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mogeneity and intermediates in
the photosensitized degradation of rhodamine B by
Ag3PO4 nanoparticles from an ensemble to a single
molecule approach†

Beibei Xu, Xiaojuan Wang, Chaofeng Zhu, Xia Ran, Tianfeng Li* and Lijun Guo *

The photoinduced dynamics related to the degradation of a surface adsorbate by a semiconductive catalyst

is critical for understanding the photocatalytic mechanism and improving the catalytic property of

nanoscale materials. Herein, we report the investigation of the inhomogeneous interactions between

Ag3PO4 nanoparticles and rhodamine B (RhB), and the direct observation of the intermediates generated

in the photodegradation of RhB, using ensemble-averaged as well as single-molecule time-resolved

fluorescence spectroscopies. The results demonstrate the existence of electron injection from RhB into

the conduction band of Ag3PO4 and the formation of a deethylation intermediate before the subsequent

degradation process. The fluorescence diversity both in lifetime and intensity fluctuation indicates an

inhomogeneous interfacial interaction between the RhB molecule and Ag3PO4 nanoparticle with surface

heterogeneity. Based on the lifetime distribution, the duration time of single-molecule events and the

related dynamical analysis, it was revealed that the RhB molecule adsorbed on the active site of the

Ag3PO4 nanoparticle has a higher injection efficiency and better photocatalytic activity. Moreover, the

lifetime evolution derived from a subsection of the single-molecule emission trajectories proved that the

electron injection occurred prior to the degradation through the attack of free radical O2c
�. These

findings provide new insights into the heterogeneous interactions and dynamical information of the

photosensitized degradation in an adsorbate/semiconductor catalyst.
Introduction

Photocatalytic and solar energy conversion nanoscale materials
and their applications, such as in the degradation of organic
compounds,1–3 hydrogen production by water photolysis,4 and
dye-sensitized solar cells (DSSCs),5 have attracted much atten-
tion in the past decades. The efficiency of photocatalysis and
optical energy conversion in semiconductor nanoscale photo-
catalysts is oen affected by various parameters, including the
particle size, crystalline phase, lattice or surface defects, surface
area, and morphology of the particles.6 The complex interac-
tions between nanostructures and their surface adsorbates play
critical roles both in photocatalytic and photosensitizing
processes, since these interactions greatly affect the separation
efficiency of electron–hole pairs, the generation rate of free
radicals, and the injection path of electrons.7–9 Further under-
standing of such complex dynamical interactions between
nanoparticles and absorbates would be of great signicance for
niversity, Kaifeng 475004, P. R. China.

enu.edu.cn
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04
designing novel materials, improving material properties, and
elucidating the fundamental mechanisms of photocatalysis and
pollutant degradation.

To date, considerable research efforts have been devoted to
examining the pathway and mechanism of photocatalytically
degrading organics by various nanoscale semiconductors to
promote the separation of electron–hole pairs and therefore to
enhance the photocatalytic efficiency. Rhodamine B (RhB) has
oen been employed as a model molecule in characterizing the
degradation effect. However, the degradation process of RhB
and the generated intermediate products have been investi-
gated mostly based on ensemble-averaged methods. It has been
proposed that the active sites on a catalyst surface could serve as
strong electron-trapping sites to enhance the photocatalytic
efficiency. Specically, the defect sites at surfaces or interfaces
of TiO2 lms have been found to promote the separation of
photogenerated electron–hole pairs and therefore affect the
photoactivity of defective TiO2 lms.10,11 In another case where
complexes were formed by a nanoparticle and adsorbate, it was
found that the inhomogeneous interaction between a dye
molecule and semiconductor surface also strongly affects the
interfacial electron transfer (IET) and thus the sensitized effi-
ciency in dye-sensitized solar cell (DSSC) systems, which have
This journal is © The Royal Society of Chemistry 2017
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been investigated using ultrafast spectroscopy and ensemble-
averaged approaches.12,13 Nevertheless, there remains an
urgent need for a deeper understanding of the detailed inter-
actions occurring on a nanoparticle surface. However, because
these chemical reactions take place on heterogeneous surfaces,
the spatial and temporal inhomogeneities are hard to identify
and analyze using ensemble experiments. Single-molecule,
single-particle uorescence and single molecule uorescence
lifetime imaging microscopy (FLIM) have been proved to be the
very powerful tools for investigating heterogeneous processes
because of their high sensitivity and selectivity, simplicity of
data collection, and high spatial and temporal resolution.14–18

Indeed, Majima and coworkers used single-molecule dynamical
observations and proposed that the reaction sites in the effec-
tive reduction of probe molecules are located on the facets with
a higher surface energy.19 The IET processes between a single
dye molecule and TiO2 nanoparticle surface demonstrate an
inhomogeneity and sensitizing efficiency.20,21 Compared with
intensity imaging, uorescence lifetime imaging is less
susceptible to artifacts arising from scattered light, photo-
bleaching, or non-uniform illumination of the sample, and it
can thus provide an accurate approach to probing themolecular
interaction changes, molecular and IET dynamics, and reaction
intermediate states22–25 in photocatalysis at a single molecule
level.

