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ABSTRACT: Catalytic ammoxidation of alcohols into nitriles is
an essential reaction in organic synthesis. While highly desirable,
conducting the synthesis at room temperature is challenging, using
NH; as the nitrogen source, O, as the oxidant, and a catalyst
without noble metals. Herein, we report robust photocatalysts
consisting of Fe(III)-modified titanium dioxide (Fe/TiO,) for
ammoxidation reactions at room temperature utilizing oxygen at
atmospheric pressure, NH; as the nitrogen source, and NH,Br as
an additive. To the best of our knowledge, this is the first example
of catalytic ammoxidation of alcohols over a photocatalyst using
such cheap and benign materials. Various (hetero) aromatic nitriles
were synthesized at high yields, and aliphatic alcohols could also be
transformed into corresponding nitriles at considerable yields. The
modification of TiO, with Fe(IIl) facilitates the formation of active *O,~ radicals and increases the adsorption of NH; and amino
intermediates on the catalyst, accelerating the ammoxidation to yield nitriles. The additive NH,Br impressively improves the catalytic
efficiency via the formation of bromine radicals (Br®) from Br~, which works synergistically with *O,~ to capture H® from C,-H,
which is present in benzyl alcohol and the intermediate aldimine (RCH=NH), to generate the active carbon-centered radicals.
Further, the generation of Br® from the Br™ additive consumes the photogenerated holes and OH® radicals to prevent over-oxidation,
significantly improving the selectivity toward nitriles. This amalgamation of function and synergy of the Fe(IIl)-doped TiO, and
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NH,Br reveals new opportunities for developing semiconductor-based photocatalytic systems for fine chemical synthesis.

B INTRODUCTION

Nitriles are important intermediates in organic synthesis and a
crucial moiety with a wide application in medicinal, organic,
and polymer chemistry."”” General methods for synthesizing
nitriles mainly include the nucleophilic cyanation of alkyl
halides,’ Wittig reactions,” and transition-metal-catalyzed
cyanation of arenes.”® However, these methods demonstrate
the drawbacks associated with using high-cost starting
materials, the generation of toxic wastes, and the poor atomic
efficiency. Therefore, much effort has been devoted to
developing novel catalytic methods for the environmentally
friendly synthesis of nitriles.

Refining renewable biomass can produce significant
quantities of oxygen-containing compounds, such as aldehydes
and alcohols, which are versatile raw materials for industries.”*
Direct ammoxidation of alcohols and aldehydes into nitriles is
an ideal green process as it uses feedstocks from sustainable
biomass, and water is the only byproduct.”~"" The production
of nitriles using thermal-catalytic methods has been well
documented for the ammoxidation of alcohols and aldehydes
using noble-metal catalysts or transition-metal catalysts.'”~"*
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Ammoxidation of alcohols to yield nitriles involves the
selective oxidation of the alcohol. Most thermal-catalytic
systems require high reaction temperatures (to 100 °C) and
high-pressure oxygen, which can produce a range of
undesirable byproducts. Therefore, conducting ammoxidation
under mild conditions has been considered of great
importance.l b

Photocatalytic redox reactions over semiconductors can
proceed at room temperature and have received increasing
attention in the organic synthetic community.">'® The
photocatalytic process generates reactive species such as
photogenerated charge carriers and oxidative free radicals at
room temperature. Developing photocatalytic systems using
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cheap and abundant materials as catalysts is challenging while
simultaneously achieving a high reaction rate and product
selectivity. This is particularly hard when producing nitriles
from alcohols and aldehydes using NH; and O,, as side
reactions from overoxidation are hard to avoid.'”~"” Nandi and
Leadbeater developed a homogeneous Ru-complex photo-
catalytic system to synthesize nitriles from aldehydes using
NH,CO,NH, as the nitrogen source, 4-acetamido-TEMPO as
the primary oxidant, ammonium persulfate as the secondary
oxidant, and pyridine as the base (Scheme 1, reaction A)."® A

Scheme 1. Methods Reported in the Literature and the
Present Work for the Photocatalytic Ammoxidation of
Aldehydes or Alcohols into Nitriles

(A) Ammoxidation of aldehydes by (NH,4),S,0g

o) Pyridine, 4-acetamido-TEMPO
Ru(b PFg)2, (NH4),2S,0;
)I\ (bPy)3(PFe)2, (NH4)2S,0g 3 R—CN
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(B) Two-step ammoxidation of aromatic alcohols by NaN;
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(C) This work:
One-pot ammoxidation of aliphatic and aromatic alcohols by NH;

Fe/TiO,
/\OH ——— > R—cCN

O, balloon, NH3
LED Light

R

1) Readily available NH; as the nitrogen source
2) Low cost of non-noble metal catalyst

3) Recyclable heterogeneous catalyst

4) High activity and selectivity

5) Broad substrate range

relatively simple photocatalytic system utilizing macro-rings
was developed for the oxidative transformation of alcohols into
nitriles in the presence of Lewis acid. While simple, the
reaction required the explosive sodium azide (NaN,) as the
nitrogen source (Scheme 1, reaction B).19 Obviously, it is
highly desirable to develop novel heterogeneous non-noble
metal catalytic systems for the photo-ammoxidation of
biomass-derived alcohols into nitriles using the low-cost and
readily available NH; as the nitrogen source.

TiO, is one of the most abundant and extensively studied
semiconductors for photochemical applications, such as the
degradation of volatile organic compounds, various organic
syntheses, and dye-sensitized solar cells.”"~** Particularly, it is
very stable in organic solutions. Thus, its application in
photocatalytic organic transformations has greatly attracted
research attention. For photocatalytic oxidation reactions,
TiO, can generate highly reactive oxygen species such as
hydroxylic radicals (*OH), resulting in extensive oxidation and
even complete mineralization. However, in the current case,
the over-oxidation of reactant alcohols to carboxylic acids
would result in poor selectivity and minimal production of the
product nitriles. Over-oxidation is a common problem in
aerobic oxidation over TiO, photocatalysts, impeding their
application for fine chemical synthesis. To achieve high
selectivity toward nitriles, we have to design a photocatalytic
system that promotes the selective aerobic oxidation of

alcohols to the corresponding aldehydes, which react with
ammonia to yield aldimine intermediates (RCH=NH). The
aldimine dehydrogenation by O, yields nitriles. Practical
approaches need to be developed to avoid other side reactions.
Such procedures would help develop other fine chemical
syntheses over Ti-based photocatalysts. It is this idea that
motivates us for the present research.

Modifying TiO, with transition metals®® such as Fe, Mn, and
Cu is a facile and effective way to tune the photocatalytic
performance of TiO,. Among the transition metals, iron is one
of the most appropriate candidates.” It can be easily
incorporated into the crystal lattice of TiO, such as in
ilmenite, due to the similar radius of Fe** (0.79 A) and Ti*
(0.75 A).” The incorporated iron may improve the separation
of e7/h* pairs by capturing electrons, facilitating the formation
of active *O,” radicals.”®

Another challenge is to find a process to convert the
photogenerated holes and OH® radicals into milder oxidants
that selectively oxidize the reactant alcohols and dehydrogen-
ate the intermediate while avoiding over-oxidation. In the
present study, Fe(IIl)-modified titanium dioxide (Fe/TiO,)
was prepared by a simple impregnation-calcination method.
We found that the Fe/TiO, catalyst is robust for the
ammoxidation of alcohols to nitriles using ammonia as the
nitrogen source and NH,Br as the redox additive (Scheme 1,
reaction C).

B RESULTS AND DISCUSSION

Iron-modified TiO, catalysts were prepared by the facile
impregnation-calcination method, abbreviated as Fe-x/TiO, (x
represents the calculated weight percentages of Fe to TiO,,
which were set to be 0.3, 1.1, 2.0, and 6.0). X-ray diffraction
(XRD) (Figure la) was used to investigate the crystal
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Figure 1. (a) XRD patterns of TiO, and Fe-x/TiO, (x = 0.3, 1.1, 2.0,
and 6.0), (b) Fe 2p XPS spectrum and corresponding fitted curves of
Fe-2.0/TiO,, and (c) EIS Nyquist spectra of TiO, and Fe-x/TiO,.

structures of the samples produced. Fe-x/TiO, composites
retained the anatase (PDF#21-1272) and rutile (PDF#21-
1276) lattices, while the diffraction patterns associated with
iron species were not observed in the as-prepared Fe-x/TiO,
catalysts except for the Fe-6.0/TiO, sample with the highest
iron content. The XRD patterns of Fe-6.0/TiO, show a weak
diffraction peak at 33°, which can be assigned to the hematite
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(104) plane (PDF#33-0664), probably because of the
crystallization and aggregation of a-Fe,O; in the sample.

