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Isocyanate silver (AgNCO), a novel visible-light sensitive semiconductor photocatalyst is prepared based on an intrinsic
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resonance effect strategy though a simple precipitation process. The as-prepared photocatalyst exhibits photocatalytic

degradation ability under visible light. Importantly, It also shows excellent photocatalytic stability which is a crucial

problem of Ag-based photocatalyst to deal with. The existence of intrinsic resonance effect and crystal structure may be

the main reasons for the superior photocatalytic stability of AgNCO photocatalyst. The possible transferred and separated

behavior of charge carriers as well as the reason insight of outstanding photocatalytic stability are illustrated in detail. This

work develops a

Introduction

In recently years, semiconductor photocatalysts, as a kind
of green solar energy conversion material, have drawn great
attention because that they can employ in photodegradating
organic contaminants and photocatalytic H, evolution from
water efficiently under light irradiation.” Among them, Ag-
based photocatalysts are regarded as a new family of
promising photocatalytic materials because they exhibit high
light utilization rate as well as unique decomposing organic
pollutants and O, evolution ability from water splitting under
solar light irradiation.””One of the significant reasons is that
the hybridization of the energy band structure is related with
participation from the filled d*° electronic configuration of Ag”
ion, which can facilitate the separation and transport of
photogenerated electron-hole pairs, thus improving
photocatalytic activity.s"11 However, Ag-based photocatalyic
materials are sensitive to light, so the photocorrosion can take
place which leads to the poor photocatalytic stability and the
decreasing of photocatalytic activity.lzln order to overcome
this obstacle, there are some attempts to inhibit the
photocorrosion effect of Ag-based photocatalysts, such as
importing electron acceptors or co-catalysts.”**For example,
Ag@AgV0O;/rGO/PCN reported by Zhang and co-workers
displays photodegradation activity and stability for organic
dyes.lsA novel series of B-AgAl,_,Ga,0, solid-solution
photocatalysts synthesized by Ouyang and Ye shows the
highest photocatalytic performance than B-AgAlO, and B-
AgGaOZ.”NevertheIess, due to the complexity of preparation
process and inferior stability, it is still a great challenge to
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new design idea for exploiting the stable Ag-based photocatalysts under visible light irradiation.

develop simple and reliable strategies to produce genuinely
stable photocatalysts. To date, novel Agsz401118and
Ag,Ta,044 photocatalystslghave been reported. Both of them
show the exceptional photocatalytic stability, but the
disadvantage of them is that they can only response to the
ultraviolet light due to the intrinsic large energy band gap (3.09
and 3.82 eV, respectively). Considering energy utilization and
saving, it is particularly important to develop the highly
efficient visible-light response Ag-based semiconductor
photocatalysts with better stability.

Theoretically, the ligand-to-metal charge transfer (LMCT)
which is related with resonance effect leads to decrease the
energy of electronic transition, thus expanding light absorption
|'ange.20'22 In addition, internal dipolar field is believed to aid
carrier separation and transport, while the transformation
between different intrinsic resonance structures can inhibit
the reduction of Ag* ion.23According to reports, the molecular
isocyanate NCO™ ion commonly used as a reagent in organic
and inorganic synthesis has been known for a long time.”* And
the resonance structures for the isocyanate ligand can be
represented in three forms:N =C— 0N =C=0&N"—C=
0".»Based on those above reasons, if we adopt the new
strategic method that the molecular isocyanate NCO™ ion is
combined with Ag’ ion, the novel Ag-based photocatalysts may
be equipped with superior photocatalytic stability under
visible-light irradiation due to intrinsic resonance effect.

For the sake of realizing the above goal, in this work, we
prepared a novel Ag-based photocatalyst, AgNCO, through a
simple precipitation synthetic strategy. The as-prepared
AgNCO sample not only responds to the wide visible-light
region but also exhibits superior photocatalytic stability for
degradation dyes. In addition, the positive influences of
intrinsic resonance effect on light absorption, separation
efficiency of charge carriers and stability of AgNCO are
discussed in detail combined with calculation results based on
density functional theory (DFT).
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Experimental

Raw materials

The following chemicals were used: urea (CH4N,O0), silver
nitrate (AgNOs), Titanium oxide (TiO,), Rhodamin B (RhB) and
methylene blue (MB), benzoquinone (CgH;0,), ammonium
oxalate ((NH,4),C,0,4°H,0), dimethyl sulfoxide ((CH3),SO) were
purchased from Aladdin Chemistry Co. Ltd. All reagents were
of analytical grade and used as received without further
purification. We used distilled water as the solvent.