Ag3PO4 nanoparticles represent a novel photocatalyst with
a band gap of 2.45 eV, which makes them a promising photo-
catalyst for degrading pollutants under visible light irradiation.
Meanwhile, the energy of the conduction band (ECB) in Ag3PO4

is fairly low to be able to accept the photoexcited electrons of
adsorbed molecules, when the lowest unoccupied molecular
orbital (LUMO) of the adsorbate is higher than the ECB.26 Ge and
coworker reported that the photodegradation of methyl orange
over Ag3PO4 catalyst was greatly enhanced in the presence of
RhB because of the injected electrons from the RhB molecule to
the catalysts.27 In this work, we choose the RhB–Ag3PO4 nano-
particle system as a model to systematically investigate the
heterogeneous catalysis and dynamical interaction between
RhB and Ag3PO4 nanoparticles, and particularly to probe the
generation of intermediate products in the photodegradation
by using ensemble-averaged spectroscopy and single-molecule
uorescence lifetime microscopy.

Experimental
Materials and sample preparation

Silver acetate (CH3COOAg, >99%) was purchased from Aladdin,
and disodium hydrogen phosphate (Na2HPO4$12H2O, >99%)
was purchased from Kermel. All of the other reagents were
commercially obtained and used without further purication.
Deionized water from a Milli-Q system was used in the prepa-
ration of materials. All the cover glasses (Fisher, 18 mm � 18
mm, thickness � 170 mm) were thoroughly cleaned by sonica-
tion in deionized water, ethanol, acetone, and deionized water,
respectively for 20 min, and then dried using nitrogen gas
before use. The Ag3PO4 crystals were synthesized by a simple
precipitation process. Briey, CH3COOAg (200 mg) was
This journal is © The Royal Society of Chemistry 2017
dissolved in 100 mL aqueous solution. Na2HPO4 aqueous
solution (0.15 M) was added drop by drop to the above solution
with a magnetic stirrer, which was then continuously stirred for
4 h to form a golden yellow precipitation. The obtained prod-
ucts were repeatedly washed with deionized water to remove the
remaining CH3COO

� and then dried in an oven at 50 �C for
6 h.28 The samples for the single-molecule experiments were
prepared according to the previous literature.20 For a control
experiment, 25 mL of 0.05 nM solution of RhB was spin-coated
onto a coverslip at 3000 rpm. The sample of RhB on Ag3PO4

particles was prepared by rst spin-coating 25 mL Ag3PO4

dispersed solution on a clean coverslip at 2000 rpm, followed by
overlaying 25 mL of 0.05 nM RhB solution onto the above
coverslip.

Characterization

The morphology of the as-prepared photocatalysts was charac-
terized by eld emission scanning electron microscopy (SEM
JSM-6700F, Hitachi). The UV-Vis absorption spectra of the solid
materials were recorded using a Cary 5000 UV-Vis-NIR spec-
trophotometer equipped with an integrating sphere attach-
ment. The absorption spectrum of the resulting solution aer
photocatalysis was obtained using a PerkinElmer Lambda 35
spectrometer. The uorescence emission spectrum was recor-
ded at room temperature with excitation at 488 nm on a Perki-
nElmer uorescence spectrometer LS55.

Photocatalytic activity measurements

The photocatalytic activity of Ag3PO4 nanoparticles was char-
acterized by the de-colorization of RhB solution. The optical
system for the photocatalytic reaction comprised a 250 W Xe
lamp and a cutoff lter (l > 400 nm, NBeT Beijing). In the
photocatalytic experiments, 15 mg of Ag3PO4 nanoparticles was
dispersed in RhB (100 mL, 10�5 M) aqueous solution and then
stirred in the dark for 30min to reach an absorption–desorption
equilibrium of RhB on the surface of Ag3PO4 nanoparticles.
With visible light irradiation, 2.5 mL of reaction solution was
taken out at a given time. Aer centrifugation (10 000 rpm,
5 min), the supernatants were analyzed by monitoring the
absorption maximum with a Lambda 35 UV-Vis
spectrophotometer.