To figure out the valence states of the iron species, we
conducted an X-ray photoelectron spectroscopy (XPS)
analysis. The Fe 2p XPS spectrum (Figure 1b) can be fitted
into six peaks. Two prominent peaks with binding energies at
710.7 and 723.7 eV are associated with Fe(III) 2p;/, and 2p,,,
respectively, and are accompanied by two satellite peaks at
719.1 and 7282 eV. The other two peaks with the binding
energies at 713.9 and 725.6 eV are assigned to Fe 2p;,, and Fe
2p; ), of the Fe-hydroxide groups.”®”” The peak at 458.7 eV in
the Ti 2p spectrum of the Fe-x/TiO, samples shifts slightly
toward a lower binding energy than that of pristine TiO,
(Figure S1, Supporting Information). This is because Fe
species interact with Ti and O on the surface of the TiO,,
resulting in the lower charge density of the Fe atoms and
higher charge density of the Ti atoms, leading to the lower Ti
electron binding energy in the XPS spectrum.”***

The transmission electron microscopy (TEM) image
(Figure 2a) shows that the morphology of Fe-2.0/TiO, was
characteristic of nanoparticles with an average size of ~20 nm.
No visible iron oxide nanoparticles were observed in the TEM
image of Fe-2.0/TiO,, consistent with the results of XRD.
High-resolution TEM (HR-TEM) was further used to identify
the Fe species. As shown in Figure 2b, a lattice fringe with a
distance of 0.360 nm was measured in the HR-TEM of Fe-2.0/
TiO,, which was assigned to the (101) plane of anatase, and
was slightly larger than the standard 0.352 nm (PDF#21-1272)
for pure TiO, It is consistent with the observation that the
characteristic X-ray diffraction peak corresponding to the
(101) crystal plane is slightly shifted to a lower angle compared
to that of pristine TiO, (Figure S2a) because replacing some
Ti*" by Fe***® results in a slight lattice expansion according to
the Bragg equation (2dsinf = nl). Interestingly, we measured
the lattice spacings at different regions and found inconsistent
lattice fringe spacing (0.354—0.366 nm) at several places, as
shown in Figure S2b. This indicates that the Fe doping is not
uniform. Such an enlargement was also noted in the HR-TEM
images of the Fe-0.3/TiO, sample (Figure S3a—c). In Figure
2¢, suspected Fe species are marked by red circles, which
shows that the doped Fe species are well dispersed within the
TiO, lattice. Scanning TEM and the corresponding energy-
dispersive X-ray elemental mapping images of Fe-2.0/TiO,
(Figure 2e—h; Figure S4) further show the distribution of Fe,
Ti, and O. Specifically, the spatial distributions of Fe and Ti
coincided with each other, which is the general characteristic of
doping.”*** To investigate the vertical distribution of doped Fe
in the TiO, lattice, Ar-sputtering XPS measurements at
different surface depths were conducted (Figure S4). It is
obvious that the iron signal gradually weakens with the
sputtering time. When the sputtering time was extended to
1000 s, the iron signal almost completely disappeared,
indicating that there are negligible iron species at this depth.
The result confirms that the Fe species are located
preferentially on the external surface, and with the increase
of depth, the content of Fe species gradually declined. These
results, combined with the results from XRD patterns, HR-
TEM images, and the elemental mapping images, allow us to
conclude that the Fe species preferentially existed on the
surface of TiO,. In an extensive screening of the Fe-2.0/TiO,
sample in multiple HR-TEM views, the lattice spacing of 0.252
nm corresponding to the (110) plane of hematite (PDF#33-
0664) was occasionally observed (Figure 2d). This illustrated

S-im

100 nm . 100 nm

100 nm 100 nm

Figure 2. (ab) TEM images (the inset figure is the particle size
distribution), (c,d) HRTEM images, and (e—h) elemental mapping of
Fe-2.0/TiO,.

the formation of small amounts of a-Fe,O; highly dispersed
within the Fe-2.0/TiO, sample. The small quantity and
crystallite size observed explain why the diffraction peaks of
a-Fe,O; were not detected in XRD. Nevertheless, the lattice
fringes of a-Fe,0; were not found during the screening of
multiple areas of the Fe-0.3/TiO, samples (Figure S3a—c).
This indicates that the crystallization of a-Fe,O5 is minimal
when the iron content is very low and, instead, Fe(IIl) is
dispersed within the surface lattice of TiO,.

To further reveal the fine structure of Fe-2.0/TiO,, the X-ray
absorption near-edge structure (XANES) and the extended X-
ray absorption fine structure (EXAFS) were measured (Figure
3). The spectrum of Fe-2.0/TiO, was distinct from the other
reference standards in the range of 7120—7160 eV (Figure 3a),
suggesting the state of Fe in Fe-2.0/TiO, was different from
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Figure 3. (a) Fe K-edge XANES and (b) Fourier transform EXAFS
spectra of Fe-2.0/TiO,, acid-treated Fe-2.0/TiO, (Fe-2.0/TiO,-
H,S0,), and reference standards.

that in a standard sample of FeOy. These differences are
ascribed to the replacement of Fe in the TiO, lattice, as it
resulted in a different Fe—O bond environment from that in
FeO,.””’! Moreover, the Fe K-edge EXAFS spectrum displays
two clear peaks at 1.49 and 2.55 A, which are assigned to the
characteristic peaks of the Fe—O bond and the Fe—O-—Fe
bond, respectively. No characteristic peak of the Fe—Fe bond
at 2.21 A is observed. The above result demonstrated that iron
species existed in both dopants in TiO, and iron oxides on the
Fe-2.0/TiO, surface.

The photocatalytic activities of samples for the ammox-
idation of benzyl alcohol are summarized in Table 1. Control
experiments revealed that light and O,, the essential
components for photocatalysis, are required to yield the

Table 1. Photocatalytic Conversion of Benzyl Alcohol to

Benzonitrile”
CcN
H

0,, NH3;, Additive

OH . . iti
————————————-
Photocatalyst, CH;CN

4 AMS, 365 nm LED

1 2 3

entry photocatalyst conv. 1 (%)  Sel. 2 (%)  Sel. 3 (%)
1 TiO, 492 43 8.7
2 Fe-0.3/TiO, 48.4 6.6 19.2
3 Fe-1.1/TiO, 47.7 17.8 56.6
4 Fe-2.0/TiO, 49.6 17.1 73.8
s Fe-6.0/TiO, 27.4 24.1 66.4
6" FeCl, + TiO, 49.5 32 133
7 FeCl, 0 0 0
8? Fe,0; + TiO, 35.6 632 24.3
9 Fe,0, 0 0 0
10° Fe-0.3/Ti0,-H,S0, 40.7 10.8 24.6
11¢ Fe-2.0/TiO,-H,S0, 4.5 22.8 52.9
124 Fe-2.0/TiO, 76.9 LS 98.5
13° Fe-2.0/TiO, >99.0 0 >99.0
14 Fe-2.0/TiO, 78.1 89.0 11.0
15 TiO, >99.0 40.6 1.0
16% Fe-2.0/TiO, 72.8 2.1 91.9

“Reaction conditions: benzyl alcohol (0.2 mmol), photocatalyst (20
mg), CH;CN (10 mL), 4 A MS (molecular sieve) (50 mg), NH; (0 1
MPa), O, balloon, 365 nm LED, 12 h, room temperature. bA
mechanical mixture of FeCl; or Fe,05 and TiO,; the iron content was
the same as that in Fe-2.0/TiO,. “Fe/TiO,-H,SO, represents that the
catalyst was washed with 0.5 M sulfuric acid for 12 h before use.
“H,Br (0.25 equiv). °NH,Br (0.25 equiv), 24 h."NH,Br (0.25 equiv)
without NH;. $NH,Br (0.25 equiv) and water (0.1 mL) without 4 A
MS.

desired product (Table S1). Pristine TiO,, the Fe-x/TiO,
catalysts (except for Fe-6.0/Ti0,), and a mechanical mixture
of FeCl, or Fe,0; and TiO, (Table 1, entries 6 and 8) showed
similar conversions of benzyl alcohol, while FeCl; and Fe,04
exhibited no catalytic activity toward the conversion (Table 1,
entries 7 and 9). The alcohol reactant is first oxidized to the
corresponding aldehyde, followed by a cyanation of the
aldehyde with ammonia to yield a nitrile product.m’12 Thus,
the above results reveal that the illuminated TiO, is necessary
for generating oxidative species for the aerobic oxidation of
alcohol reactants. However, most benzyl alcohols were
converted into over-oxidized products on pure TiO,, such as
benzoic acid and benzyl benzoate (Figure SS), which are not
reactive for the subsequent cyanation with ammonia (Table S2,
entry S). The selectivities for benzaldehyde and benzonitrile
over TiO, are only 8.7 and 4.3% (Table 1, entry 1),
respectively.

Effect of Fe(lll) Modification. The results in Table 1 show
that as the Fe loading increases from 0.3 to 2.0% (entries 2—4),
the selectivity to benzaldehyde and benzonitrile increases
considerably, while the alcohol conversion varies slightly. In
this iron content range, more dispersed Fe(IIl) species are in
the TiO, lattice, coinciding with less alcohol being over-
oxidized. The Fe(IIl) species in the TiO, lattice reduces the
over-oxidation to benzoic acid and benzyl benzoate, con-
tributing to the formation of benzonitrile. Fe-2.0/TiO,
delivered the highest selectivity of benzonitrile at 73.8%,
while the selectivity of benzaldehyde was 17.1% (Table 1, entry
4). Comparing entries 4 and S in Table 1, one can see that the
dispersed Fe(IIl) species also promote benzaldehyde cyana-
tion. In addition, The diffuse reflectance UV—VIS spectra of
the Fe-x/TiO, samples show a red shift in the visible region
compared to those of the pristine TiO, (Figures S6a,b).
Increasing the Fe loading to 6.0% caused a color change in the
samples, from light yellow to dark yellow and finally to brown.

