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ABSTRACT: Excessive emission of ammonia (NH;) gives rise to a number of 80 —
negative effects on the environment and human health. Photocatalysis is an ) N o, 69
efficient method to eliminate gaseous NH;; however, photocatalytic oxidation sl R _1;_;6_ E 2626V
(PCO) of NH; in the visible light region has not been achieved to date. Herein, % Tio, @ Easay

we test a set of typical visible-light-sensitive photocatalysts (N-TiO,, g-C;N,, and § Eg32eV m& TS
Ag;PO,) for NH; oxidation and reveal for the first time that the semiconductor S 4ol oo

Ag;PO, can harness visible light to realize ambient NH; oxidation. Combining the § -2y . ><‘ N

activity testing results with the photochemical properties of samples, we confirm o Low VB pision N

that photoexcited holes are responsible for triggering the initial key step of NH; Z 20 N( v \\H |

oxidation (NH; to °NH,), and therefore, the redox potential of photoexcited forse 2‘ Z\-

holes plays the decisive role in the reaction. We propose that an active visible light o 0 0

photocatalyst for NH; oxidation requires both a suitable band gap for visible light - Tio, NTiO, Ag,PO,

response and a low valence band edge associated with a high oxidation potential

for activating NH; to *NH,. Our findings provide new insights into the PCO of
pollutants under visible light and will benefit future design of more efficient visible-light-sensitive photocatalysts.

1. INTRODUCTION

Gaseous ammonia (NHj;) is the predominant alkaline gas and
the major form of reactive nitrogen in the atmosphere.' NHj is
mainly emitted from indoor decorative materials containing
urea or NH; compound-based antifreeze admixtures and
outdoor agriculture and nonagricultural activities.” Excessive
emission of NH; gives rise to a number of negative effects on
human health and the environment. In particular, recent
studies have suggested that NH; participates as NH,* in the
formation of secondary inorganic aerosol through the
neutralization of HNO; and H,SO,, greatly contributing to
the formation of urban haze.'”* Therefore, NH; is a key
precursor for fine particle formation, and research on NH,
emission control is currently attracting more and more
attention.>®

Photodegradation of gaseous pollutants has been widely
studied in the area of environmental catalysis, such as in the
removal of formaldehyde,”® volatile organic compounds,”
NO,, and so forth.'"'*Very recently, researchers have
recognized the potential of TiO, in the photocatalytic
elimination of NH; at room temperature.ls_15 Commercial
and modified anatase TiO, show excellent activity for the
removal of gaseous NH; under UV light.”” We previously
reported that TiO, with predominant exposure of {001} facets
has superior activity for NH; oxidation compared to TiO, with
{101} or {010} facets exposed and that there is a remarkable
synergistic effect between {001} facets and the surface F ions
on PCO of NH;, while no such synergistic effect between
{101} facets and the surface F ions exists.'®'” Nevertheless,
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TiO, has a relatively large band gap (3.0—3.2 eV), which limits
its application under visible light, and the photocatalytic
oxidation (PCO) of NH; under visible light irradiation has not
yet been achieved. Developing efficient visible-light-sensitive
photocatalysts for the elimination of gaseous NH; is of great
interest.

In principle, a visible-light-sensitive photocatalyst exploited
for environmental purification should meet two requirements.
First, such a photocatalyst should have a narrow enough band
gap to allow visible light excitation, which is a necessary
precondition.'®'” Second, a suitable redox potential for the
excited photocatalyst toward the target pollutant is indis-
pensable, but this aspect is often neglected.””*' Nonmetal or
metal-doped TiO,, such as N-'® C-* Fe-*® and Cu-doped
TiO,*** have been widely studied as the most common
visible-light-sensitive photocatalysts. Because the dopant
energy levels in these materials tend to be isolated above the
valence band (VB) of TiO,, the photoexcited holes in the
dopant levels have less oxidation power and lower mobility as
compared to holes in the VB of TiO,.'®*® Therefore, the main
active species usually arise from the activation of O, via
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photoexcited electrons in the conduction band (CB).”**

However, it should be noted that not all pollutants can be
degraded if only O, molecules are activated, for example, the
benzene series in volatile organic compounds (VOCs).” To the
best of our knowledge, the previous studies on band
modification of photocatalysts mainly focus on the reduction
of the band gap to induce a visible light response,”** while the
influence of the redox potential of photoexcited holes and
electrons on the pollutant oxidation has seldom been
investigated or discussed.