Synthesis of AgNCO sample

AgNCO can be synthesized by a simple precipitation process
with AgNOj; solution. In a typical process, 6g (0.1mol) urea was
first dissolved in 50 mL deionized water to form a clear
solution. Then urea solution was transferred to a three-necked
flask which was placed in an oil bath pot with a vigorous
stirring for 6 hours at 100°C. 0.85g (0.005mol) AgNO; was
dissolved in 50mL deionized water, which was immersed into
urea solution. After stirring for 10 min, the resulting grey
suspension was transferred to the beaker and stirred for 20
minutes at room temperature to insure the reaction was
completely. Subsequently, the system was kept static in the
dark for 2 hours. The precipitations were washed in turn with
secondary distilled water and absolute ethanol to dissolve any
unreacted raw materials. Eventually, the obtained precipitate
AgNCO products were dried at 60°C.For comparison, Nitrogen-
doped TiO, (N-TiO,) was also synthesized according to a
literature method.”®

Characterization of AgNCO sample

The phase of as-prepared AgNCO samples was characterized
by powder X-ray diffraction (XRD, RigakuD/max-2000)
equipped with a Philips PW3040/60 X-ray diffractometer at a
scanning rate of 5° min in the 20 range of 10-90° using Cu Ka
radiation. X-ray tube current and voltage were set at 50 mA
and 45 kV, respectively. Scanning electron microscopy (SEM)
images were acquired using a scanning electron micro-
analyzer with an accelerating voltage of 15 kV (FESEM, FEI
QUANTA 200F). Energy dispersive X-ray spectrometry (EDS)
was performed with a spectroscope attached to SEM, which
was used for elemental analysis. Transmission electron
microscope (TEM) of the samples was carried out on FEI
TecnaiG2 S-Twin operating at 300 kV. Further evidence for the
composition of the product was obtained from X-ray
photoelectron spectroscopy (XPS) using an American
electronics  physical HIS700ESCA  system with  X-ray
photoelectron spectroscope using Al Ka (1486.6 eV)
monochromatic X-ray radiation. Fourier transform infrared
spectra were measured utilizing IR Affinity-1 FT-IR
spectrometer. The absorption spectra of the as-prepared
samples were measured at room temperature using a UV-vis
spectrophotometer (PG, TU-1900) with BaSO, as the
background between 250 nm and 1200 nm at room
temperature.

Photocatalytic reaction
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RhB and MB dyes were used to evaluate the photocatalytic
activities of the as-obtained AgNCO sample. The degradation
of RhB and MB dyes were performed in quartz photochemical
reactor under visible-light illumination provided by a 300 W
Xenon lamp (Trusttech PLS-SXE 300, Beijing) equipped with an
ultraviolet cutoff filter and/or band pass filter to provide
visible-light with A > 400 nm and/or monochromatic central
wavelength visible-light with 550 nm and 420 nm (A= £15 nm),
respectively. All experiments were conducted at room
temperature in air. In a typical process, RhB solution or MB
solution (10 mg L™, 100 mL) containing 0.1g AgNCO or 0.1g N-
TiO, used for comparison was carried out. After being
dispersed in an ultrasonic bath for 5 min, the mixture was
stirred for 30 min in the dark to reach adsorption—desorption
equilibrium between the catalyst and the solution under
continuous magnetic stirring. Then, the suspension was
exposed to visible-light irradiation. Every 30 min of time
intervals, 3 mL mixture was collected from the suspension, and
then they were centrifuged at 10000 rpm for 5 min to remove
the photocatalysts. The concentrations of RhB or MB were
measured the absorbance at A=554 nm or A=664 nm with the
UV-vis spectrophotometer (PG, TU-1900).