Further increasing the Fe loading from 2.0 to 6.0%, the
conversion of benzyl alcohol decreased from 49.6% over Fe-
2.0/TiO, to 27.4% over Fe-6.0/TiO, (Table 1, entry S). The
electrochemical impedance spectroscopy (EIS) Nyquist
spectra in Figure 1c show that the increase of the Fe loading
to 6.0% causes a decrease in the transfer efficiency of light-
generated charge carriers. The lower transfer efficiency
generates fewer reactive species for oxidation and affects the
benzyl alcohol oxidation. The mechanical mixture of FeCl; and
TiO, exhibited poor selectivity for benzonitrile. The Fe®*
species bonded to the TiO, surface are responsible for the
slight increase in the benzonitrile selectivity compared with
that on the pure TiO, catalyst.

The modification of TiO, with Fe(Ill) significantly
improved the yields of benzonitrile but not the benzyl alcohol
conversion, indicating that Fe(III) enhanced the cyanation of
benzaldehyde with ammonia to yield benzonitrile, as evidenced
by the control experiments shown in Table S2. We conducted
the control experiments over Fe-2.0/CeQ,, Fe-2.0/CdS, and
Fe-2.0/BiVO, to investigate which step in the ammoxidation
reactions is responsible for the poor performance compared to
Fe-2.0/TiO,. The result in Table S3 reveals that when exposed
to the NH; atmosphere, Fe-2.0/CeQ,, Fe-2.0/CdS, and Fe-
2.0/BiVO, lost the ability to photocatalytically activate benzyl
alcohol oxidation. Since Fe(III) existed both as a lattice dopant
and as a-Fe,0; in Fe-2.0/TiO,, to clarify the role of the tiny a-
Fe,O; supported on the TiO, surface, we used 200 mg of
catalysts and 40 mL of 0.5 M sulfuric acid to reflux at 70 °C for
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12 h to remove a-Fe,O; while retaining the doped iron.
Further, we conducted two supplemental reactions over Fe-
0.3/TiO,-H,SO, and Fe-2.0/TiO,-H,SO, catalysts, which
were characterized by TEM (Figures S3 and S7).

We noted that the benzonitrile yields over Fe-0.3/TiO, and
Fe-0.3/Ti0,-H,SO, are similar (Table 1, entries 2 vs 10),
while the benzonitrile yield decreased substantially from 36.6%
over Fe-2.0/TiO, to 22.5% over Fe-2.0/Ti0,-H,SO, (Table 1,
entries 4 vs 11). As shown in Figure 3, Fe-2.0/TiO,-H,SO,,
Fe-2.0/TiO,, and the standard samples show pre-edge peaks at
7115—=7125 eV. The pre-edge peaks of the two catalysts are
located between the peaks of FeO and Fe,O;. In comparison,
the peak of Fe-2.0/TiO,-H,SO, shows a little negative shift
compared to that of Fe-2.0/TiO,. It implies that the oxidation
state of Fe in the two catalysts is between +2 and +3, and the
oxidation state of Fe in Fe-2.0/TiO,-H,SO, is lower than that
in Fe-2.0/TiO,. This is because the oxygen coordination
number of Fe-2.0/Ti0,-H,SO, (5.7 + 0.3) is less than that of
Fe-2.0/TiO, (6.0 + 0.2) (Table S4) so that the oxidation state
of Fe over Fe-2.0/TiO,-H,S0, is lower.”"*'

Moreover, the iron oxide particles on the catalyst surface
were removed after acid treatment. Therefore, the character-
istic peak of the Fe—O—Fe bond at 2.55 A is not observed in
the EXAFS spectrum of Fe-2.0/TiO,-H,SO, (Figure 3b). This
means that iron is doped on the Fe-2.0/TiO,-H,SO, surface
on an atomic scale.”” The reduced yield of benzonitrile after
the acid treatment of Fe-2.0/TiO, reveals that both Fe(III)
dopants and a-Fe,O; are active in photocatalytic ammox-
idation. Similar yields of benzonitrile from Fe-0.3/TiO, and
Fe-0.3/TiO,-H,SO, further confirm that Fe species were
present in the dopant states at low loading (e.g., 0.3%), which
was consistent with the results shown in the characterization
section. We further ruled out the activity of @-Fe,O;, and the
reaction was inactive when the catalyst was replaced with a-
Fe,0; and a-Fe,0; was mechanically mixed with TiO, (Table
1, entries 8 and 9).

Moreover, NH; temperature-programmed desorption (NH;-
TPD) profiles showed that the strong acid sites with the
desorption peak of NH; at 390 °C were significantly enhanced
after introducing Fe species to the TiO, (Figure Sa). This
means that the Fe(III) modification increases the adsorption of
NHj; on the catalyst. The adsorption of the intermediates with
an amino group, such as RCH=NH, should be enhanced
because the interaction between the amino group and the
surface is enhanced. The enhanced adsorption accelerates their
reactions toward yielding nitriles. We observed a substantial
decrease in nitrile yield when adding pyridine (which blocks
the surface sites for the adsorption of NH; and the
intermediates). This indicates that the catalyst surface sites
play an essential role in aldehyde cyanation with NH;. Fe (III)
dopants improved the surface properties, promoting cyanation
(reaction 4 vs reaction 6, Scheme 3a). The above results
confirm that an exquisite modification of TiO, with Fe(III) can
serve to control the reaction pathway, improving the selectivity
of benzonitrile. The reaction conditions were then optimized
over Fe-2.0/TiO,. In our experimental procedure, NH; was
first filled before O, was charged into the autoclave. As shown
in Figure 4a, the pressure of NH; gas influenced the reaction.
0.1 MPa of NH; gave the highest selectivity of the product,
while excessive NH; decreased the benzonitrile selectivity. The
pressure of oxygen has a negligible influence on the
benzonitrile yield (Figure 4b). Thus, an oxygen balloon was
used to provide sufficient O,.
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Figure 4. Optimization of oxygen pressure, ammonia pressure, species
of HAT, and NH,Br loading amount. Reaction conditions: benzyl
alcohol (0.2 mmol), the Fe-2.0/TiO, catalyst (20 mg), CH;CN (10
mL), 4A MS (50 mg), 365 nm LED, room temperature, 12 h, except
for the (a) O, balloon without the HAT agent, (b) NH, (0.1 MPa)
without the HAT agent, (c) 1.0 equiv of the HAT agent, the O,
balloon, and NH; (0.1 MPa), and (d) NH,Br, the O, balloon, and
NH, (0.1 MPa).

Effect of the NH,Br Additive. Excellent benzonitrile yield
was achieved by adding NH,Br to the reaction mixture (Table
1, entries 12 and 13). NH,Br likely promotes photocatalytic
ammoxidation via a combination of two effects. Halogen
anions can serve as the hydrogen atom transfer (HAT) agents
in radical reactions, mediating and accelerating the photo-
catalytic reactions.””*> As shown in Figure 4c, adding HAT
agents, NH,F, NH,Cl, NH,Br, and KBr, positively affected the
photocatalytic ammoxidation of benzyl alcohol. The benzoni-
trile yield in the presence of KBr is higher than those with
NH,F or NH,Cl. This means that Br~ anions contributed
more to improving the catalytic efficiency. Br™ ions reacted
with positively charged holes, yielding Br® radicals that increase
the alcohol conversion while avoiding over-oxidation. NH,Br is
the best additive also because NH," in NH,Br may serve as the
nitrogen source for the formation of benzonitrile, as shown in
the reaction without NH; (Table 1, entry 14). A similar
reaction was conducted with pure TiO, (Table 1, entry 15).
The result also demonstrates that alcohol is more prone to
over-oxidation without iron modification. 0.25 equiv of NH,Br
gave the best nitrile yield. Increasing the loading past this
point, NH,Br does not increase the nitrile yield (Figure 4d),
possibly due to the poor solubility of NH,Br in acetonitrile
(Figure S8). We also investigated the influence of NH; by
control experiments with/without NH; in the presence of
HAT. Table SS shows that the yield of benzaldehyde changed
from trace to 7.3%, the yield of overoxidation products
(benzoic acid and benzyl benzoate) increased from negligible
to 79.0%, and the yield of nitrile decreased from 99.0 to 9.3%.
These results indicate that the presence of NHj restrains the
overoxidation of benzyl alcohol.

Adding water to the reaction system inhibited the reaction
to a certain extent (Table 1, entry 16). Thus, adding molecular
sieves is required to remove water formed during the reaction.
Under the optimal conditions, the benzonitrile yield was 99.0%
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Scheme 2. Substrate Scope for the Photocatalytic Ammoxidation of Alcohols into Nitriles”
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“Reaction conditions: substrate (0.2 mmol), Fe-2.0/TiO, (20 mg), CH;CN (10 mL), 4 A MS (50 mg), NH; (0.1 MPa), NH,Br (0.25 equiv), O,

balloon, 365 nm LED, room temperature, and 24 h.

within 24 h (Table 1, entry 13). Surprisingly, this system also
obtained an 80.3% yield under sunlight irradiation (Figure S9).