Ensemble-averaged orescence lifetime measurements

Ensemble uorescence decay traces were recorded using the
time-correlated single photon counting (TCSPC) method with
a home-built uorescence lifetime setup (Harp300, Picoquant).
A broadband tunable pulse femtosecond Ti:sapphire laser
(Chameleon Ultra II, Coherent Inc.) equipped with a pulse
selection system (Conoptics, Model 305) was used to obtain the
excitation repetition frequency of 40 MHz. The 488 nm femto-
second excitation source was generated from the second
harmonic generation with a BBO nonlinear crystal. The lens-
focused uorescence emission was separated into two chan-
nels by a dichroic mirror (ZT532rdc) and passed through
a band-pass lter (ET540/30 m, Chroma) and a long-pass lter
(AT575lp, Chroma). The photons from different channels were
RSC Adv., 2017, 7, 40896–40904 | 40897
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detected by two micro photon devices (MPD, Picoquant) and
delivered into a TCSPC system for analysis.
Single-molecule uorescence lifetime measurements and
imaging

Single-molecule uorescence images were recorded on an
inverted scanning confocal microscope (IX-73, Olympus)
equipped with a 100� oil immersion objective (1.4 NA,
Olympus) and a close-loop nanoscale-precision piezoelectric
scanning stage (Physik Instrument). A pulsed excitation source
of 488 nm was generated with a BBO crystal as described
previously, and the excitation pulse energy at the sample was set
below 0.25 pJ. The laser beam was reected by a dichroic beam
splitter (ZT488rdc) and was focused to 100� objective on the
sample. The uorescence was collected with the same objective,
passed through a long-pass lter (ET525lp, Chroma), and
focused on an MPD detector (100 � 100 mm2). Synchronization
of the data acquisition with the scanner movement was
controlled by SymPhoTime soware using the time-tagged time-
resolved (TTTR) measurement mode, in which each photon
image was recorded by a raster scanning an area of 20 � 20 mm2

with a resolution of 128 � 128 pixels.
Results and discussion
Ensemble-averaged observations of photodegradation

Fig. 1 shows the SEM image and absorption spectrum of the as-
prepared Ag3PO4 nanoparticles with an average diameter of
about 300 nm. The crystal structure and purity of these nanoscale
catalysts were further characterized by their XRD and XPS spectra
(Fig. S1 and S2†), which are consistent with the reported results
in the literature.27 The UV-Vis absorption spectrum indicates the
particles can absorb solar light with a wavelength shorter than
520 nm (Fig. 1b). The band gap Eg of the Ag3PO4 nanoparticle was
determined to be 2.30 eV according to the equation: ahn¼ A(hn�
Eg)

n/2, where a, n, and A are the absorption coefficient, light
frequency, and proportionality constant, respectively.

The photocatalytic characterization of Ag3PO4 nanoparticles
was monitored by observing the temporal changes of the
maximum absorption of RhB under visible light irradiation
(Fig. 2a). Aer 45min, the absorption band at 554 nmwas rapidly
decreased and simultaneously broadened, which is similar to
observations reported in the TiO2/RhB system.10,29–31
Fig. 1 SEM image (a) and UV-Vis absorption spectrum (b) of the as-
prepared Ag3PO4 nanoparticles. The inset is the plot of (ahn)1/2 versus
(hn) for the Ag3PO4 to derive the band gap.

40898 | RSC Adv., 2017, 7, 40896–40904
Concomitantly, the absorption maximum of the degraded solu-
tion exhibited a slight blue-shi from 554 nm to 530 nm. This
blue-shi of the absorption band could be attributed to the
typical process of the photochemical deethylation of RhB from
the attack of active oxygen species on the N-ethyl group. In the
rst 35 min of visible irradiation, the absorption maximum
continuously decreased with the ongoing photocatalysis of
Ag3PO4 nanoparticles, due to the generated deethylated inter-
mediates and degraded RhB. In the subsequent irradiation
duration, the absorbance decreased continuously but the posi-
tion of the absorption maximum no long shied, manifesting
that the intermediates were further degraded aerwards (inset of
Fig. 2a). Correspondingly, the generation of intermediates in the
photocatalytic process was also observed from the evolution of
the uorescence spectra of RhB degraded by Ag3PO4 nano-
particles under visible light irradiation (Fig. 2b). We found that
the emission maximum of RhB at 575 nm decreased and a new
band around 535 nm appeared as the reaction proceeded, con-
rming the generation of the deethylated intermediate. Consis-
tently, the uorescence intensity of the produced intermediates
increased in the rst 35 min and then decreased with further
irradiation, similar to the above observations in the absorption
spectroscopy.29,30