Results and discussion

Our design philosophy for the synthesis of AgNCO mainly
utilizes the decomposition of urea at a higher tem perature.27'28
It is reported that urea solution refluxes for several hours can
generate a large amount of NCO™ ions accompanied by a rise of
pH value simultaneously. Then the supplementary AgNO;
solution acts as not only a donator of Ag* ions but also a pH
value regulator for the urea solution and avoids the
transformation of NCO™ to CO3>. The reaction mechanism of
the preparation procedure is shown in eqn. 1
NH,-CO-NH,—>NH, +NCO

NCO +AgNO;—>AgNCO+NO3”

NCO +OH+H,0->C0;> +NH;
Eqn. 1 Reaction mechanism for the decomposition of urea and
the production of AgNCO.

The phase purity and crystallographic structure of the as-

prepared AgNCO sample are investigated by XRD. As can be
seen in the XRD patterns from Fig. 1, all the diffraction peaks
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Fig. 1 XRD pattern of the as-prepared AgNCO sample.
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Fig. 2 SEM image (a, b), HAADF image (c), SAED pattern (d), EDS spectrum (e) and TEM
image (f) of AgNCO sample.

can be indexed to monoclinic structure AgNCO (JCPDS#72-
1637) satisfactorily, and no diffraction peaks from the
impurities are detected. Moreover, the resulting sharp and
intense diffraction peaks also indicate the AgNCO sample has
high crystallinity. The results demonstrate that identical
crystalline phase AgNCO sample is obtained.

In order to get the information of morphology and
microstructure of AgNCO sample, the characterization of SEM
and TEM is performed. The low magnified SEM image of
AgNCO sample in Fig. 2a shows the obtained product is
composed of rod-like particles. Meanwhile, the high magnified
SEM image in Fig. 2b presents that the surface of AgNCO
sample is smooth. Furthermore, the High Angle Annular Dark
Field (HAADF) image shown in Fig. 2c further exhibits the
smooth surface of AgNCO sample, which is consistent with the
result of SEM image. The smooth surface of sample may be
beneficial for charge carrier migration.nghe HAADF image of a
single AgNCO particle also shows the homogeneity of the
elements about the whole particle due to a uniform
distribution of light and dark.go'glMoreover, Selected Area
Electron Diffraction (SAED) in Fig. 2d is performed on the
whole particle (Fig. 2f), in which the diffraction pattern shows
distinctly symmetrical diffraction spots, demonstrating that
the AgNCO photocatalyst presents the characteristics of the
single crystal.32In addition, the diffraction spots in the SAED
pattern of the sample in Fig. 2d correspond to (-101) (001) and
(220) crystal planes in monoclinic AgNCO crystal. The EDS
spectrum of Fig. 2e presents that the sample is composed of
Ag, N, C and O elements. It further certifies that the pure
AgNCO sample is achieved.

Furthermore, the elemental composition and chemical

state of the as-obtained AgNCO sample are investigated by XPS.

The XPS survey spectra in Fig. S1 shows that the sample is
composed of Ag, N, C and O elements, which is in accordance

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 High-resolution XPS spectra of the AgNCO sample C 1S (a), O 1s (b), N 1s (c) and
Ag 3d (d).

with the results from EDS. The high-resolution XPS spectrum

of C 1s displayed in Fig. 3a shows two peaks at 284.61 eV and
287.7 eV, which can be correspondingly ascribed to the lattice
C 1s state of AgNCO and the carbon of hydrocarbon
contaminants.”’In addition, Fig. 3b shows the high-resolution
XPS spectrum of O 1s, featured with two peaks at 530.8 and
532.1 eV, which is in line with the lattice O 1s state of AgNCO
and adsorbed hydroxyl species, respectively.14 The binding
energy peak at 398.6 eV displayed in Fig. 3c is definitely the
lattice N 1s state of AgNCO which can be assigned to sp2
hybridized N bonded to carbon atoms (C=N—).33 It is found that
the peaks of Ag 3ds/, and Ag 3d5, are located at 368.4 eV and
374.4 eV in Fig. 3d. Due to the no-broadening and symmetric
peak, it is believed that silver may only possesses one Ag’
chemical state and no other Ag nanoparticles
generates,34which is in line with the HAADF image.