Besides the high catalytic activity and the excellent selectivity
toward benzonitrile, the Fe-2.0/TiO, catalyst also demon-
strated high stability after five cycles without a noticeable loss
of activity and no significant changes of the initial oxidation
rates and the temporal profile of product formation (Figure
$10). The recycled catalyst was characterized by XRD, TEM,
XPS, ICP-AES, and so on (Figures S11—13 and Table S6).
The results were not significantly different from those before
use, indicating that the catalyst was very stable.

With the optimal reaction conditions in hand, we explored
the substrate scope for the photocatalytic ammoxidation of
alcohols into nitriles over the Fe-2.0/TiO, catalyst (Scheme
2). In general, aromatic and heteroaromatic alcohols were
converted into the corresponding nitriles with good to
excellent yields. An obvious steric hindrance was observed
for the O-methyl benzyl alcohol compared to that for m/p-
methyl benzyl alcohol (products 1 vs 2 and 3). In addition, the
electronic properties of the substituent groups, whether
electron-donating or -withdrawing, show no significant
influence on substrate conversion due to the reaction involving
the radicals. The electronic properties generally affect the
activity of the substrates involving cation or anion
intermediates.”* A lower yield is observed for product 14
with a nitro group, possibly due to the competitive adsorption
of the nitro group with the hydroxyl group on the catalyst
surface, thereby reducing the reaction rate.”>*® Functional
groups such as alkyl, ether, ester, halogens, and nitro are well
tolerated in our photocatalytic system. 4-Cyanopyridine (17),
an important intermediate in synthesizing pharmaceuticals
such as Milverin and Pyrazidil, was obtained with a yield of
89.5%. More excitingly, the method developed in the paper is
also effective for inert aliphatic alcohols, affording the synthesis
of aliphatic nitriles with moderate yields in the same reaction

time. This is challenging when using a thermal-catalytic
process.

Mechanism Study. Modifying TiO, with the Fe(III)
species affected the separation and transfer of photogenerated
carriers. Under irradiation, the photocurrent density of Fe-2.0/
TiO, is considerably higher than that of TiO, (Figure Sb),
indicating that there are more photogenerated electrons over
Fe-2.0/TiO, than over TiO,. The EIS Nyquist spectra also

-
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Figure S. (a) NH;-TPD profile of Fe-2.0/TiO, and TiO,, (b)
photocurrent densities of TiO, and Fe-2.0/TiO,, (c) time-dependent
photoluminescence lifetime spectra of TiO, and Fe-2.0/TiO,, (d)
room temperature photoluminescence emission spectra of TiO, and
Fe-2.0/TiO,, electron paramagnetic resonance spectra of (e) carbon-
centered radical (*C) and (f) superoxide radical (*O,”) using S,5-
dimethyl-1-pyrroline N-oxide as a spin-trapping agent.
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Scheme 3. (a) Control Experiments; (b) Scheme of the Generation of Active Radicals; and (c) Proposed Three-Step Reaction
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temperature.

indicate that the separation and transfer of charge carriers are
enhanced by Fe(Ill) doping (Figure 1lc). The photo-
luminescence spectra show that the Fe-2.0/TiO, sample
exhibits a lower fluorescence intensity than TiO, (Figure
5d). One can deduce that more light-excited electrons were
captured by O, adsorbed onto Fe-2.0/TiO,, yielding more
*0O,” radicals than pristine TiO,. This means fewer electrons
relaxed to the valence band with emission, and a lower
emission intensity was observed from Fe-2.0/TiO, than from
pure TiO,. Time-resolved photoluminescence was also
conducted to detect the exciton lifetime (Figure Sc). The
exciton lifetime was 1.49 ns for TiO,, which increased to 1.52
ns for Fe-2.0/TiO,. These results confirm that the Fe(III)
lattice dopants enhanced the separation of photogenerated
electron—hole pairs. This increased separation increases the
likelihood that reactive species will be produced by the exciton
pair, improving the photocatalytic efficiency.””

Radical quenching experiments investigated the reactive
species produced in the photocatalytic process. Triethanol-
amine, butylated hydroxytoluene, isopropyl alcohol (IPA), p-
benzoquinone, and potassium peroxodisulfate (K,S,05) were
used as scavengers for the photogenerated hole (h*), carbon-
centered radical (°C), hydroxyl radical (*OH), superoxide
radical (*O,7), and photoexcited electron (e~), respectively. As
shown in Figure S14, the activity of aerobic oxidation of benzyl
alcohol over Fe-2.0/TiO, significantly decreased when the
scavengers for h¥, °C, *O,7, and e~ were added to the reaction
system. This demonstrates that these reactive species played a
vital role in this synthesis. Similar quenching results were
observed using the intermediate benzaldehyde as the starting
material (Figure S15). These radicals promote both the
conversion of benzyl alcohol and the cyanation of the
intermediate benzaldehyde.

Electron paramagnetic resonance measurements with Fe-
2.0/TiO, and pristine TiO, were conducted using 5,5-
dimethyl-1-pyrroline N-oxide as the trapping agent. These
experiments proved the influence of Fe(III) doping on the
generation of two reactive radicals, carbon-centered radicals
and *O,” species. As shown in Figure Se,f, the purple and red
plots with two different sextuplet peaks reveal the existence of
carbon-centered radicals and *O,” species, respectively.’>*’
The intensity of the *O,~ peaks in the Fe-2.0/TiO, system is
more potent than in pristine TiO, under the same conditions
(Figure Sf), indicating that more *O,” species were generated
over Fe-2.0/TiO, than over pure TiO,. Thus, these results
suggest that more light-excited electrons were captured by the
adsorbed O, and more carbon-centered radicals were
generated on Fe-2.0/TiO, than on TiO,.

The mechanism for how NH,Br contributes to the
photocatalytic activity is of great interest as it promotes both
the alcohol oxidation and subsequent aldehyde cyanation
(Table 1). It has been known that HBr and CH,Br, could
generate Br® through the oxidation of Br~ by the Mes-
Acr*ClO,~ (E,5(cat*/cat®) = +2.06 V vs SCE) photo-redox
catalyst because it has sufficient power for the oxidation of
CH,Br, (E,,” = + 1.62 V vs SCE) and HBr (E, ,™ =+ 0.76 V
vs SCE).”> We have inferred that NH,Br improves the
photocatalytic efliciency of the transformation of Br~ to
bromide radicals (Br*) during the photocatalytic process. To
verify the possibility that Br® radicals exist, we measured the
cyclic voltammetry of NH,Br (Figure S16). The result
indicated that the illuminated Fe-2.0/TiO, (Ecp = + 2.60 V
vs NHE) could oxidize NH,Br (E,,,”™ = + 1.30 V vs NHE) to
yield Br® radicals. The generation of Br® from Br™ over a TiO,
photocatalyst has been previously reported.””*" To prove the
existence of Br® radicals in the system, we carried out laser
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flash photolysis (LFP) measurements. The direct detection of
Br® by LFP was rarely reported, and the detection of Br,*” is
usually introduced to identify the presence of Br® (Br® + Br~
— Br,"”). As shown in Figure S17, the generation of Br® is
confirmed by the similar absorption peak around 360 nm,
which is ascribed to the absorption of Br,*~."*~*" In addition,
we conducted a control experiment with identical photo-
reaction conditions, except that phenol was used as the
substrate instead of benzyl alcohol and without NHj. As
indicated by the GC chromatogram of the products (Figure
S18a), 4-bromophenol was the sole product (Figure S18b).
Despite its low yield due to the low solubility of NH,Br, these
results reveal the existence of Br® during the photocatalytic
reaction as the reaction between phenol and Br® is a well-
recognized radical substitution process.”” Therefore, as shown
in Scheme 3b, we deduce that light irradiation excites the
valence band electrons to the conduction band, and O,
captures the excited electrons to produce *O,”. The holes in
the conduction band of Fe-2.0/TiO, (with potential E = +2.60
V vs NHE) have sufficient power to oxidize Br~ anions to
generate Br® radicals. This process consumes the most
oxidative specie, the photogenerated holes, reducing over-
oxidation significantly.

Based on the above analysis and previous reports, we
propose a mechanism for the photocatalytic ammoxidation of
alcohols into nitriles over the Fe-x/TiO, catalyst (Scheme 3c).
Aldehydes were detected to be the intermediate in systems
with Fe/TiO, photocatalysts (Figure S19). NH,Br played a
dual role: promoting the oxidation of benzyl alcohol to
benzaldehyde (reaction 1 vs 2, Scheme 3a) and the subsequent
ammoxidation of the benzaldehyde into benzonitrile (reaction
3 vs 4, Scheme 3a). In addition, it can serve as an additional
nitrogen source for the ammoxidation of benzaldehyde
(reaction 1 vs 2, Scheme 3a).

