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Enhanced photocatalytic performance at Au/N-TiO, hollow nanowire
array by combinatorial light scattering and reduced recombination
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We demonstrate one-step gold nanoparticles (AuNPs) coating and the surface nitridation on TiO,
nanowires (TiO,-NWs) to amplify the light photon reflection. The surface nitridation on TiO,-NWs array

maximizes the AuNPs anchoring and the subsequent band gap reduction from 3.26 eV to 2.69 eV affords

visible light activity. The finite-difference time-domain method (FDTD) simulation clearly exhibits the

enhancement in the strengths of localized electric field between AuNPs and NWs, which significantly

improves the photocatalytic (PC) performance. Both nitridation treatment and AuNPs decoration on TiO,-
NWs result in beneficial effects in high (e/h") pair separation through healing of the oxygen vacancies.
The combinatorial effect of visible light harvesting photons and reduced recombination in Au/N-doped
Ti0,-NWs, unprecedentedly, promotes the photocatalytic activity towards degradation of methyl orange
~4 fold (1.1 x 10” min) higher than TiO,-NWs (2.9 x 10~ min™"). The proposed AuNPs decoration on
nitrated TiO,-NWs surface can be transformed to wide range of n-type metal oxides for photoanodes in

photocatalytic applications.

Introduction

The seminal report on photosynthetic oxidation of water by
Fujishima and Honda' opened a new paradigm in researching
artificial photosynthesis for energy conversion solar fuel cells,”*
photocatalytic biosensors,> ¢ carbon dioxide reduction,” self-
cleaning coatings® and organic pollutant removal’. The merits in
recovering and recycling the semiconductor photocatalytic
electrodes are more viable and economic compared to suspended
photocatalyst in environmental water purification application. In
this line, energy conversion (collection of
photoelectrons) from photocatalytic electrodes during organic dye
pollutant removal process is a land-mark advent, which provides
the futuristic platform to obtaining useful carbon fuels from
hazardous pollutant treatment.'™ "' Particularly, solar light driven
photocatalytic substances find great deal of attention for
achieving renewable and low-cost organic pollutant treatment.

The semiconductor photocatalytic  substance  generates
photocarriers (electrons and holes) under light irradiation (band
gap illumination). The resultant photoholes at valence band (VB)
form OH radicals, which further degrade the target pollutant
components through a series of radical reactions. Whereas, the
photoelectrons at conduction band (CB) gets converted into either
O, radical in the pollutant medium or may be collected through
the external circuit for useful fuel generation.'” In general, the
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photocatalytic performance at pollutant removal relies on several
factors such as substantial charge separation, electrode stability
against photocorrosion, and more importantly the light photons
harvesting solar visible spectrum for solar driven
photocatalytic performance.

Among the variety of photocatalysts, titanium dioxide (TiO,)
nanostructures incited considerable attention in the field of
photocatalytic decolourization of organic pollutants owing to
their chemical stability and substantial photocatalytic response.
The VB position of TiO, (~3.0-3.2 eV NHE) is far from the water
oxidation potential (1.2 eV NHE), which offers more energetic
pathways in forming OH radicals, an indispensable parameter for
organic dye pollutant degradation. However, the minimal access
of visible light due to its intrinsic wide band gap 3.2 eV (absorbs
only 3-5% of solar light photons) and the high rates of electron-
hole pair recombination at surface states limit the photocatalytic
efficiency.”” A wide range of research has been devoted to
promote the visible light photocatalytic activity of TiO, through
minimized charge recombination via doping and decorating co-
photocatalysts. In the case of doping strategy, metal ions (Fe, Cr,
Cu)*131817 'metal clusters (Fe (III) and Cu (I1))'® '°, non-metallic
elements (N,S and C)***'*? and inducing defects in crystallite
lattice™ ** at TiO, had shown efficient result in extending visible
light performance. Primarily, these doping carries introduce the
sub-bands above the valence band (VB) of TiO, (band gap
narrowing) that could facilitate the visible light activity below 3.2
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Physical Chemistry Chemical Physics

eV band gap energy. Alternatively, amplifying the light photons
reception at TiO, by light scattering mechanism would be a
prominent alternative to improve the activity without altering the
electronic structure of TiO,. Utilizing 1-D nanostructures such as
nanowire, nanofibers and nanotubes etc., are of interest in
promoting light scattering behaviour at electrode geometry owing
to the multiple photons scattering in between 1-D channels; thus,
retarding the light attenuation at the electrode.”> %® The efficient
charge transport through 1-D geometry supports the electron
supply to the donor counter parts compared to nanoparticulate
architecture.

