.95 kbT) are
needed for a particle to escape the secondary minimum well. When
irradiated with UV-LED, each particle can absorb up to
1.7 × 10−17 J s−1. This energy from UV-LEDs is sufficient to dislodge a
particle in the secondary minimum from agglomerates.

In the case of TNB experiments, there was no significant change in
the HTPA formation rate when increasing the pulse frequency as in-
dicated in Fig. 6 (See Table S2C for one-way ANOVA test). This may be
due to TNB having lower surface area and greater dimensions compared
to nanoparticles, which increases the energy required for a particle to
dislodge from the secondary minimum. Anisometric particles, such as
nanorods and nanowires, are also likely to aggregate under the sec-
ondary minimum [65]. The degree of aggregation is dependent on
shape and is most favourable for platelets, less favourable for rods and
cylinders, and the least favourable for spherical nanoparticles [65].

3.5. Implications of CPI in photocatalyst application

CPI has the benefit in reducing energy costs for TiO2 photocatalysts
and the evaluation of the treatment energy costs is one aspect that re-
quires attention. Since the UV/TiO2 process represents a significant
amount of operating cost when it is scaled, figures-of-merit based on
electrical energy consumption may be informative. In this case, elec-
trical energy per order (EEO), defined as the number of kilowatt hours of
electrical energy required to degrade HTPA by one order of magnitude
in a unit volume containing TPA as the starting compound. The EEO
(kWh m−3 order−1) can be calculated [66,67]:

=
×

E P
V k
38.4

EO
el

2 (11)

where Pel is the input power (kW) to the UV-LED system, V is the vo-
lume of water (L) in the reactor, k2 is the degradation constant of HTPA
(min−1), and the constant multiplier accounts for conversions to kWh
m−3 order−1.

The addition of CPI can reduce the energy required to operate a
batch reactor and under UV treatment options. The EEO of HTPA de-
gradation under UV-LED CPI-controlled TiO2 photocatalysis (P25, TNB,
and Ag-TNB) was determined under a favourable CPI condition
(v = 25 Hz, γ = 50%) and continuous illumination (Fig. 7). Ag-TNB
under the CPI condition requires only 50% to 55% of the EEO compared
to P25 and TNB. Additionally, under the chosen CPI condition, Ag-TNB
and P25 require 27% and 39% less EEO than under continuous illumi-
nation. The use of TNB did not change under both light conditions. It
may be beneficial to investigate catalysts under operational parameters
such as CPI in terms of EEO and compare other batch reactor setups with
similar chemical compounds of interest [66,67] as kinetic rates alone
do not take into account the reactor parameters.

4. Conclusions

TNB and Ag-TNB nanomaterials were synthesized using a hydro-
thermal synthesis method. The formation of P25 to TNB nanomaterials
decreased the grain boundary defects that increase recombination

Fig. 6. HTPA formation rate as a function of frequency.

Fig. 7. Energy per order magnitude of UV-LED/TiO2 process under CPI and continuous
illumination.
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reactions. Using open-circuit potential measurements, 1-D TiO2 pro-
vides a greater charge-separation than P25 nanoparticles. P25 and TNB
have a greater photonic efficiency at the lowest duty cycle (γ= 10%)
tested due to excess charge build-up under continuous illumination
which leads to recombination losses. Ag deposition onto TNB reduces
the recombination and increases the HTPA formation rate due to the
presence of metal-semiconductor junctions. The Ag-TNB experiments
demonstrate detrimental performance when lowering the duty cycle,
which may be due to the effective charge separation under a photon-
limited regime and/or the LSPR effects that enhance reaction rates
under illumination. P25 shows a slight increase in HTPA formation rate
when the frequency is increased from 0.05 Hz, whereas TNB shows no
change in formation rate when frequency is increased because of the
shape in aggregation and increased energy required from UV-LEDs to
dislodge TiO2 particles from the secondary minimum of TNB. The en-
ergy per order of magnitude was the lowest for Ag-TNB under a high
frequency CPI condition compared to the catalysts tested and con-
tinuous illumination.
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