To further identify the deethylation intermediates produced
in the photocatalysis, we performed uorescence lifetime
measurements by monitoring the emissions of RhB and the
intermediates, using a resemble-averaged two-channel TCSPC
setup with tens of picosecond resolution. Briey, the collected
uorescence signals from the photocatalytic solution were
separated into two paths by a 532 nm dichroic mirror
(ZT532rdc) and passed through a long-pass lter (AT575lp) for
RhB and a band-pass lter (ET540/30 nm) for the deethylation
intermediate, then detected by two MPDs, respectively. As
shown in Fig. 2c, the decay curves of RhB (lem > 575 nm)
demonstrate little change before and aer the photocatalytic
reaction (not shown). However, the emission transient traces of
the deethylation intermediates (525 nm < lem < 555 nm) exhibit
an obvious evolution with the photocatalysis because the
intermediate has a longer uorescence lifetime. In fact, the
photons emitted from RhB in the shorter wavelength region can
be also detected by the channel of 525 nm < lem < 555 nm, so the
decay curves in this shorter wavelength region demonstrate
a two-component exponential feature, where the ratio of these
two components depends on the ongoing photocatalysis
process. Consequently, the uorescence lifetime (s1) of RhB in
aqueous solution was determined to be 1.75 ns, while a 3.85 ns
lifetime (s2) of the deethylation intermediate was obtained by
tting the trace aer 55 min irradiation32,33 (Fig. 2d). According
to I(t) ¼ A1 exp(�t/s1) + A2 exp(�t/s2), we obtained the ratio of
the two lifetime components varying with the irradiation time,
and summarized the results in Table 1. These parameters
clearly demonstrate that the amount of reactant RhB decreases
while the produced intermediate with a longer lifetime
increases as the irradiation time goes on. Therefore, this shows
that the uorescence quenching behavior with visible light
irradiation originates from the degradation of RhB and the
formation of deethylation intermediate.
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) UV-Vis spectral changes with visible irradiation time in the photodegradation of RhB solution (1 � 10�6 M) by Ag3PO4 nanoparticles.
Inset: correlation between the absorbance changes at absorption maximum (blue line) and the corresponding wavelength shifts (red line); (b)
fluorescence spectral evolution of the RhB/Ag3PO4 system under visible light irradiation. (c) Fluorescence decay curves (525–555 nm) of the
RhB/Ag3PO4 system in aqueous solution under different visible irradiation times. (d) Typical fluorescence lifetime of RhB (black line) and the
intermediate deethylation products (red line) in aqueous solution.

Table 1 Dynamical parameters of photodegradation in RhB/Ag3PO4

with irradiation time

Time (min) 1 5 9 15 28 45
(s1 ¼ 1.75 ns) 80% 55.4% 41.1% 33.1% 28.7% 19.5%
(s2 ¼ 3.85 ns) 20% 44.6% 58.9% 66.9% 71.3% 80.5%

Fig. 3 (a) Emission spectra of RhBmolecules with andwithout Ag3PO4

nanoparticles in aqueous solution, (b) typical fluorescence decay
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In general, the RhB photodegradation consists of competi-
tive or concomitant processes, namely the deethylation by
photosensitization degradation and the destruction of the
conjugated structure by photocatalytic processes.34 For the
latter case, the aromatic chromophore is attacked by the pho-
togenerated active holes at the catalyst surface, leading to
a direct decomposition of RhB without producing uorescent
intermediates. It has been proposed that electron transfer from
the singlet excited state of the adsorbed dye to the CB of the
semiconductor is the principal pathway to induce the initial
step for producing deethylation from the RhB molecule.10 In
this situation, the strong interaction between the adsorbed dye
and semiconductor surface is an important criterion for effi-
cient electron or charge transfer. In the RhB/Ag3PO4 system, we
observed the deethylation of RhB from the above ensemble
experiments, indicating an electron-injection process or
a photosensitization process taking place from the singlet
excited state of RhB to the CB of Ag3PO4. In the next section, we
focus on the investigation to gain new insights into the
This journal is © The Royal Society of Chemistry 2017
photosensitized degradation and the generation dynamics of
the intermediates, especially at a single-molecule level.
Photosensitization from ensemble to a single molecule

To observe the electron-injection process from RhB to Ag3PO4

nanoparticles, we performed steady-state and time-revolved
uorescence measurements without visible light irradiation.
As shown in Fig. 3a, the original RhB solution shows a strong
uorescence at 580 nm with the excitation of 488 nm, while the
uorescence intensity is remarkably decreased with the addi-
tion of Ag3PO4 nanoparticles suspension into the RhB aqueous
solution. This quenching effect is attributed to the electron
transfer from the excited singlet state of RhB to the conduction
band of the Ag3PO4 nanoparticles,35 constituting an electron-
curves of RhB molecules (black line) and RhB molecules on the
Ag3PO4 surface without water (red line).