A recent report on benzaldehyde ammoxidation using
NH,OH-HCI as the nitrogen source indicated that benzaldox-
ime was the intermediate in the process,” which was formed
by the condensation of benzaldehyde and NH,OH. Interest-
ingly, Fe-2.0/TiO, was inactive in an experiment using
benzaldoxime as the substrate (reaction 5, Scheme 3a).
Thus, the aldimine intermediate (RCH=NH) yielded from
the condensation of aldehydes with NH; is likely the
intermediate in our catalytic system, similar to that reported
for thermal and photocatalytic systems.'>***” To demonstrate
the existence of imine intermediates, we increased the pressure
of NHj; to promote the conversion of step 2 (Scheme 3C) to
accumulate more product V. The accumulated product V will
not only be oxidized to nitrile by dehydrogenation but also
spontaneously be condensed to an imine condensate (Figure
S20a). The retention time of the condensate in the GC
chromatograph was about 17 min (Figure S20b). By analyzing
the MS spectrum of the condensate, the structural formula of
the product was acquired as 1-phenyl-N,N’-bis-
(phenylmethylene) (Figure S20c), which was consistent with
the previous report.’® This result also demonstrates the
existence of intermediate imines, supporting our proposed
mechanism for the oxidation of imines to nitriles. Therefore,
the photocatalytic transformation of alcohols into nitriles
involves the selective oxidation of alcohols into aldehydes as
the first step, followed by condensing the aldehydes with NH;
into an aldimine intermediate (RCH=NH) and the final
oxidation of RCH=NH into the nitrile. In these two oxidation
steps, the rate of aldehyde ammoxidation to nitrile was slower

in the initial stage of the reaction, and NH,Br promoted the
reaction rates of both steps. It suggested that the process of
aldehyde ammoxidation to nitrile was the rate-determining
step (Figure S21), similar to the nitrile catalyzed by a
palladium catalyst under light irradiation."’

Under light irradiation, reactive *O,” and Br® radicals were
generated in this photocatalytic system. The oxidation of
alcohols to aldehydes is a selective oxidation reaction, and
reaction mechanisms involving *O,” as the reactive oxygen
species have been well documented.”>*****° Control experi-
ments showed that NH,Br significantly promoted the
oxidation of benzyl alcohol to benzaldehyde in the absence
of NH; (reaction 2, Scheme 3a). Thus, it is concluded that the
in situ formed Br® radicals promoted the generation of the
carbon-centered radicals (II) via the cleavage of the C,—H
bond, a critical steg in the photocatalytic oxidation of alcohols
into aldehydes.””"” As excellent HAT agents, bromine anions
have been successfully applied in photo-redox cataly-
sis.’>*°1% For example, the selective alkylation and
amination of inactive C(sp*)—H bonds over a photo-redox
catalyst with HBr as the HAT agent was reported, in which the
in situ generated Br® is responsible for the abstraction of the
hydrogen atom from the C(sp*)—H partner to produce a
tertiary radical instead of bromine substitution.’” It is
consistent with our experimental result that no bromine-
substituted products were detected. After the generation of the
carbon-centered radical (II), the carbon-centered radical (II)
couples with *O,™ to generate the Fe-coordinated intermediate
(111),” followed by the concerted bond-cleavage process to
yield the aldehyde intermediate (IV) and the release of H,O,.
H,0, was immediately decomposed on iron species by a
Fenton reaction which generates hydroxyl radicals (OH®) that
could over-oxidize benzyl alcohol.””** By introducing Br™ into
the system, the OH® are preferentially quenched by Br™ to
generate Br® radicals.”* To further understand the main role of
bromine, we carried out a control experiment with the addition
of IPA as a scavenger of hydroxyl radicals in the presence and
absence of NH,Br. The results show that the yield of nitrile
slightly decreased after quenching the hydroxyl radical (Table
S7). This indicates that quenching hydroxyl radicals have a
limited impact on the conversion of both benzyl alcohol and
benzaldehyde. The Br® radicals significantly increase the
selective oxidation of the alcohol to yield aldehyde but avoid
the over-oxidation of benzyl alcohol and promote the
ammoxidation of benzyl alcohol to nitrile. The presence of
NH; also contributes to the high selectivity of nitrile. In the
absence of NHj, over-oxidation products were detected after
adding different HAT reagents (Table SS). When benzyl
alcohol was oxidized to benzaldehyde, it immediately reacted
with ammonia to form imines (RCH=NH, V) (Scheme 3c), a
common spontaneous process at room temperature. The imine
was further dehydrogenated by aerobic oxidation to yield the
final nitrile product rather than being directly oxidized to
benzoic acid. To support the proposed mechanism further, we
conducted control experiments with toluene as the substrate
under identical conditions. As shown in Scheme S1, in the
presence of NH,Br, toluene could be converted to
benzaldehyde and benzonitrile. Although the conversion was
only 10% due to the inert nature of C—H bonds in toluene, we
can deduce that Br® indeed contributed to the activation of C—
H bond dissociation. This result supports our proposed
mechanism that Br® contributes greatly to activating C—H
bonds in benzyl alcohol.
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In our photoreaction system, benzyl alcohol is selectively
oxidized to benzaldehyde under light conditions (step 1,
Scheme 3c), and the aldehyde, immediately spontaneously
condenses with NH; to generate an unstable aldimine
intermediate (RCH=NH, V) (step 2, Scheme 3c). As
previously reported,12’13’55’56, the aldimine intermediate further
oxidatively dehydronates to yield benzonitrile (step 3, Scheme
3c). The synergistic effect of *O,” radicals and Br® radicals
greatly promotes steps 1 and 3.

B CONCLUSIONS

We developed a green system composed of a Fe/TiO,
photocatalyst and NH,Br for catalyzing the ammoxidation of
alcohols to produce nitriles using O, and NH; at room
temperature, with excellent nitrile yield. The new mechanism
found in this study has implications for designing other
photocatalytic systems to produce fine chemicals using
catalysts and additives from abundant materials. Well-dispersed
Fe(Il) species within a TiO, lattice do not reduce the
oxidation potential toward alcohols but effectively enhance the
adsorption of NH; and the intermediates and promote the
cyanation of the aldehyde intermediates. The Br™ ions of the
NH,Br additive are oxidized, yielding reactive Br*® radicals
under light irradiation. These consume powerful oxidants
generated in the photocatalytic system, avoiding over-oxidation
of the alcohol and increasing the adsorption of NH; and the
intermediates. The Br® radicals accelerate the cleavage of the
C,—H bond, the critical step involved in the ammoxidation of
alcohols to yield nitriles. This study provides a novel strategy
for the green synthesis of nitriles, which sheds light on
synthesizing more value-added products by selective oxidation
processes.
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1. Experimental Section

Materials. All the chemicals used for the preparation of the substrates and the starting
materials were purchased from Aladdin Chemicals Co. Ltd. (Beijing, China), and used
asreceived. All the solvents were supplied from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China) and used directly without further purification.

Synthesis of iron-modified titanium dioxide (Fe/TiO;). According to a previous
study with minor modifications, Fe/TiO2 samples were prepared using an
impregnation-calcination method.! Generally, anhydrous FeCls was dissolved in 10 mL
of deionized water to obtain a solution, and 1 g of commercial TiO2 (P25, anatase/rutile
= 80:20, Degussa) was dispersed in 50 mL of deionized water under sonication for 30
min. Subsequently, the FeClz solution was added dropwise to the TiO2 suspension
under continuous stirring. The mixture was kept at room temperature for 12 h with
stirring. Then, water was removed by heating the mixture at 70 °C under stirring for 12
h, and the solid was dried thoroughly in an oven at 70 °C overnight. Finally, the product
was obtained by grinding the dried solid with a mortar for 30 min before calcining it in
a muffle furnace at 400 °C for 4 h, with a heating rate of 5 °C/min. The samples were
noted as Fe-x/TiO2 (x represents the calculated mass ratio of iron to TiO2). For example,
Fe-2.0/TiO2 represents that the Fe/TiO2 mass ratio is 2.0%.

Synthesis of cadmium sulfide (CdS). CdS was prepared according to the method in
the literature.? 4.62 g of CdCk-2.5H20 and 4.62 g of thiourea were dissolved in 60 mL
of ethylenediamine under stirring for 30 min. The solution was transferred to a 100 mL
autoclave with a Teflon lining and maintained at 160 °C for 24 h. Subsequently, the
reactor was naturally cooled to room temperature, the suspension was centrifuged, and
the precipitant was washed with deionized water and ethanol three times. The product
was obtained after drying in an oven at 70 °C for 8 h.

Synthesis of ceric oxide (CeO;). CeO2 was prepared according to a previous study.?
Typically, 3.47 gof Ce(NO3)3-6H20 and 38.4 g of NaOH were dissolved in 20 mL and
140 mL of deionized water, respectively. Then the Ce(NO3z)s solution was added
dropwise to the NaOH solution, and the mixture was stirred at room temperature for 30

min. Subsequently, the suspension was transferred to an autoclave with a Teflon lining



and kept at 100 °C for 24 h. After naturally cooling to room temperature, the resulting
product was centrifuged, washed repeatedly with deionized water, and dried in an oven
at 70° C. The product was finally obtained by calcination at 600 °C for 2 h in a muffle
furnace, with a heating rate of 5 °C/min.

Synthesis of bismuth vanadate (BiVO,). BiVO4 was synthesized according to a
reported method.# 2.91 g of Bi(NO3z)3-5H20 was dissolved in 30 mL of 1 M HNO3
solution under stirring for 30 min. Then, 0.70 g of NH4VO3 was added to the above
solution. After 2 h, the mixture was transferred into an autoclave with a Teflon lining
and kept at 70 °C for 15 h. After natural cooling to room temperature, the suspension
was filtered and washed with deionized water and ethanol, respectively. The product
was obtained after drying in an oven at 70 °C for 8 h.