In addition to 1-D nanostructures, plasmonic nanoparticles (NPs)
also exhibits strong light scattering property due to localized
surface plasmon resonance (LSPR), which originates from
collective oscillation of surface electrons.”” > Several plasmonic
photocatalysts were tested in photocatalytic decolourization of
dyes and realized their substantial stability in the aqueous
medium. 23" It is found that AuNPs can effectively promote the
organic pollutant degradation rate of TiO, by inhibiting the
recombination of photogenerated electron-hole pairs.*> ** It is
anticipated that decorating AuNPs onto TiO, surface as an
antenna produces light scattering that could effectively promote
the light photons at near-UV band, which perhaps enhances the
TiO, absorption in the same region.?® 3* Thus, decorating TiO,
nanostructures with light scattering plasmonic nanoparticles has
opened a new means of improving the light absorption activity of
TiO, in visible light region to improve the photocatalytic
efficiency.** %

Though successful immobilization of AuNPs on oxide surfaces
has been demonstrated previously®” *® they generally suffer from
monodispersity, owing to the direct reduction of metal salts on
TiO,, and on the other hand, maintaining the stability and
functionality of the hybrid materials remain challenging due to
the adverse changes in the chemical environment of the oxide
support. Particularly, there are no reports on facile one-step
assembly of AuNPs onto metal oxide surface. Thus, formulating
a straightforward method to assemble stable AuNPs on oxide
surfaces seems imperative. Herein, we report a trouble-free one-
step assembly technique for immobilizing AuNPs on one-
dimensional N-doped TiO, nanowires (N-TiO,-NWs). We found
that the Au/N-TiO,-NWs exhibit excellent catalytic activity
towards photocatalytic decolourization of methyl orange (MO).
Furthermore, the synergistic effect of N-doping and localized
light scattering centres of AuNPs on the photocatalytic dye
degradation were elucidated.

Results and discussion

The crystallite phase of pristine and nitridated TiO,-NWs were
studied wusing X-ray diffraction spectra (See supporting
information Fig. S1). The TiO,-NWs show anatase phase and no
rutile phase was observed. The monolayer protected AuNPs with
4-Dimethylaminopyridine (DMAP) were synthesized using a
facile phase transfer protocol (See Experimental section). Fig.1a-
d shows the electron microscopic images of AuNPs, N-TiO,-
NWs, Au/TiO,-NWs and  Au/N-TiO,-NWs  electrodes,
respectively. Colloidal AuNPs exhibit superior monodispersity
with a mean diameter of 4.5+0.5 nm (Fig.1a). The electrophoretic
mobility measurements on AuNPs yielded an average (-potential
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of +17.3 mV, which arises from the partial protonation of the
exocyclic nitrogen that extend away from the NPs surface toward
the solvent. Fig. 1b shows the vertically aligned N-TiO,-NWs.
The vertically aligned TiO,-NWs and N-TiO,-NWs have a mean
diameter of ~200 nm. Comparing Fig.1 (c) and (d), it is found
that the TiO,-NWs (Fig.1c) surface shows lower distribution of
immobilized AuNPs than N-TiO,-NWs (Fig.1d). This may be
ascribed to the high affinity of DMAP functionalized Au towards
nitrogen atom. It is reported that the isoelectric point (ISP) of
TiO, surface turned from positive (zeta potential ~15.5 at pH 5.5)
to highly negative by nitrogen doping (zeta potential -49.9 at pH
5.5).% This implies that highly negative ISP value of N-TiO,
surface allows more positively polarized Au NPs decoration. The
surface doping of N carriers at TiO,-NWs is confirmed by X-ray
photoelectron spectroscopy (See supporting information S2).
Graciani et al. demonstrated that the surface adhesion energy of
Au nanoparticles on TiO, surface has promoted the nitrogen
implantation through improving the electron transfer from the Au
6s levels toward the N 2p levels.** Similarly, plasma nitridation
(Fig.1d) on TiO, facilitated the interaction between TiO, and
AuNPs. Further the high magnification TEM image of Au/N-
TiO,-NW and the elemental mapping confirms the existence of

so individual elements (Fig.1f) (also see supporting information Fig.