In addition, the existence and bonding mode of the NCO
anion in AgNCO are detected by FT-IR spectrum. As shown in
Fig. 4, the absorption peaks at 1297 cm™ and 1207 cm'l, 636
cm™ are assigned to the pseudosymmetric stretching (C—O0)
and the bending (N=C—O0) vibration for NCO" ion.>**"There
are two sharp peaks occurred at 2489 cm™ and 2395 cm™
respectively, which are assigned to the asymmetry stretching
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Fig. 4 The infrared spectrum of AgNCO sample.
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vibration of cumulative double bond of (N=C=0).**It is noted
that a strong absorption at 2152 cm™ matches the
characteristic group frequencies of the antisymmetric
stretching of C= N.38'44However, the sp2 hybridized N bonded
to carbon atoms (C=N-) existed in NCO is detected by XPS at
the same time. The different types of chemical bonds between
C and N atoms are perfectly consistent with the resonance
structural formula of NCO™. Therefore it verifies the resonance
effect existence of NCO™ in AgNCO. The absorption peak at
3448 cm™ and 3353 cm™ can be assigned to adsorbed hydroxyl
species, which is in consistent with XPS results. The absence of
any absorption at 1500 em™ in the IR spectrum suggests no
presents of CO3% ion either as impurity phases,45 which is in
accord with the result of XRD. Combining the above results, it
can be concluded that a novel photocatalyst AgNCO have been
prepared successfully and the existence of intrinsic resonance
effect in AgNCO is also solid confirmed.

The light absorption capacity of AgNCO sample is measured
by the UV-Vis absorption spectrum. Fig. 5 exhibits that the
absorption edge of AgNCO exists at around 530 nm. And the
semiconductor band gap of AgNCO is estimated with empirical
equations ozhv=A(hv—Eg)", where a, v, A, E;, and n are the
absorption coefficient, incident light frequency, constant, band
gap, and an integer, respectively. And n decides the
characteristics of the transition in a semiconductor. We define
AgNCO belongs to indirect bandgap semiconductor and the
value of n is calculated as 2, which is also demonstrated by
theoretical calculation result below. Therefore, the bandgap of
AgNCO is estimated to 2.6 eV shown in the insert of Fig. 59647
Meanwhile, VB and CB positions are calculated by means of
using the empirical formula Eyg=X-E.+0.5E, and Ecg=Eyg—Eg,
where Eyg, X, E., E; and Ecg are the energy of the VB edge
potential, the absolute electronegativity, free electrons on the
hydrogen scale (4.5 eV), the band gap energy and the CB edge
potential of the semiconductor, respectively. Therefore, Ecg
and Eyg are estimated to be 0.52 eV and 3.12 eV, respectively.
It's worth noting that there is a great absorption of visible-light
of the sample in the wavelength range from 550 to 850 nm
exhibited in Fig. 5, which can be attributed to the ligand-to-
metal charge transfer (LMCT) absorptions of the AgNCO.ZO'
22Simultaneously the ligand polarization existed in AgNCO
which is caused by intrinsic resonance effect from the shift of
electronic among N=C—0 >N =C=0¢>N"—C=0". We

112
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Fig. 5 UV-visible spectra and the plots of the (o(hv)il2

AgNCO sample.

versus photon energy (inset) of
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Fig. 6 Dynamic curves of photodegradation (a), plots of In(C,/C) versus time (b) and rate
constant k (c) for RhB solutions over AgNCO and N-TiO, samples under visible light,
cycle runs of the photodegradation the RhB solution (d) over AgNCO sample.

surmise that the different intrinsic resonance structures of
NCO ligand will affect LMCT absorptions in turn due to a
change of electrons density donated to the metal.*®**In
conclusion, this LMCT actually affects the UV-visible absorption
and thus AgNCO exhibits a significant enhancement in light
absorption intensity in the whole visible light region.