RSC Adv., 2017, 7, 40896–40904 | 40899
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injection process before the degradation of RhB molecule. This
electron transfer was further conrmed by uorescence lifetime
measurements in the atmosphere. Two typical uorescence
decay traces of RhB molecules with and without Ag3PO4 are
shown in Fig. 3b. The decay curve of RhB molecules without
Ag3PO4 demonstrates a longer uorescence lifetime. In
contrast, the uorescence lifetime of RhB molecules on the
Ag3PO4 surface is dramatically shortened, indicating the IET
between RhB and Ag3PO4 nanoparticles and conrming the
rationality of the above-mentioned photosensitizing degrada-
tion. Usually, unconstrained bi-exponential and even multi-
exponential ttings have to be considered to extract the decay
components of adsorbed molecules on a catalyst surface with
different active site distributions.36

To gain a new insight into this inhomogeneity, we performed
single-molecule uorescence lifetime measurements combined
with confocal uorescence microscopy to observe the behavior
of a single RhB molecule on the Ag3PO4 surface. Fig. 4a and
b show the single-molecule uorescence lifetime images of RhB
on bare cover glass and on Ag3PO4 nanoparticles-coated cover
glass (20 � 20 mm2, 128 � 128 pixels matrix, 2 ms dwell time)
under the same ambient conditions. The brightness and color
of the light spot represent the uorescence intensity and life-
time of a single molecule, respectively. Evidently, the
Fig. 4 Single-molecule fluorescence images of RhB on (a) bare cover
glass and (b) Ag3PO4 particles-coated cover glass (image size, 20� 20 mm2)
under the same fluorescence lifetime imaging conditions. (c, d) Typical
fluorescence intensity trajectories of single-molecule RhB on (c) bare
cover glass and (d) Ag3PO4 particles-coated cover glass, with the
binning time of 10ms. (e) Typical fluorescence lifetime decay curves of
RhB on bare cover glass (black line) and on Ag3PO4 particles-coated
cover (red line). (f) Single-molecule fluorescence lifetime distributions
of RhB molecules on the bare cover glass (black) and on Ag3PO4

particle surface (red).

40900 | RSC Adv., 2017, 7, 40896–40904
uorescence lifetime of some RhB molecules on Ag3PO4

particles-coated cover glass was shorter than that on bare cover
glass, suggesting the occurrence of IET between these RhB
molecules and the Ag3PO4 nanoparticles. It should be
mentioned that a brighter molecule can have a shorter lifetime
or a long lifetime, and there is no direct relation between the
uorescence intensity and uorescence lifetime.37 Fig. 4c and
d show the single-molecule uorescence emission trajectories
of RhB on the bare cover glass and on Ag3PO4 particles surface
(binning time, 10 ms), respectively. Compared to a nearly
constant emission on the glass surface, the uorescence
intensity of RhB on Ag3PO4 nanoparticle surface displays
a strong uctuation and blinking with the “dark” time ranging
from sub-second to seconds, similar to the reports on PF/TiO2

(ref. 38) and CdTe/PI-CA.39 With photoexcitation, the excited
state of an individual molecule either undergoes radiative
emission to yield a photon that contributes to a bright state or
undergoes a non-radiative electron transfer process that
contributes to the dark state.21 In the uorescence trajectory of
RhB on Ag3PO4 particles surface, the “bright” state mostly
reects a low IET activity associated with the radiative relaxation
from an excited state to ground state. Correspondingly, the
“dark” state with the intensity close to background level indi-
cates a high IET efficiency, demonstrating a quenching effect of
the uorescence emission.

The interaction and surrounding microenvironment of each
molecule on the Ag3PO4 surface differs from time to time and
from site to site, thus the lifetime distribution of RhB is
supposed to be inhomogeneous as well. Fig. 4e displays two
typical uorescence decay traces of RhB molecules on bare
cover glass and on Ag3PO4 nanoparticles-coated cover glass.
Both traces can be tted with a single exponential decay with
the average uorescence lifetime of 3.45 ns and 1.85 ns for RhB
and RhB/Ag3PO4, conrming the photosensitization through
electron transfer from excited RhB to Ag3PO4. Fig. 4f shows the
statistical analysis of the uorescence lifetime distribution of
single RhB molecule on bare cover glass and on Ag3PO4 parti-
cles surface. We found a narrower distribution of uorescence
lifetime without Ag3PO4 nanoparticles, ranging from 2.4 ns to
4.4 ns with a 0.6 ns full width at half maximum (FWHM). On the
contrary, a wider distribution of uorescence lifetimes ranging
from 0.6 to 4.2 ns with a 1.4 ns FWHM was observed for RhB on
the Ag3PO4 nanoparticle surface. The average uorescence
lifetime (�2.0 ns) for RhB on the Ag3PO4 particles surface was
obviously smaller than that (�3.5 ns) for RhB on the glass
surface, indicating a dye-sensitizing feature and electron
injection from excited RhB to Ag3PO4, which is consistent with
the observations in the ensemble experiments.