S3 for clear visibility of elemental mapping).

Figure 1: Electron microscope images of (a) DMAP-protected colloidal

ss AUNPs (inset: selected area diffraction pattern), (b) N-TiO,-NWs array, (c)

Au/TiO,-NWs and (d) Au/N-TiO-NWs. (e) and (f) shows the high
magnification and elemental mapping of Au/N-TiO,-NWs, respectively.

Figure 2 (a) shows the optical absorbance of TiO,-NWs and
N-TiO,-NWs before and after decorating with AuNPs, which
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implies that N-doping has shifted the absorbance edge of TiO,
from UV to visible light wavelength due to the occupancy of N-
ions in sub-surface states of TiO,. This forms a sub-band gap
above the valence band of TiO, and thus, facilitates the visible
s light activity.*' The optical density (OD) of the pure and modified
TiO, electrodes has been estimated as F(R)"? = [(1-R?)/2R]"? in
Kubelka-Munk units (Fig.2b).* The optical density of TiO, is
markedly enhanced at UV as well as visible light wavelength
region owing to band gap narrowing and light reflection by N-
10 doping and AuNPs decoration, respectively. Further in order to
ensure the band gap narrowing effect at N-TiO, NWs, the valence
band maximum position was estimated from ultraviolet
photoelectron spectroscopy (See supporting information S4). The
VBM position is found to be ~3.26 eV and ~2.69 eV for TiO,-
1s NWs and N-TiO,-NWs, respectively. This implies that N-doping
carriers are creating sub-bands or defects above the VB of TiO,.
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Figure 2. Optical absorbance spectra of different electrodes [normalized
20 solar spectrum at AM 1.5 is compared in the Figure]; (b) band gap energy
of different electrodes estimated from diffused reflectance spectra.

The strong shoulder peak around 530 nm observed (Fig. 2(a)
and (b)) for Au/TiO,-NWs and Au/N-TiO,-NWs electrode arises
from the LSPR of AuNPs. The augmented absorption at Au/N-

25 TiIO,-NWs confirms its enhanced visible light activity than
Au/TiO,-NWs. As compared using the solar spectrum at AM 1.5
in Fig.2 (a), the major fraction of light absorbance is from visible
light wavelength region than that of UV region. In this line,
Au/N-TiO,-NWs showed large absorbance cross section than

3 undoped TiO,. According to Du et al,*® interaction among AuNPs
afford scattering enhancement in the near-UV band, which
promotes the TiO, absorption enhancement in the same region.
The large amount of Au NPs decoration at N-TiO, surface
(Fig.1d), further enhance the light scattering between AuNPs

35 result high absorbance at near-UV band.

The finite-difference time-domain (FDTD) method was
employed to simulate the electric field distribution at Au
decorated TiO,-NWs and N-TiO,-NWs. Fig.3 shows the electric
field (E-field) distribution in the perpendicular direction, across

40 the AuNPs at TiO,-NWs and N-TiO,-NWs surface obtained from
FDTD simulations. The permittivity of gold was analyzed using
Lorenz-Drude dispersive model.**

5 G QZ
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where, ¢.(w) is the relative permittivity at infinity frequency, G,
4sis the strength of each resonance term, Q. is the plasma
frequency, w and w,, is the angular and resonant frequency,
respectively, and I, is the damping factor or collision frequency.

-0.01

Figure 3. Comparison of the FDTD simulated E-field distributions of
AuNPs on TiO,-NWs and N-TiO,-NWs. The number of AuNPs on TiO,-NW
(dimer with separation) and N-TiO,-NW (triplet without separation) were

assumed based on TEM observation (Figure 1 (d) and (e)).
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From Fig.3b, E-field distribution shows strong localization of
plasmon polaritons between AuNPs and N-TiO,-NWs than
pristine TiO,-NWs, which resulted in higher optical absorbance
at Au/N-TiO,-NWs electrode. The intense electric field observed

s at Au/N-TiO,-NWs surface suggests that the loading of AuNPs
could markedly influence the absorbance cross section at near
UV region. In close proximity at N-TiO,, the hot spot electric
field distribution showed ~2nm around the AuNPs surface,
predominantly scattering at two adjusting Au dimers. The similar

10 trend at Au/TiO, interfaces has been studied previously.***¢ This
enhanced electromagnetic field induced by the LSPR effect is
advantageous in photocatalyst for effective e-h” charge separation
at TiOy/electrolyte interfaces, thus drives larger fraction of the
photoinduced charge to diffuse to the catalytic surface and

15 contribute to catalysis.*’*®
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Figure 4. (a) /-t photocurrent action spectra (under 0.5M Na,SO, aqueous
electrolyte, pH=5.9), (b) open-circuit voltage decay plots measured in 0.1
M Na,SO, electrolyte.