The photocatalytic activity of AgNCO sample is investigated
by the photocatalytic degradation experiments of the organic
dye RhB in aqueous solutions under visible-light irradiation.
The degradation kinetics curves of RhB solution (Fig. 6a) show
that the photolysis is negligible without photocatalyst. And the
concentration of RhB decreases relatively slowly in the dark
compared to visible-light irradiation. Furthermore, AgNCO
exhibits improved degradation efficiency compared with that
of N-TiO,, which can almost completely remove RhB within
270 min. Moreover, from the UV-visible spectral changes of
RhB in Fig. S2, the apparent decrease in absorption of RhB dye
with a accompany wavelength shift of the band to shorter
wavelengths confirms the dye is de-ethylated in a stepwise
manner.”In view of that the pollutant is limited to the
millimolar concentration range, the reaction kinetics of RhB
photodegradation by the as-prepared photocatalysts can be
described by pseudo first-order kinetics in terms of the
Langmuir-Hinshelwood model®* (egqn (2)) InC=-kt+InCy (2)
where Cy is the initial dye concentration, C; is the dye
concentration in solution at time t, and k is the first-order rate
constant. The kinetic plots of the AgNCO and TiO, are shown in
Fig. 6b. The removal rate constant k of RhB photodegration
over AgNCO is 6.27x107° min_l, which reaches to 4.1, 24.4 and
28.7 times as much as that of N-TiO, (1.53><10'3 minfl), dark
(2.57><10'4 minfl) and blank(2.18><10'4 minfl), respectively. In
addition, we explore the dominant effect of the different kinds
of activated species based on suppressive degree of
degradation rate of them in photoreaction process. It indicates
that the photodegradation over AgNCO photocatalyst mainly
depends on the self-oxidation of semiconductor (shown in Fig.
s5).%

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 XRD pattern of AgNCO sample after circle runs of RhB dye degradation.

The purpose of recycling experiments is to detect the
stability and reusability of the samples. Take the practical
application into consideration, the photocorrosion of Ag-based
photocatalyst are highlighted. Therefore, it is particularly
important for Ag-based photocatalyst with an exceptional
photocatalytic stability. Herein, the stability of photocatalysts

for the degradation of RhB is chosen. The result is shown in Fig.

6d, it seems to be only a little loss of the photocatalytic activity
over AgNCO sample after the 7 cycles about 30 hours, which
verifies the as-prepared AgNCO sample has unique
photocatalytic stability under visible light. Besides, the XRD
pattern of AgNCO sample after 7 cycles is nearly unchanged
compared with the fresh sample (Fig. 7) and no Ag phase is
detected, which also indicates that AgNCO is a relatively stable
Ag-based photocatalyst. What's more, even when MB dye
serves as target molecules, the removal rate is also higher than
that of N-TiO, shown in Fig. S3a. It can almost entirely remove
MB within 240 min. The rate constant of the photodegradation
of MB over AgNCO is 8.41x10° min™ displayed in Fig. S3c,
which reaches to 3.28, 16.8 and 25.4 times as much as that of
N-Ti02(2.56><10'3 minfl), dark(5.01><10'4 minfl) and blank
(3.31><10'4 minfl), respectively. Note that there is almost no
shift of absorption peak located at 667 nm shown in Fig. S3d,
indicating that the benzene/heterocyclic rings of MB molecule
are decomposed into small organic/inorganic molecules or ion
products.53The above results indicate that AgNCO
photocatalyst exhibits universality for the degradation of
various organic dyes, enhanced photocatalytic degradation
ability and excellent photocatalytic stability.

The possible photocatalytic reaction mechanism and the
carrier separation behavior promoted by intrinsic resonance
effect over the AgNCO sample are shown in Fig. 8. Considering
that the atomic partial charges are not symmetrically
distributed in the isocyanate anion,54 intrinsic resonance effect
in conjuction with internal dipolar fields is believed to aid
carrier separation and transport. Meanwhile, the band gap of
AgNCO is 2.4 eV and thus can be excited under visible-light
radiation. The charge carrier separation and transfer behavior
suffered from a cycle shown in Fig. 8. Firstly, the electron from
valence-band maximum (VBM) composed of Ag 5d, N 2p and O
2p excited into conduction-band minimum (CBM) composed of

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8 The possible photocatalytic reaction mechanism and the carrier separation
behavior over AgNCO sample.