Synthesis of Co/TiO,, Ni/TiO,, Cu/TiO,, Fe/CdS, Fe/CeO,, and Fe/BiVO,. Co/TiO2,
NI/TiO2, and Cu/TiO2 were prepared using the same method as Fe/TiO2 preparation,
except that the metal precursors were CoCl2-:6H20, NiCk-4H2.0, CuCl-2H20,
respectively. Fe/CdS, Fe/CeO2, and Fe/BiVO4 were also prepared using the same
procedures, except that the semiconductor photocatalyst was the as-prepared CdS,
CeOz2, and BiVOgs, respectively. For all photocatalysts, the content of the doped metal
in the photocatalysts was 2.0%.

Characterization. Powder X-ray diffraction (XRD) measurements were conducted
with the Bruker D8 Advance instrument. X-ray photoelectron spectroscopy
measurement was performed on a Thermo Scientific XPS K-alpha machine using
monochromatic Al-Ka radiation, with the peak of C 1s (284.8 eV) as the reference.
Survey scans were conducted in the range of 0-1150 eV (binding energy) at pass energy
of 100.0 eV, and the analysis was conducted using Avantage and XPS Peak software.
Thanks to eceshi (www.eceshicom) for the Ar-sputtering XPS measurements, the
surface of each sample was initially cleaned with Ar* ions (high purity 99.999%)
sputtering at a beam energy of 2 kV under a chamber with a base pressure of less than
1.0 x 102 mBar. The STEM measurements were performed on a 300 kV Titan G2 60—
300 microscope (FEI) equipped with a probe Cs-corrector and a super-X EDX detector

(FEI) (Provided by shiyanjia (www.shiyanjia.com)). Specific surface areas were



measured using the Brunauer—-Emmett—Teller (BET) method with N2 absorption, and
the data were collected by a Micromeritics TriStar 3000 gas adsorption analyzer. NHs
temperature-programmed desorption (NHs-TPD) was conducted on a BELCAT I
Microtrac BEL instrument equipped with a thermal conductivity detector (TCD). UV-
VIS absorption spectra were obtained on a Shimadzu UV-Vis 2550 spectrophotometer
fitted with an integrating sphere. The reflection measurements were converted to the
absorption spectra using Kubelka—Mulk transformation. Photoluminescence (PL)
emission spectra of the samples were measured on a fluorescence spectrophotometer
(Hitachi, Model F-7000) with an excitation wavelength of 250 nm atroom temperature.
Time-resolved PL fluorescence spectra were obtained using an FLS-1000 spectrometer
(Edinburgh instruments) with an excitation wavelength of 375 nm and a probe
wavelength of 410 nm. The electron paramagnetic resonance (EPR) signal was
recorded on the Bruker EMX EPR spectrometer (Bruker, USA). Absorption spectra of
Br2"by using a laser flash photolysis (LFP) spectrometer (LP980, Edinburgh
Instruments Ltd., U.K.) equipped with a Continuum Surelite 1-10 Q-switched Nd:YAG
laser and the third harmonic (355 nm) of a Quanta Ray GCR Nd:YAG laser.
Photoelectrochemical activity measurements, including photocurrent density and
electrochemical impedance spectroscopy (EIS), were recorded employing an
electrochemical analyzer (CHI660E, Shanghai Chenhua electrochemical workstation)
over astandard three-electrode system using the to-be-measured sample coated on FTO
glass as the working electrode, a Pt wire as the counter electrode, and Ag/AgCI as the
reference electrode. Mott-Schottky experiments were performed in a sodium sulfate
electrolyte solution (0.2 M) (pH = 6.8), and the perturbation signals were 10 mV at a
frequency of 1 kHz. The content of Fe in the catalyst was determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES VISTA-MPX).

Photocatalytic reaction. The photocatalytic reactions were performed using a 50 mL
stainless steel photoreactor with a quartz window (Xi’an Taikang, China). In a typical
run, 20 mg of photocatalyst, 50 mg of 4A molecular sieve, 0.2 mmol of alcohol, 10 mL
of anhydrous acetonitrile, and NH4Br were added to the photoreactor. The air in the

photoreactor was first removed by freezing vacuum pumping. Then oxygen was filled
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mto the photoreactor and removed by freezing vacuum pumping. This procedure was
repeated 5 times. Then, ammonia gas was supplied into the photoreactor for 600
seconds, and an oxygen balloon was connected to the reactor. After stirring for 30 min
in the dark, a LED was turned on (0.5 cm away from the quartz window, A =365 nm),
and the photocatalytic reaction was started for a certain time. After the reaction, the
products were quantitatively analyzed by gas chromatography using ethylbenzene as

the nternal standard.



2. Supporting Figures
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Figure S1. Fe 2p, O Is, and Ti 2p XPS spectra of TiO2, Fe-0.3/TiO2, Fe-1.1/TiO2, Fe-

2.0/Ti02, and Fe-6.0/TiOx.

Two peaks were deconvoluted from the O Is spectrum (Figure S1). The most

prommnent peak with binding energy at 530.0 eV was attributed to the Ti—O bonds. The
other O Is peak with the binding energy at 531.5 eV was ascribed to the surface

absorbed hydroxyl groups (—OH).
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Figure S2. (a) Magnified X-Ray diffraction spectra of TiO2 and Fe-2.0/TiO2 in the
range of 10°to 30° with a slow scan rate of 2°/min and (b) high-resolution TEM images
of the Fe-2.0/TiO2 sample at different depths of view.

The characteristic X-ray diffraction peak corresponding to the (101) crystal plane is
slightly shifted to a low angle compared to pristine TiO2 because Ti** was replaced by
the Fe3" (Figure S2a).%7
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Figure S3. (a-c) HR-TEM images of Fe-0.3/TiO2 and (d-f) Fe-0.3/TiO2-H2S0O4.

The catalysts were obtained by treating Fe-0.3/TiO2 with H2SO4 to remove the tiny o-
Fe203 nanoparticles on the surface of the TiO2. As shown in Figure S3, a-FexOs
nanoparticles were not visible in Fe-0.3/TiO2 and Fe-0.3/TiO2-H2SOa4.
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Figure S6. (a) Ultraviolet-visible diffuse reflectance spectra, (b) Tauc plots of TiO2, Fe-
0.3/TiO2, Fe-1.1/Ti02, Fe-2.0/TiO2, and Fe-6.0/TiO2, (c) Mott—Schottky plots of
mterfacial capacitance derived from EIS data for TiO2, Fe-0.3/TiO2, Fe-1.1/TiO2, Fe-
2.0/TiO2, and Fe-6.0/TiO2 and (d) The conduction band and valance band positions of
TiO2, Fe-0.3/TiO2, Fe-1.1/TiO2, Fe-2.0/Ti02, and Fe-6.0/TiO2 calculated from the UV—
vis absorption spectra and Mott-Schottky analyses.

Figure Séa,

Increasing the Fe loading to 6.0%, a-Fe2Os formation caused a color change in the
samples, from light yellow to dark yelow and finally to brown, which is the
characteristic color of a-Fe2Os. This suggests that in the Fe-2.0/TiO2 sample, the Fe(III)
species reaches saturation in the TiO: lattice, and any excess iron forms a-Fe2Os.

The redox power of the semiconductor photocatalyst is directly associated with the
band structure.® Thus, the bandgap of a series of Fe-x/TiO> was studied. The diffuse
reflection UV-VIS spectra of the Fe-x/TiO2 samples showed a redshift i the visible

region compared to pristme TiOo>.

Figure S6b,
We calculated the bandgap energies of the samples from the Tauc plots using the Tauc



equation: (ahv)" = A(hv-Eg) where a, h, v, Eg, and A are the absorption coefficient,
Plank constant, light frequency, bandgap, and a constant, respectively.® The Tauc plots
demonstrated that the bandgap energies of the Fe-x/TiO2 samples became lower with
increased iron content. The bandgap energies were calculated to be 3.24, 3.13, 3.11,
3.09, and 2.99 eV for TiO2, Fe-0.3/TiO2, Fe-1.1/TiO2, Fe-2.0/TiO2 and Fe-6.0/TiO2,
respectively. An absorption peak with the edge at ~600 nm was observed in the Fe-

6.0/TiO2 sample, ascribed to the absorption edge of a-Fe20s.

Figure Séc,

The electrochemical experiments were then carried out to mvestigate the band structure.
The typical Mott-Schottky plots of the TiO> and Fe-x/TiO2 electrodes measured m the
dark showed a positive slope of the C2-E plot, characteristic of an n-type
semiconductor. A flat-band potential (Vi) could be determined by extrapolating the
lmear part of the Mott-Schottky plot to the x-axis and was used to estimate the

conduction band energy.

Figure S6d,

The valence band energies of TiO2> and Fe(Ill) modified TiO2 are more positive than
those of other semiconductors. The light- generated holes can yield reactive species with
sufficient oxidation power to oxidize the alcohol.?