20 To get more insights into the influence of AuNPs on the
photoelectrochemical performance, chronoamperometric [—¢
curves were measured (Fig. 4a) under the illumination (100
mWem™) of visible light at zero bias voltage. The three electrode
cell is used in this study. It clearly evince that AuNPs markedly

25 improve the photocurrent generation from ~25 pAcm™ to ~32

w
a

60

pAcm? in TiO,-NWs which may be attributed to the light
scattering effect. As is discussed above, the AuNPs as light
scattering centres promote light harvesting photons at near UV
band gap region and thus enhance the electron-hole pair
generation at TiO,. Further, nitrogen doping at TiO, found to
enhance the photocurrent to ~60 pAcm™. This can be explained
on the basis of band gap narrowing effect (Fig. 2b) enabling more
visible light photons access to N-TiO,.

The energy level of Au is located below the CB of TiO, and
may also participate in the electrocatalytic water oxidation in
addition to the Pt counter electrode which overlap with resultant
photocurrent of the cell.* This implies that the electron pathway
is feasible from TiO, CB to electrolyte through AuNPs.”
Unprecedentedly, the Au/N-TiO,-NWs show excellent
photocurrent generation of about ~70 pAcm™ Such drastic
improvement (~2.5 fold) in photocurrent density is ascribed to the
synergistic effect of strong light scattering effect from AuNPs
with the visible light driven contribution from N-doping carriers.
In close proximity, photocurrent decay at light off-condition is
very sharp in TiO,-NWs and Au/TiO,-NWs. In contrast, N-TiO,-
NWs showed exponential photocurrent decay trend that is
ascribed to the lower recombination rate of (e/h") pair at oxygen
vacancy sites. Further, the recombination Kkinetics at
electrode/electrolyte interfaces and the minority carrier life time
(e) of different electrodes were qualitatively studied under 0.5M
Na,SO, electrolyte using open circuit voltage decay (OCVD)
techniques.”’

The electron lifetime, t, was calculated using Eq.2 and the
resultant t, vs V,,. spectra is presented at Fig.4b.

1, = (KgT/e)[(dV,o)/dt] (2)

where, V. is open circuit voltage and other parameters has their
own inference.
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Figure 5. Nyquist plots measured under dark condition in 0.1 mM
aqueous Ru(bpy)sCl,.

As anticipated, Fig.4b clearly supports that AuNPs has
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markedly improved the electron life time of TiO,-NWs.** Further,
T, is drastically promoted under N-doping compared to pristine
TiO,-NWs and Au/TiO,-NWs electrodes. The reaction kinetics
and rate of photocatalytic dye degradation process greatly
depends on ¢ and h"™ charge transfer through solid—solid interface
and/or solid—liquid interface. Hence, the feasibility of interfacial
charge transfer at electrode/electrolyte interface was evaluated
using electrochemical impedance spectra (EIS). Fig.5 shows the
Nyquist plots and the excellent theoretical fitting generated using
the equivalent circuit model. 0.1 mM aqueous Ru(bpy);Cl, was
used as the electrolyte. The charge transfer resistance (R.) at
electrode/electrolyte interfaces at TiO,-NWs electrode is ~9573
Q and is substantially reduced to ~7363 Q at Au/TiO,-NWs, due
to the formation of schottky junction that promotes the electron
transfer at electrode/electrolyte interfaces. Further, the R, is
reduced to ~6226 Q upon N doping, owing to the hindered
recombination pathways at N-TiO,-NWs as discussed previously.
Interestingly, a drastically decreased R, is observed at Au/N-
Ti0,-NWs electrode (~2087Q2), which is ~4 fold lesser than that
observed at TiO,-NWs. The drastic reduction of Ry
electrode/electrolyte interface causes effective space charge layer
formation with high C f79.9><10'(’ F in this electrode. The larger
Cu at Au/N-TiO,-NWs electrode than TiO,-NWs (Cﬂ:4.1><10'(’
F) indicates the high feasibility of charge transfer from electrode
to electrolyte with reduced recombination which in-turn could
facilitate the PC dye degradation performance. The prolonged
decay at N-TiO,-NWs validated the high (e/h") pair charge
separation rate due to the blocked recombination pathways
(oxygen vacancies) in TiO,.% High carrier lifetime along with the
simultaneous improvement in reducing oxygen vacancies at
Au/N-TiO,-NWs is responsible for high photocurrent observed in
these electrodes (Fig.4a).