In this work, we selected a set of typical semiconductor
materials (N-TiO,, g-C;N,, and Ag;PO,), which are common
visible-light-sensitive photocatalysts, and tested and compared
their activities in NH; oxidation. We interestingly observed
that Ag;PO, can harness visible light to oxidize NH;, while
TiO,, N-TiO,, and g-C;N, exhibit no activity for NH;
oxidation under the same conditions. Based on the character-
ization results of X-ray diffraction (XRD), Brunauer—
Emmett—Teller (BET), electron paramagnetic resonance
(EPR), and so forth, we reveal that along with a suitable
band gap for visible light excitation, the redox potential of
photoexcited holes in a photocatalyst plays a key role in the
course of NH; oxidation. These findings are helpful for the
design of visible-light-driven photocatalysts for gaseous NH;
oxidation and provide a new insight into the PCO of
pollutants.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Catalysts. Ag,PO, particles were
prepared by an ion-exchange method using Na,HPO, and
AgNOj; aqueous solutions, similar to previous reports.zg_31 In
a typical experiment, 10 mL of Na,HPO, aqueous solution
(0.2 M) was added carefully to the prepared 10 mL of AgNO;
aqueous solution (0.6 M), and the obtained golden yellow
precipitate was carefully washed with deionized water several
times and dried at 333 K. Graphitic carbon nitride (g-C;N,)
was prepared by a pyrolysis method, in which melamine was
heated at 550 °C for 4 h. A sol—gel method was employed to
prepare N-TiO,; tetrabutyl titanate was first dropped into the
NH,CI solution, then the obtained gel was dried at 373 K, and
finally, the gel was calcined in a muffle furnace at 773 K for 4 h.
TiO, (P25, Degussa) was purchased from Sigma.

2.2. NH; Oxidation Activity Test. The setup for activity
testing for NH; oxidation was a self-designed flow reactor. A
round sample dish containing 0.1 g of photocatalyst powders
was used to test the NH; oxidation activity. Commercial Xe
lamp (500 W) was the light source. The light intensity was
10.2 mW/cm? when an optical filter (1 > 420 nm) was used.
The concentrations of NH; were online detected by an FTIR
spectrometer (Nicolet 380). The reactant gas was SO ppm
NHj, 20 vol % O,, and N, balance, and the relative humidity of
the reactant gas was controlled about 50%. In a circular flow
activity test experiment, the mixed gas was allowed to flow
circularly through the reactor where the reactant gas volume
was about 1.5 L and the flow was S0 mL/min.

2.3. Characterization Methods. An X'Pert PRO MPD X-
ray powder diffractometer was applied to measure the XRD of
the photocatalysts, in which Cu Ka radiation is operating at 40
kV and 40 mA. The UV—vis diffuse reflection spectroscopy
(DRS) spectra were measured using a UV—vis spectropho-
tometer (U-3310, Hitachi). The morphology of the photo-
catalysts was investigated by a field emission scanning electron
microscope (SU8000). The powdered samples were deposited

on silicon wafers before field emission scanning electron
microscopy measurements. The EPR spectra were recorded
with a Bruker ES00 EPR spectrometer. NH; was adsorbed on
the samples to saturation before EPR measurements.

3. RESULTS AND DISCUSSION

TiO,, N-TiO,, g-C;N,, and Ag;PO, are typical photocatalysts
in the field of heterogeneous photocatalysis and can be easily
synthesized by well-known procedures. Figure 1 and Figure 2
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Figure 1. Powder XRD patterns of synthesized samples at room
temperature.

m S04k SEQUYY .