Ag 5s and N Zs,23 resulting in electron-hole pair formation.
(Stepl) Then, due to the intrinsic resonance effect of AgNCO
and strong electronegativity of O, internal dipolar field
generate and it can promote the separation of electron and
hole. Electron transfers from Ag on the left and one p bond of
O=C breaks to convert the N“—Cc=0" group to N=C=0
group.(Step2)Subsequently, the electron will react with oxygen
to generate superoxide radicals (-02_). The «0” active species
and ¢OH radicals are responsible for the degradation of RhB
and MB, respectively (shown in Fig. S4). Ultimately, N=C=0
group gets back to the initial N> —c=0" state, a cycle finishes
under visible light (Step3)and goes on continuously. Once
electrons and holes have migrated away from their production
sites, these above processes may accelerate electrons and
holes to participate in the reaction with oxygen and dyes in
time. The transformation between different intrinsic
resonance structures reduces the reaction opportunity of
electronics and Ag’ ion. In consequence, the intrinsic
resonance effect suppresses the reduction of Ag" ion and
increases the photocatalytic stability of AgNCO effectively.
Furthermore, in order to confirm the position of the
electrons and holes of AgNCO photocatalyst, we calculated the
band structure and the density of states (DOS) for Ag, C, O and
N near the Fermi level (EF) using first-principles DFT shown in
Fig. 9 (see calculation method of theory, Supporting
Information).The corrected bandgap dispersion of AgNCO in
Fig. 9a proves that AgNCO belongs to an indirect bandgap
semiconductor according with the result shown in the
absorption spectrum.SSThe calculated partial DOS suggests
that the valence band is mainly composed of Ag 4d orbitals
hybridized with N 2p, N 2s, O 2s, O 2p, C 2s and C 2p orbitals,
and the conduction band primarily consists of Ag 5s, Ag 5p, N
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Fig. 9 Band structure (a) and partial DOS (b) of AGNCO sample.
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x @®o
Fig. 10 Crystal structure schematic of AgNCO sample.

2p, N 2s ,C 2p and O 2p orbitals. More specifically, it indicates
that the VB of AgNCO is dominated by Ag 4d, N 2p, O 2p and
the CB consists of Ag 5s, N 2s, which proves the accuracy of
the proposed photocatalytic reaction mechanism above.*®At
the same time, the hybridization of orbitals favors high
electron mobility, which may avoid the reduction of Ag” ion.

The crystal structure of AgNCO is another important factor
to be equipped with the exceptional photocalalytic stability,
according to reports.57 As is shown in Fig. 10, The AgNCO
compound is composed of zigzag chains along the Y-axis in
which the silver cation is in a two-fold coordination of -
(OZCZNZ)Ag(NZCZOZ)-.25 The NCO™ acts as a bridge to contact
the Ag atoms on both ends of the bond, leading to a 180°
angle of N-Ag-N formation which is in favor of the migration of
electrons and holes.*® Meanwhile, on account of high electron
mobility, the strong electronegativity of the terminal N of N-
Ag-N bond and the transformation between different intrinsic
resonance structures may inhibit the nonlocalized electrons to
react with Ag® ions and thus prevent Ag" ion from reduction.
As mentioned above, this compound contains zig-zag Ag-N-Ag
chains with a bond angle of 95.847°, which prevents the
overlap of electron cloud of adjacent atoms of Ag-Ag to
protect Ag" from reducting.24 Additionally, the layered
structure of AgNCO may facilitate the transport and separation
of the carrier.®® All the above features are beneficial to
strengthen the photocatalytic stability of AgNCO for the
degradation of RhB and MB dyes.

Conclusions

In summary, we have successfully synthesized a novel visible-
light sensitive Ag-based photocatalyst AgNCO by a simple
precipitation reaction. The as-prepared AgNCO exhibits
enhanced photocatalytic activity and excellent photocatalytic
stability for the degradation of RhB and MB under visible-light
irradiation. The superior photocatalytic stability may be
attributed to the intrinsic resonance effect and crystal
structure of AgNCO. Meanwhile, the intrinsic resonance effect
can promote the separation and migration of photogenerated
electrons and holes, thus improving the photocatalytic activity.
This work develops a novel photostabilized Ag-based
photocatalyst employing the intrinsic resonance effect under
visible-light irradiation, which may play a guidance role in Ag-
based photocatalysts development.
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