The photocatalytic efficiencies of different electrodes were
investigated through measuring the decolourization of methyl
orange (MO) under visible light irradiation (A>400 nm). In the
absence of catalyst, MO is stable under visible light irradiation
and after introducing the pure and modified TiO, nanostructured
electrodes the PC degradation rate of MO increased
monotonically as a function of the electrode performance. The
photocatalytic  efficiencies of different electrodes
investigated through measuring the decolourization of methyl
orange (MO) under visible light irradiation (A>400 nm). It is
apparent from Fig.6 that 92% of MO was degraded at Au/N-TiO,
NWs within 3 hrs of visible light irradiation, whereas only 73%
decolourization was noticed in the absence of AuNPs. This is
ascribed to the existence of strong LSPR between AuNPs and N-
TiO,-NWs. The TiO,-NWs and Au/TiO,-NWs exhibit only 44%
of decolourization under identical conditions. The catalytic
performance of pristine TiO,-NWs under visible light irradiation
is due to the one-dimensional structure of TiO,-NWs.® It is
worth noticing that the Au/TiO,-NWs show no change in
photocatalytic efficiency despite the presence of AuNPs. This
could be due to weak interaction between AuNPs and TiO,-NWs.
The degradation of MO follows the pseudo first order kinetics
and the rate constant for Au/N-TiO,-NWs (1.1x107 min) is ~4
folds higher than TiO,-NWs (2.9x10~ min™") and ~2 folds higher
than N-TiO,-NWs (7.0x107 min™")
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Figure 6. photocatalytic degradation of MO at various photoelectrodes
for different time course [symbols ‘A’ and ‘@’ represents the experiments
under dark condition and absence of photocatalyst, respectively].

The mechanism of enhanced photocatalytic degradation of MO
is illustrated in Scheme 1, which can be explained as follows:
Under visible light irradiation, photogenerated electron-hole pairs
are formed in AuNPs due to surface plasmon resonance. The
photoexcited electrons at N-TiO, conduction band electrons
scavenge the oxygen molecules and form highly reactive
superoxide radicals (O,”); then on protonation yields HOO’
radicals. Owing to the formation of schottky barrier at Au/TiO,
interface, part of the photoelectrons is transferred from CB of
TiO, to AuNPs. These injected electrons also forming highly
reactive superoxide radicals (O,”). The resultant HOO' radicals
combines with the trapped electrons forming H,0,, finally
forming OH'** These active species (OH’) results in the
degradation and mineralization of MO. Meanwhile, the holes in
TiO, VB scavenge the surface adsorbed water to form highly
reactive hydroxyl radicals (OH"). All these radicals are highly
active towards degradation of MO resulting in enhanced
photocatalytic degradation rates upon visible light irradiation.
Similarly, the holes at the valence band of N-TiO, effectively
reach water forming hydroxyl radicals (OH’). The collective
generation of hydroxyl radicals by N-TiO,-NWs and additional
superoxide radicals at AuNPs, undoubtedly, enhances the
photocatalytic dye degradation performance. It is presumed that
the increase in the amount of AuNPs loading could further
enhance the photocatalytic dye degradation performance.
However, the maximum photocatalytic activity might not be
achieved at the highest loading since there exist a trade-off
between the improved photocatalytic activities owing to the
enhanced charge separation and decreased light absorption by the
host photocatalyst due to increased AuNPs loading. One of the
critical issues on quantifying the PC performance through
decolourization of dye molecules is physical adsorption of MO

This journal is © The Royal Society of Chemistry [year]
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dye molecules on Au/N-TiO, electrode (dye sensitization).** **

However the quantity of dye molecules physically adsorbed onto
Au/N-TiO, electrode is extremely lesser than that of
photocatalytically bleaching dye molecules (dye loading test

s after experiments is carried out using 0.1 M NaOH solution, not
presented in the manuscript). It is anticipated that the analysis of
photocatalytic decomposition of colourless substances could be a
better choice to preclude the undesirable issues involved in
quantifying the PC performance.