Figure 2. SEM images of (a) TiO,, (b) N-TiO,, (c) C;N,, and (d)
Ag,PO,.

show the XRD patterns and typical SEM images of the
samples. The TiO, and N-TiO, samples exhibit the standard
anatase XRD pattern, and g-C;N, shows its typical diffraction
peaks at 27.5 and 13.0°, which can be indexed to the (002) and
(100) planes of graphite-like carbon nitride.'”*”*° The XRD
pattern of Ag;PO, shows the characteristic body-centered
cubic structure (JCPDS no. 06-050S). As shown in Figure 2,
TiO, and N-TiO, samples show nanoparticles with a diameter
of 20—30 nm, and the Ag;PO,, sample consists of agglomerated
spherical particles with a diameter of 200—400 nm with
smooth surface, while the g-C;N, sample displays a two-
dimensional lamellar structure.

Visible light absorption is a crucial precondition for a visible-
light-sensitive photocatalyst."*'”*"** We measured and
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compared the UV—vis DRS spectra of the four samples. As
displayed in Figure 3, the TiO, sample shows no observable
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Figure 3. Diffuse reflectance spectra of the samples.

absorption in the visible light region because of its wide band
gap (3.22 eV). In the case of N-TiO,, the broad absorption in
the visible region centered at about 450 nm is characteristic of
the N-doped material. The absorption edge of the g-C;N,
sample is about 460 nm, which corresponds well with the band
gap of pristine g-C;N, (2.7 ev).? Ag;PO, has a broader
absorption in the visible region, with an absorption edge of
around 530 nm. The band gap of Ag;PO, was estimated to be
2.33 €V, consistent with previous studies.”> Clearly, the as-
synthesized photocatalysts, including N-TiO,, g-C;N,, and
Ag;PO,, have considerable visible absorption; hence, these
three samples are potentially active for the PCO of NH; under
visible light.

The samples were then tested for the PCO of gaseous NH;
under visible light or simulated sunlight irradiation. The tests
were performed in a flow reactor, where NH; continuously
flowed over the photocatalysts at a constant inlet concen-
tration. There was no activity in the absence of either the
photocatalysts or light irradiation. As shown in Figure 4a,
TiO,, N-TiO,, and g-C3N, were not active for NH; oxidation
under visible light, and no NH; conversion was detected. In
contrast, we interestingly observed that Ag;PO, shows a high
efficiency for NH; oxidation with visible light irradiation, with
the NH; conversion reaching about 70%. In the case of
simulated sunlight irradiation (Figure 4b), TiO,, N-TiO,, and
Ag;PO, all showed considerable NH; conversion, with an
activity order of Ag;PO, > TiO, > N-TiO,, while g-C;N, was
still inactive. The anatase TiO,, as an efficient UV photo-
catalyst, showed no activity under visible light irradiation
because it has no visible light absorption. N-TiO, or C;N, has
been reported to be active toward the degradation of organic
dyes and some gaseous pollutants under visible light;'**"**
however, their quantum efficiencies are relatively low under
visible light. It is possible that these materials displayed no
activity in the flow reactor because of their low quantum
efficiency. In order to exclude this factor, the samples were
further tested in a circular flow mode under visible light
irradiation, where the initial NH; concentration was 100 ppm
and the reaction gases flowed over the photocatalysts in a
circular fashion. As shown in Figure 5, the N-TiO, and C;N,
samples still showed no activity, while Ag;PO, showed
excellent NH; oxidation performance. Thus, it is clear that
N-TiO, and C;N, cannot oxidize NH; under visible light.
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Figure 4. PCO of NH; over different samples under irradiation by
visible light (a) and simulated sunlight (b) is compared.
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Figure S. Cyclic activity tests of the PCO NHj; over N-TiO,, C;N,,
and Ag;PO, under visible light irradiation.

Many studies have revealed that photogenerated electrons
can activate O, molecules to form reactive oxygen species, such
as superoxide radical (*O,”), which then play important roles
in photocatalysis.””*****> Reactive oxygen species can be
strongly trapped by $,5-dimethyl-1-pyrroline N-oxide
(DMPO) and then can be measured by EPR spectroscopy.”
As shown in Figure 6b, in the case of N-TiO, and g-C;N,,
DMPO—-"0," species in acetonitrile dispersions were detected
under visible light irradiation, which is a typical indication that
O, molecules are activated by the photogenerated electrons on
the surface of N-TiO, and g-C;N,, which is consistent with
previous publications.””” In contrast, no DMPO—"0,~ species
were detected with the Ag;PO, sample, indicating that O,
cannot be activated by photogenerated electrons derived from
the photoexcitation of Ag;PO,. In fact, the CB edge of Ag;PO,
is located at 0.45 eV,”” providing an insufficient potential to
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Figure 6. DMPO spin-trapping EPR spectra after 5 min visible
irradiation in aqueous solutions (a) and acetonitrile solutions (b).