The broad lifetime distribution reects different IET reac-
tivity dynamics and the complexity of interactions and elec-
tronic coupling between RhB and Ag3PO4 nanoparticles. To
further conrm the heterogeneous photosensitizing in the RhB/
Ag3PO4 system, we recorded hundreds of emission trajectories
of RhB molecules on Ag3PO4 NPs-coated cover glass. Fig. 5
shows two typical single-molecule trajectories and their corre-
sponding uorescence decays. In the weak interaction case, the
“bright” states of RhB emission dominate the intensity
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) Bright and (d) dark states of single-molecule fluorescence intensity trajectories; (b) bright and (e) dark states of emission intensity
histograms to determine the threshold for the bright and dark states in the RhB/Ag3PO4 system, (c) bright and (f) dark states of the fluorescence
lifetime decays.
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trajectory, even though a certain amount of “dark” states can be
observed (Fig. 5a). These molecules emit relatively more
photons and exhibit a longer uorescence lifetime before pho-
tobleaching or being degraded (Fig. 5b and c), and thus can be
attributed to the physically adsorbed RhB molecules on the
Ag3PO4 surface. In contrast, the RhB molecule adsorbed on the
active site of Ag3PO4 nanoparticles has a higher IET efficiency
and a shorter uorescence lifetime (Fig. 5d and f), and emits
a small amount of photons before being photobleached or
photodegraded (Fig. 5e). Correspondingly, the intensity trajec-
tory demonstrates a drastic uctuation, where the “dark” states
and “bright” states appear alternatively for this strong interac-
tion case. The ratio between the radiative and non-radiative
rates is primarily modulated by the interaction mode or
strength with the catalyst surface. Therefore, we can infer that
the photosensitizing activity is strongly related to the adsorp-
tion sites on the particle surface and the energetic coupling
between the excited singlet state of RhB and the conduction
band of a Ag3PO4 nanoparticle. Similar single-molecule uo-
rescence behavior has been observed in other organic dye/
semiconductor nanoparticle systems.20,21,38 On the other hand,
we can also speculate that the subsequent photodegradation of
RhB by Ag3PO4 nanoparticles is associated with the distribution
of active sites on the Ag3PO4 surface.
Fig. 6 Subsections of two representative single-molecule fluores-
cence trajectories and lifetime curves of RhB on Ag3PO4. (a) and (b)
RhB adsorbed on the active site, where the time trace starts with
a lifetime of 1.06 ns and ends with 2.80 ns. (c) and (d) Physically
adsorbed RhB, where the time trace starts with a lifetime of 2.08 ns and
ends with 3.09 ns.
Single-molecule observation of the photodegradation
intermediates

According to the above-mentioned results and discussion, the
photogenerated deethylation intermediate by Ag3PO4 nano-
particles under visible irradiation shows a longer uorescence
lifetime compared with that of the RhB molecule in aqueous
condition. Without visible irradiation, the RhB/Ag3PO4 on the
cover glass (without water) demonstrates a shorter uorescence
lifetime due to the injection electrons from RhB into the CB of
the Ag3PO4 semiconductor. Considering the co-existence of
these features, we were inspired to observe the whole
This journal is © The Royal Society of Chemistry 2017
photodegrading dynamics of a single RhBmolecule on a Ag3PO4

nanoparticle in aqueous conditions. Specically, we expected to
derive the precedence relation between the photosensitizing
and photocatalytic degradation from the single-molecule
emission uctuation and lifetime sequencing with time, and
to be able to correlate the degradation of RhB with the
adsorbing sites on the Ag3PO4 surface. As the generation of
deethylation intermediate involves the formation of O2c