10

e-
CB Ti3d

il

Photocatalytic
mineralization

Scheme 1. Schematic mechanism of organic dye pollutant degradation
on Au NPs decorated N-TiO, nanowire.

1s Conclusions

Enhanced visible light activity of high surface area, vertically
grown TiO,-NWs was demonstrated using N-doping as well as
assembling AuNPs using a simple one-step process. The
subsequent effect of (a) high charge-pair separation, (b) extended
visible light absorption driven by N-doping and (c) light
scattering effect from AuNPs, fostered Au/N-TiO,-NWs as
futuristic electrodes with superior photocatalytic activity toward
organic dye pollutant removal. Our significant findings on
enhancing the photocatalytic activity of TiO, through N-doping
25 and AuNPs immobilization render Au/N-TiO,-NWs electrode, a
promising photoanode for collecting the photoelectrons remotely
for simultaneous hydrogen generation or CO, reduction.

20

Experimental Section

30 Photoelectrode fabrication

All materials were purchased from Sigma-Aldrich and were used
as received. The TiO,-NWs array (~4um thickness) is directly
prepared on FTO substrate using pre-coated ZnO-NWs templates.
Detailed description on the preparation of TiO,-NWs, N-TiO,-
3s NWs and DMAP-protected AuNPs were described in our earlier
reports.** 3 % Auw/TiO,-NWs and Au/N-TiO,-NWs were
prepared by simply dipping the TiO,-NWs and N-TiO,-NWs

=
o

%
S

90

electrodes in aqueous solution containing 3.3x10° M of DMAP-
protected AuNPs for 1 min and the electrodes were successively
washed with water thrice to remove the weakly adsorbed AuNPs.
The AuNPs get instantaneously adsorbed onto the NWs via
electrostatic attraction between positively charged AuNPs and
negatively (due to the existence of OH groups at the surface)
charged TiO, NWs surface.

Characterization

The morphology of electrodes was observed using a field
emission scanning electron microscope (FE-SEM, JEOL JSM-
7600F) and field emission transmission electron microscope (FE-
TEM, JEOL JEM-2100F). The optical absorption and diffused
reflectance spectra of the electrodes were recorded in the range of
350-900 nm using a V670 JASCO UV-Vis spectrophotometer.
The electrochemical impedance (EIS) and photocurrent vs time
(I-t) were recorded using three electrode electrochemical cells
with a FRA-equipped PGSTAT-30 from Autolab. The EIS
measurements were carried out under dark condition with
applying a 20 mV AC signal and scanning in the frequency range
between 400 kHz and 0.1 Hz at 0.5V applied voltage.”” The (I-7)
measurements were performed at zero applied potential. The
aqueous 0.5M Na,SO, electrolyte was used as electrolyte. The
photocurrent measurements were recorded in 1 sun condition
(100mWem™?) with the visible light irradiation using a solar
simulator with a 300 W xenon arc-lamp (Newport). The light
intensity was calibrated using a silicon solar cell (PV
measurements, Inc.)The permittivity of gold was analyzed using
Lorenz-Drude dispersive model with the aid of finite difference
time domain method (FDTD) simulation (Optiwave software
package).”®

Photocatalytic activity measurements

A compact Xe light source with an emission of A > 350 nm
was used (ASAHI Spectra Co., Ltd, Japan, model HAL 320) as a
source for visible light radiation. The light intensity was adjusted
to 75 mWem™ using Si-photodiodes (Asahai Spectra, model
CS20). The distance between the visible light source and the
photoelectrode was fixed at 5 cm in the photoelectrochemical
reactor. Methyl orange (MO) dye was the model pollutant used to
evaluate the PC performance of the photoelectrodes. The initial
concentration of MO was 500 mg L™". The volume of MO used is
10 mL. A UV-Vis spectrophotometer (V670 JASCO) was used to
analyze the concentration of MO during the course of
photodegradation.
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