reduce O, to *0,” (E°(0,/°0,”) = —0.33 V/NHE). Even
though both N-TiO, and g-C;N, can strongly activate O,

molecules by providing abundant CB electrons, they exhibit no
efficiency for NH; oxidation under visible light. By contrast,
Ag;PO, cannot activate O,, but it shows high activity. These
findings strongly refute the direct correlation between NH;
oxidation and activation of O, molecules by CB electrons.

The dramatic redox potential differences of photoexcited
holes in these semiconductors should be another crucial aspect
with respect to their photocatalytic performance.’**™** One
possible pathway is that photogenerated holes initiate the
production of hydroxyl radical (*OH) and trigger the indirect
oxidation of NHj. This indirect participation of holes is
commonly involved in oxidation reactions of various
reactants.” ' We therefore detected the amount of *OH
species produced by the samples under visible light. As shown
in Figure 6a, four characteristic peaks of DMPO—"OH adducts
appear for N-TiO, and Ag;PO, under visible light, indicating
the formation of *OH. In contrast, no signal of DMPO—"OH
adducts is observed in the case of TiO, and g-C;N, because
visible light cannot excite TiO,, and the VB holes (~1.40 eV)
from g-C3;N, are not capable of directly oxidizing OH™ or H,O
into *OH radicals (1.99 eV for OH™/*OH and 2.37 eV for
H,0/°*OH). Previous studies have shown that NH; oxidation
by *OH in solution is extremely slow because of the low
reaction rate constant.””** The N-TiO, sample here shows no
activity for NH; oxidation under visible light, giving further
evidence that *OH is not kinetically suitable for the direct
oxidation of NH;. Hence, we can conclude that *OH species
do not play the key role in the PCO of NHj.

The mechanism of the PCO of NH; over TiO, under UV
irradiation has been investigated in previous studies.'”'*** It is
proposed that the PCO of NH; follows a photo-iSCR
mechanism on TiO,, in which the first step is the activation
of NH; to *NH,, and *NH, then reacts with active oxygen
species such as *O,” and *OH to generate the intermediate
NO,; finally, the in situ formed NO, is reduced by *NH, to N,
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Figure 7. EPR spectra of N-TiO,, C;N,, and Ag;PO, after preadsorption of NH; at 90 K.
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or N,O.'" In addition, Yamazoe et al. confirmed the
formation of *NH, on TiO, under UV irradiation by low-
temperature EPR spectroscopy, and they suggested that the
hole plays an important role in the activation of NH; to *NH,.
Based on these reports, we next performed EPR experiments at
low temperature to investigate *NH, formation via the first
step of NH; oxidation by holes over N-TiO,, g-C;N,, and
Ag;PO, under visible light. As shown in Figure 7, the EPR
signal remained unchanged over the NH; preadsorbed N-TiO,
sample under visible light compared with that under dark
conditions, while a new peak located in g = 1.992 due to *°NH,
formation appeared under UV irradiation,"” indicating that the
holes produced on N-TiO, under UV irradiation can oxidize
the preabsorbed NHj;, while the holes excited by visible light
cannot. In the case of g-C;N,, no change in EPR spectra was
observed under UV or visible light, in accordance with its lack
of activity for NH; oxidation. Ag;PO, presents a peak located
at ¢ = 1.986 under visible light similar to that of N-TiO,,
indicating that the preadsorbed NH; is activated by holes to
generate *NH,. The EPR results of Ag;PO, are in good
agreement with the observation that Ag;PO, has exceptional
activity for NH; oxidation under both visible and UV light.
There is an essential question as to why the holes derived
from N-TiO, and g-C;N, under visible light cannot initiate the
NH; oxidation, while the holes from N-TiO, and TiO, under
UV light, and the holes from Ag;PO, under visible or UV light,
can trigger the NHj; oxidation. Generally, the reactivity of holes
is closely related to their oxidation capacity, while the
oxidation capacity is dependent on the position of the VB.
Hence, we can understand that the activity of samples for NH;
oxidation is determined by their VB positions. The band
structures of these four typical photocatalysts have been
intensively investigated. As shown in Figure 8, the VB edges of
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Figure 8. Band-edge positions of TiO,, N-TiO,, C;N,, and Ag;PO,.