� radi-
cals,11 an aqueous atmosphere microenvironment for RhB/
Ag3PO4 was created before performing the single-molecule
measurements. It should be mentioned that the excitation
laser at 488 nm worked as the visible irradiation source to
generate electron–hole pairs in the Ag3PO4 nanoparticles, and
also was used to excite the adsorbed RhB molecule and the
RSC Adv., 2017, 7, 40896–40904 | 40901
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intermediate deethylation of photocatalysis. Fig. 6a shows
a representative single-molecule uorescence time trajectory,
which can be decomposed into two subintervals: the rst half,
section a1 and the second half, section a2. At the beginning, the
emission intensity level was around 60 counts/10 ms (section
a1), while a higher level of about 120 counts/10 ms was observed
before the end of photodegradation (section a2). From the time
correlation analysis of photons in section a1, a 1.06 ns uores-
cence lifetime was obtained by mono-exponential tting the
decay curve (Fig. 6b), demonstrating an efficient photosensiti-
zation process. However, a longer uorescence lifetime of 2.88
ns was acquired by analyzing the photons in section a2, clearly
indicating the formation of the deethylation intermediate.
Similarly, Fig. 6c shows another representative single-molecule
uorescence trajectory and the derived lifetime traces from
sections c1 and c2. The intensity level was around 100 counts/10
ms and the lifetime was 2.08 ns in section c1, while the corre-
sponding values were 150 counts/10 ms and 3.09 ns in section
c2, respectively (Fig. 6d). Apparently, section a1 shows a shorter
lifetime than section c1, reecting the efficient IET dynamics at
the active sites on the Ag3PO4 surface. For some single-molecule
events, it was difficult to identify the discrete intensity-lifetime
level in the emission trajectory, especially for the intensity
uctuation occurring on a time scale faster than the binning
time, or where the intensity change is not large enough to be
separated into discrete levels. Therefore, the most efficient
photosensitization or IET process with a much shorter lifetime
is hard to derive from the single trajectory of RhB/Ag3PO4 in the
aqueous microenvironment.

To conrm the extensive existence of photosensitized degra-
dation and intermediate generation, we performed lifetime
distribution analysis by monitoring hundreds of single-molecule
emission trajectories. As shown in Fig. 7, there are two obviously
separated lifetime distributions. The collected photons in the
rst half section demonstrate a broad lifetime distribution,
consistent with the observations in single-molecule photosensi-
tization, indicating different electron transfer efficiencies and
Fig. 7 Distribution histogram of single molecule fluorescence lifetime
derived from start section (black column) and end section (red
column) of intensity trajectories.

40902 | RSC Adv., 2017, 7, 40896–40904
inhomogeneous interactions of RhB molecules with different
adsorption sites on the Ag3PO4 surface. In the tail section of the
emission trajectory, the photons demonstrate a longer lifetime,
reecting the generation of the photocatalytic intermediate dee-
thylation. These results clearly indicate that when the Ag3PO4

photocatalyst and the adsorbed RhB molecule are excited by
visible light at the same time, the photosensitization occurs prior
to the photocatalytic degradation of RhB. Combining the results
from the ensemble to a single molecule, we successfully observed
the heterogeneous photosensitization and intermediate genera-
tion in the photocatalysis of the RhB/Ag3PO4 system.
Mechanism interpretation

Both photosensitization and photocatalysis in the RhB/Ag3PO4

system can generate uorescence quenching of adsorbed dye
molecules, causing a simultaneous change in emission inten-
sity and uorescence lifetime but reecting different interac-
tion mechanisms. Under visible light irradiation, both Ag3PO4

and RhB molecules can be excited in an aqueous environment.
The electron in the singlet excited state of RhB is injected into
the conduction band of Ag3PO4, where the IET efficiency
depends on the interaction strength or the adsorption sites on
the Ag3PO4 surface. Therefore, the uorescence lifetime of RhB
is shortened compared to that without Ag3PO4, corresponding
to the photosensitization process. This injected electron on
Ag3PO4 from the excited RhB can be captured by O2 to form
O2c

�, which can attack the excited RhBmolecule to generate the
intermediate product with a longer lifetime. Meanwhile, Ag3PO4

particle can also be excited to produce electron–hole pairs by
visible light irradiation. In this case, the holes in the valence
band of Ag3PO4 can directly attack the adsorbed RhB molecule
via the destruction of its conjugated structure, resulting in the
photobleaching or complete degradation of RhB. In other
words, electron injection is the principal pathway as an initia-
tion step to observe the generation of the photochemical dee-
thylation intermediate,10 which has a blue-shied emission
spectrum and a longer uorescence lifetime.