Combining the bandgap energies calculated from the optical absorption (Figure Séb),
we determined the valence band energies of TiO2 and Fe-x/TiO2 samples (Table S9 and
Figure S6d). The valence band energy of Fe-x/TiO> samples, except the Fe-6.0/TiO2
sample, became slightly less positive compared to TiO2, suggesting that the
modification with Fe(IIl) species slightly weakened the photocatalytic oxidation power.
This is consistent with the observation that the alcohol conversion over the Fe-x/TiO2
samples (except Fe-6.0/TiO2) is like that over TiO2 (Table 1). Sufficient aerobic
oxidation power is critical for this photocatalytic synthesis. The valence band decrease
mn the Fe-6.0/TiO2 sample is ascribed to the valence band co-dominated by TiO2 and a-
Fe20s.
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Figure S7. (a-c) HR-TEM images of Fe-2.0/TiO2 and (d-f) Fe-2.0/TiO2-H2SO4.

The Fe-2.0/TiO2-H2SO4 sample was obtained by treating Fe-2.0/TiO2 with H2SO4 to
remove the tiny a-Fe2O3 nanoparticles on the surface of the TiO2 (Figure S7).



Figure S8. The dissolution of ammonium bromide in acetonitrile.

We conducted the following experiment to evaluate the solubility of NH4Br in CH3CN.
Typically, 5 mg of NH4Br was accurately weighed and added into a beaker containing
30 mL of anhydrous CH3CN. The mixture was ultrasonicated for 10 min, and the
dissolution of ammonium bromide particles was observed and recorded. NH4Br was
not dissolved. Thus, 10 mL more of CH3CN was added. This operation was repeated
until no NHsBr particles were seen. The solubility of NHsBr in CH3CN could be
approximately calculated by the formula a=b/c where a, b and c represent the solubility
of ammonium bromide, the mass of ammonium bromide, and the volume of acetonitrile,
respectively.

As shown in the photographs below, when the accumulated volume of CH3CN was 80
mL, very few ammonium bromide particles could be seen; at 90 mL, no noticeable
ammonium bromide particles could be seen. Therefore, the approximate solubility of
NH4Br in acetonitrile is between 0.556 mg/10 mL and 0.625 mg/10 mL at room

temperature.
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Figure S9. The experiment under natural sunlight.

To determine if the reaction could use sunlight, we conducted an experiment under
three-day-time solar irradiation. (Reaction conditions: benzyl alcohol (0.2 mmol),
photocatalyst (20 mg), CHsCN (10 mL), 4A MS (50 mg), an NHs + O2 balloon;
Location: 114°40'03"E, 30.49026N, Wuhan, Hubei, China; Time: 9:00 am to 6:00 pm,
August 1st to 3rd, 2022, with a total sunlight irradiation time of 27 hours). As shown
in Figure S9, a good nitrile yield of 80.3% was achieved, demonstrating that the

photocatalytic ammoxidation system in this work has solar applicability.
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Figure S10. (@) The yield of nitriles in the recycling performance of Fe-2.0/TiO2
photocatalyst and (b) the initial oxidation rates and the temporal profile of product

formation during the recycling of the Fe-2.0/TiO> catalyst.
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Figure S12. (a-b) The TEM images (the insert is the particle size distribution), (c-d)
HRTEM images, and (e-h) elemental maps of the Fe-2.0/TiO2 after five recycles.
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Figure S13. XPS spectra and corresponding fitted curves of the Fe-2.0/TiO2 catalyst
collected after being irradiated for 2 weeks, the Fe-2.0/TiO2 catalyst collected after

being recycled 5 times, and the Fe-2.0/TiO2-H2S04 sample.
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Figure S14. Photocatalytic conversion of benzyl alcohol to benzonitrile with different
scavengers. Reaction conditions: benzyl alcohol (0.2 mmol), Fe-2.0/TiO2 (20 mg),
CH3CN (10 mL), 4A MS (50 mg), NH4Br (1.0 eq.), NH3 (0.1 MPa), Oz balloon, LEDs
(365 nm), scavenger (1 mmol), 12 h.
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Figure S15. Photocatalytic conversion of benzaldehyde to benzonitrile with different
scavengers. Reaction conditions: benzaldehyde (0.2 mmol), Fe-2.0/TiO2 (20 mg),
CH3CN (10 mL), 4A MS (50 mg), NH4Br (1.0 eq.), NH3 (0.1 MPa), O2 balloon, LEDs
(365 nm), scavenger (1 mmol), 12 h.
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Figure S16. Cyclic voltammetry of NHs4Br (NH4Br and tetrabutylammonium
hexafluorophosphate in CH3CN was used for tests).
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Figure S17. The absorption spectra under laser flash photolysis. Conditions: take 1

mmol NH4Br, 2 mg catalyst and 10 mL of deionized water, and ultrasonically treatment
for 1 h.



(a) g 3 e 577 sty st £a s

| e—ts

o m = ==

s
7 2248
{107 144 1e8 N n 2021 29 325

o AT IS SV EFTS § S TSR SR SR S PRI TSP W T s
nweo-owommmmmmmmmmmmm
(Text F i) ingaction ID=611 TR000040644 508497 1 1O M0GIT Scans2900 Scan Typas+ ¢ £1 Full ma [50 00-350 00)

a6 12
0

as
N 107 144 105 207 INIME p201 290 308 340

BT T 0T s T
»
"

05
”-
1001

nwoouowomw‘:omg&mmmmmmmm

oM
6s -

» «° o

" 74 104117 145

D e e e e R T

VD &0 0 W 100!30"0‘&1”2&220”0200?‘03@!203‘0)0
(repdb) Prenct. 4 bromo-
Figure S18. (@) The GC chromatogram of Bromine substitution reactions under

standard conditions, except without ammonia and using phenol as substrate, and (b)
The MS analysis of Bromine substitution product.



1 2 3
100
o Yieldof 2 ° °
80 - @ VYieldof3
o
<
8\/ 60 4
=) °
9 40 -
>
20 - °
o
e °
04 o ° °
0 2 4 6 8 10 12 14 16 18 20 22

Reaction time (h)

Figure S19. The yield of benzaldehyde and benzonitrile over time.
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3. Supporting Tables
Table S1. The effect of photocatalyst, light, and O2 on product formation.

Entry Deviation Conv. (%) Sel. of nitrile (%)
1 Without photocatalyst 0 0
2 Without light illumination 0 0
3 Nzinstead of O2 trace trace

Reaction conditions: benzyl alcohol (0.2 mmol), photocatalyst (20 mg), CH3CN (10
mL), 4A MS (50 mg), NH3 (0.1 MPa), Oz balloon, 365 nm LED, 12 h, room temperature.



Table S2. Control experiments on the ammoxidation reactions with different
photocatalysts under variable conditions.

- " o~

1 2 3 2 3

Entry Substrate Photocatalyst Conv.(%) Yield of nitrile (%)
12 Benzyl alcohol TiO2 52.2 0
22 Benzyl alcohol Fe-2.0/ TiO2 50.4 0
3b Benzyl alcohol TiO2 49.2 4.3
4b Benzyl alcohol Fe-2.0/ TiO2 49.6 36.6
5b Benzaldehyde TiO2 >99 Trace
6P Benzaldehyde Fe-2.0/ TIO2 75.5 43.0

Reaction conditions: substrate (0.2 mmol), photocatalyst (20 mg), CH3CN (10 mL), 4A
MS (50 mg), Oz balloon, 365 nm LED, 12 h, room temperature. a) without NH3, b) NH3
(0.1 MPa).



Table S3. Control experiments over Fe-2.0/TiO2, Fe-2.0/CeO2, Fe-2.0/CdS, and Fe-
2.0/BiVOs.

Entry Photocatalyst Conv. (%)  Yieldofaldehyde (%)  Yield of nitrile (%0)

1# Fe-2.0/TiO, 49.6 8.5 36.6
2 Fe-2.0/TiO, 47.7 36.5 ~-
3 Fe-2.0/Ce0O, 31 12 1.9
4p Fe-2.0/Ce0O, 35.5 35.5 ~-
5 Fe-2.0/CdS N.R. N.D. N.D.
6° Fe-2.0/CdS 4.7 4.7. -
& Fe-2.0/BiVO, 3.4 2.5 0.9
8° Fe-2.0/BiVO, 111 111 -

Reaction conditions: a) benzyl alcohol (0.2 mmol), photocatalyst (20 mg), CH3CN (10
mL), 4A MS (50 mg), NH3 (0.1 MPa), Oz balloon, 365 nm LED, 12 h, room temperature.
b) maintaining the same conditions but without NHs.

In the absence of NHs, all four catalysts showed activity for the oxidation of benzyl
alcohol. The conversions over Fe-2.0/TiO2, Fe-2.0/CeO2, Fe-2.0/CdS, and Fe-
2.0/BiVO4 were 51.5%, 35.5%, 4.7%, and 11.1%, respectively. However, in the
presence of NHzs, the conversions of benzyl alcohol over Fe-2.0/CeQO2, Fe-2.0/CdS, and
Fe-2.0/BiVO4 were greatly impacted, with the highest conversion only less than 5%.
While for the Fe-2.0/TiOz, the conversion of benzyl alcohol still reached 47.7%. This
result reveals that when exposed to the NHs atmosphere, Fe-2.0/CeO3, Fe-2.0/CdS, and
Fe-2.0/BiVOq lost their ability to activate benzyl alcohol.
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Table S4. EXAFS fitting parameters at the Fe K-edge for various samples(S0?=0.80).