TiO,, C;N,, and Ag;PO, are located at 2.7, 1.53, and 2.83 eV,
respectively. As for N-TiO,, the doped nitrogen energy levels
are isolated above the VB of TiO, (located at about 2.0 eV).
NH; oxidation did not occur on the surface of N-TiO, and g-
C;N, under visible light, implying that the redox potentials of
photoexcited holes in the VB of N-TiO, and g-C;N, are not
sufficient for NH; oxidation. TiO, and Ag;PO, have a low VB
edge (below 2.7 eV) and exhibit exceptional activity for NH,
oxidation, demonstrating that if the VB position of a
photocatalyst is 2.7 eV or even lower, the holes are capable
of NH; oxidation.

We have also prepared and tested other TiO,-based
materials such as metal- and nonmetal-doped TiO, (Fe, Cu,
Ni, Co, C, and S) and noble metal (Pt and Pd)-modified TiO,,
and these materials all showed good activity under UV
irradiation but no activity under visible light (Table S1).
Generally, metal or nonmetal doping will reduce the band gap
of TiO,, causing the visible light absorption; however, the
oxidation potential of holes in doped TiO, is lower compared
with that in TiO,, resulting in the decrease of oxidation ability.
Further, we also prepared WO; which has a lower VB position.
WO; showed activity for NH; oxidation under visible light
(Figure S1), further proving that a low VB edge for activating
NHj; to *NH, is a crucial precondition.

We next carried out the DFT calculation about the
thermodynamics of NH; to NH, (NH; — NH, + H). This
process is endothermic by about 113 kcal/mol, indicating that
the N—H bond of NHj is difficult to be broken. The highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of NH; were also calculated by
using Gaussian, and the results are shown in Table S2. The
HOMO of NH; is —7.35 eV (about 2.85 eV vs NHE), which is
very close to the VBs of TiO, and Ag;PO, but far below the
VBs of N-TiO, and g-C;N,, revealing that the HOMO
electron of NH; tends to transfer to the excited VB of TiO,
and Ag;PO, associated with NH; activation to NH,, while it
cannot transfer to the excited VB of N-TiO, and g-C;N,.

On the basis of the above results and discussion, we now
have an essential insight into the visible light PCO of NH;. As
for Ag;PO,, photoexcited electron—hole pairs can be produced
under visible light irradiation because of its narrow band gap,
the charges migrate to the surface of Ag;PO,, and the holes
with high enough redox potential then activate NH; to form
*NH, and initiate the reaction. In contrast, despite the fact that
N-TiO, and g-C;N, can also be photoexcited under visible
light, NH; cannot be activated because of their poor oxidizing
capacities associated with their high VB position. Additionally,
it is noted that even though the active oxygen species such as
°O,” and *OH can trigger NH; oxidation, they participate in
subsequent reactions such as the formation of the intermediate
NO,, as proposed by Yamazoe et al."* and Kebede et al.***

4. CONCLUSIONS

In this work, we compared the performance of a set of typical
semiconductors (Ag;PO,, TiO,, N-TiO,, and g-C;N,) in the
PCO of NH; under visible light or simulated sunlight. We
discovered that the semiconductor Ag;PO, is an efficient
visible-light-sensitive photocatalyst for the PCO of NH;. Based
on activity testing and EPR results, we confirmed that the first
and also the key step in the PCO of NH; is NH; conversion
into *NH,, which is determined by the redox potential of
photogenerated holes. We finally concluded that an effective
visible-light-sensitive photocatalyst for NH; oxidation requires
both a suitable band gap for visible light response and a low
enough VB edge for NH; activation to *NH,. These findings
provide new insights into the PCO reaction of gaseous NH,
and will contribute to the design of more efficient photo-
catalysts for NH; oxidation under visible light.
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