For clarity, the two competitive photodegradation processes,
the so-called N-deethylation and chromophore cleavage, occur
simultaneously in this RhB/Ag3PO4 system under visible light
irradiation and in aqueous environment, as illustrated in Fig. 8.
For the chromophore cleavage case, the electron–hole pair in the
Ag3PO4 nanoparticle can be generated under visible light irradi-
ation, that is, the electron is excited into the conduction band
and a hole is le in the valence band. As one of most efficient
reactive species in catalysis, this hole (h+) can directly attack and
oxidize the adsorbed RhB on the surface of the Ag3PO4 nano-
particle, leading to the photodegradation of RhB through the
destruction of its conjugated structure.27,40 In this case, the
product of the photocatalytic degradation was not observed in
our single molecule uorescence measurements, even though
the ensemble uorescence quenching partially came from this
degradation contribution. In particular, this hole-oxidizing pho-
todegradation plays a major role in non-aqueous environments,
and it is not surprising to observe a shorter emission duration
time in the single-molecule photosensitizing measurement. In
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Photodegradation diagram of RhB molecules on the surface of
the Ag3PO4 nanocatalyst.
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principle, the photogenerated active species, such as OHc radi-
cals, could also directly attack the central carbon of the RhB
molecule to some extent. However, a previous study indicated
that the OHc radical scavenger has no observable effect on the
photodegradation rate of RhB in the Ag3PO4 system.41 Thus, the
contribution from OHc radicals could be negligible in this work.
Since the absorption cross-section of Ag3PO4 nanoparticles is
much smaller than that of RhB molecules at the excitation
wavelength, the photosensitization process prior to degradation
plays an important role in this RhB/Ag3PO4 model system. When
the adsorbed RhB molecule is excited from the ground state (S0)
to the excited state (S1) by visible light, the electron will be
injected into the CB of Ag3PO4 catalyst, with the inhomogeneous
efficiency associated with the adsorption sites and interaction
strength. This photosensitized interfacial electron transfer will
generate a temporal RhBc+ before recombining with an electron.
In the meantime, the O2 molecule around the Ag3PO4 catalyst
surface in the aqueous environment can be reduced by the
transferred electron or photogenerated electron–hole pair in
Ag3PO4 to form O2c

� radicals, which is a critical step in the
photosensitized degradation of RhB molecules. Once the active
O2c

� radical is created, the temporal RhBc+ generated aer elec-
tron injection into Ag3PO4 will be attacked to produce N-dee-
thylation intermediates, rather than to attack the conjugated
structure in the oxygen-rich aqueous atmosphere.11 These dee-
thylation intermediates will be degraded completely by the
surrounding radicals. Therefore, an important photodegradation
pathway of RhB by Ag3PO4 nanoparticles in aqueous environ-
ment consists of a pre-photosensitization process and the inter-
mediate generation of N-deethylation, which demonstrates
a clear inhomogeneity and dynamical characteristics.

Conclusions

We systematically investigated the inhomogeneous interactions
between the dye molecule RhB and semiconductor Ag3PO4
This journal is © The Royal Society of Chemistry 2017
nanoparticle, as well as the intermediates generation in the
photodegradation process, by using ensemble-averaged spec-
troscopy and single-molecule, single-particle FLIM spectros-
copy. The as-prepared Ag3PO4 nanoparticles demonstrated
good catalytic activity under visible light irradiation in aqueous
environment. Besides the direct oxidization of RhB by photo-
generated holes in Ag3PO4 nanoparticles, the degradation
process via intermediate generation plays an important role in
the photodegradation. The intermediate product deethylation
has a blue-shied absorption and uorescence bands, and
a longer uorescence lifetime compared with that of RhB
molecules in aqueous solution. The uorescence quenching
and lifetime shortening of a RhB molecule on the Ag3PO4

surface suggest photosensitization in the RhB/Ag3PO4 system
prior to the photodegradation of the RhB molecule.

The photosensitized photodegradation process of RhB on
the Ag3PO4 nanoparticle surface was successfully characterized
by analyzing the single-molecule uorescence intensity uctu-
ation and lifetime distribution. The single-molecule uores-
cence intensity uctuations of RhB were closely associated with
the photosensitization activities and IET efficiencies. The
dominant dark states in the uorescence intensity trajectory
with a shorter lifetime demonstrate a higher charge injection
process taking place at the active sites. The observed broad
distribution of the single-molecules lifetimes reects the
heterogeneous interactions between RhBmolecules and Ag3PO4

nanoparticles, correlated to the distribution of active sites on
the Ag3PO4 nanoparticles. The shorter uorescence lifetime
derived from the starting subsection than that from the end
subsection of a single-molecule intensity trajectory clearly
reveals the photosensitized photodegradation of RhB and the
intermediate generation in the aqueous environment. More-
over, this time dependency of the subsection uorescence life-
time indicates that the electron injection from the adsorbates to
catalyst occurs prior to radical attack in photosensitized
degradation. These ndings at a single-molecule level provide
new insights into understanding the inhomogeneous photo-
sensitization and photodegradation processes involved in solar
energy conversion and photocatalysis.
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