Sample Shell CN* R(A) 62 (A2-103) ¢ AEo(eV)! R (f;c)tor
0
Fe K-edge
Fe Foil Fe-Fe: 8* 2.44£0.006 0.0049 4.51£1.22
Fe-Fex 6%* 2.83+0.014 0.0061 7.42%2.02 0-0
Fe203 Fe-O/" 3* 1.93+0.012 0.0065 3.64+0.25 Lo
Fe-O." 3* 2.07£0.020 0.0039 5.20%1.15
FeO Fe-O" 6* 2.14+0.023 0.0050 0.85+3.20 0.7
Fe-2.0/TiO2 Fe-O 6.0x0.2  2.02+0.007 0.0075 7.32+0.92 06
Fe-O-Fe  2.0£0.1  3.06+0.011 0.0071 0.94+1.25
Fe-2.0/TiO2
LSO Fe-O 5.7x£0.3  2.02+0.007 0.0094 9.21+0.93 0.5

aCN, coordination number; °R, the distance between absorber and backscatter
atoms; “o?, Debye-Waller factor to account for both thermal and structural disorders;
d4Eo, inner potential correction; R factor indicates the goodness of the fit. So2 was fixed

to 0.80, according to the experimental EXAFS fit of Fe foil by fixing CN as the known

crystallographic value.



Table S5. Control experiments with or without NH3 in the presence of HAT agents.
Yield of products (%)

Entry HAT

Benzaldehyde Nitrile Overoxidation
12 NH4F 4.4 76.2 N.D.
2b NH4F 9.5 4.5 81.1
3a NH4Cl 34 71.6 N.D.
45 NH4Cl 6.4 2.4 85.3
54 NH4Br Trace 99.0 N.D.
6P NH4Br 7.3 93 79.0
72 KBr 4.1 78.5 N.D.
gb KBr 11.2 N.D. 81.2

Reaction conditions: a) benzyl alcohol (0.2 mmol), photocatalyst Fe-2.0/TiO2 (20 mg),
CH3CN (10 mL), 4A MS (50 mg), NH3 (0.1 MPa), O2 balloon, 365 nm LED, 24 h,
room temperature. b) maintaining the same conditions but without NH3.



Table S6. The Fe iron contents in the fresh Fe-2.0/TiO> catalyst, the Fe-2.0/TiO>
catalyst collected after irradiated for 2 weeks, the Fe-2.0/TiO2 catalyst collected after
being recycled 5 times, and the Fe-2.0/TiO2-H2SO4 sample measured by ICP-AES.

Fresh Fe- Irradiated for 2
Catalyst Recycled5 times  Fe-2.0/TiO2-H,SO4
2.0/TiO; weeks
Fe content
1.872 1.866 1.858 0.586
(Wt%)

We performed ICP characterization of the catalyst after long-term irradiation (2 weeks)
and recycling to determine iron attrition. The ron content of the fresh catalyst was
1.872%, which did not change much after it was recycled five-time (1.866%) or when
it was irradiated for two weeks (1.858%). In both cases, the iron loss was less than
0.01%. This proves that the photocatalyst is stable for long-term iradiation and is
capable of being recycled. The Fe content in Fe-2.0/TiO2-H2SO4 is 0.586 wt%, which
is lower than that of the fresh one (1.872 wt%), indicating that ron species were
partially removed. Moreover, no iron oxide particles were observed in the HR-TEM
mages of Fe-2.0/TiO2-H2SO4 (Figure S7, d-f), and the EXAFS spectrum of Fe-
2.0/Ti02-H2S04 discloses the disappearance of Fe-O-Fe bond after acid treatment
(Figure 3). These results confirm that only doped Fe in the TiO2 survived in the Fe-
2.0/TiO2-H2S04 sample. In principle, the possible leaching processes of Fe species by
acid treatment and during the photocatalytic process are quite different. When the fresh
Fe-2.0/TiO2 was washed by diluted H2SOu4, the isolated FeOx species on the catalyst
surface were easily dissolved, while the Fe doped in the TiO2 crystal was more stable.
The supplemented ICP-AES and XPS results, aswell asthe TEM images and XAS data,
have confrmed this deduction. Potential differences between the used and fresh
samples are the change in the valence of the Fe species caused by photocorrosion and
the leaching by mechanical stirring, According to the ICP-AES data, the Fe contents in
the recycled sample (1.858 wt%) and the sample irradiated for 2 weeks (1.866 wt%)
are only slightly lower than that in the fresh sample (1.872 wt%), indicating that
leaching of Fe species is not obvious during the photocatalytic process. Besides, the

XPS, XRD, and TEM analysis did not show the difference in the valence of Fe between



the used samples and the fresh sample, indicating that photocorrosion is also not likely

to occur rapidly in this photocatalytic system.



Table S7. Control experiments with or without IPA in the absence or presence of
NHa4Br.

Substrate Conditions  Yield ofbenzaldehyde (%)  Yield ofnitrile (%)

Benzyl alcohol No IPA 8.5 36.5
(Without NH,Br) IPA 12.1 32.8
Benzaldehyde No IPA -- 43.0
(Without NH,Br) IPA - 38.9
Benzyl alcohol No IPA 1.9 76.6
(With NH,Br) IPA 2.8 54.8
Benzaldehyde No IPA - 98.0
(With NH,Br) IPA -- 81.8




Table S8. Band structures of TiO2, Fe-0.3/TiO2, Fe-1.1/TiO2, Fe-2.0/TiO2, and Fe-
6.0/TiO2 calculated from the UV—vis absorption spectra and Mott-Schottky analyses.

Sample Eg (eV) VB (eV) CB (eV)
TiO2 3.24 2.66 -0.58
Fe-0.3/TiO2 3.13 2.61 -0.52
Fe-1.1/TiO2 3.11 2.59 -0.52
Fe-2.0/TiO2 3.09 2.60 -0.49
Fe-6.0/TiO2 2.99 241 -0.58

Combining the bandgap energies calculated from the optical absorption (Figure Séb),
we determined the valence band energies of TiO2 and Fe-x/TiO2 samples (Table S8 and
Figure S6d). The valence band energy of Fe-x/TiO2 samples, except the Fe-6.0/TiO2
sample, became slightly less positive compared to TiO2, suggesting that the
modification with Fe(Ill) slightly weakened the photocatalytic oxidation power. This is
consistent with the observation that the alcohol conversion over the Fe-x/TiO2 samples
(except Fe-6.0/TiO2) is like that over TiO2 (Table 1). Sufficient aerobic oxidation power
is critical for this photocatalytic synthesis. The valence band decrease in the Fe-

6.0/TiO2 sample is ascribed to the valence band co-dominated by TiO2 and a-Fe2Os.



Table S9. Screening of semiconductors photocatalysts and transition metal dopants.

Entry Photocatalyst Yield (%)
1 Fe-2.0/ TiO2 36.6
2 Co-2.0/TiO2 16.3
3 Ni-2.0/TiO2 3.2
4 Cu-2.0/TiO2 5.7
5 Fe-2.0/CeO2 1.9
6 Fe-2.0/CdS N.D.
7 Fe-2.0/BiVO4 2.5

Reaction conditions: benzyl alcohol (0.2 mmol), photocatalyst (20 mg), CH3CN (10
mL), 4A MS (50 mg), NH3 (0.1 MPa), Oz balloon, 365 nm LED, 12 h, room temperature.

TiO2 was also modified with other transition metals (Co, Ni, Cu) using the same
procedure as Fe-2.0/TiO2 and screened for the same reaction. Only Co-2.0/TiO2
delivered a higher benzonitrile yield than pristine TiO2 but was still much lower than
Fe-2.0/TiO2 (16.3% vs 36.6%). A possible reason for this is that incorporating these
metal ions into the crystal lattice of TiO2 is more difficult than Fe3"ions. We also found
that other common iron-modified semiconductors (CeO2, CdS, and BiVO4) exhibited

poor conversions for this transformation.



Table S10. Optimization of solvent for the ammoxidation of benzyl alcohol to
benzonitrile over Fe-2.0/TiO>.

Entry Solvent Conv.(%) Sel. of nitrile (%)
1 CHsCN 49.6 73.8
2 DMF 43.4 52.3
3 THF 32.6 49.7
4 EtOH 23.1 35.5
5 Benzotrifluoride 41.6 65.3

Reaction conditions: benzyl alcohol (0.2 mmol), Fe-2.0/TiO2 (20 mg), solvent (10 mL),
4A MS (50 mg), NH3 (0.1 MPa), Oz balloon, 365 nm LED, 12 h, room temperature.

Acetonitrile was the best reaction solvent, while other solvents had lower conversions

or product selectivity.



3. Supporting Scheme.

Scheme 1. Control experiments using toluene as substrate with or without NH4Br.

Fe-2.0/TiO; oH CHO CHN
.
0,, 4A MS + +
NH5, 365 nm LED
agpov ) NMBLDINoNHEBr o b a2 9% a7 1%

ENLR. bN.D. bNLD. bN.D.
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