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Haematite (a-Fe,0,) has been extensively investigated as a photoanode in photoelectrochemical water oxidation, but the prod-
uct O, has a low economic value. Here we expand its applications to the production of value-added chemicals and report its
ability to act as a versatile and efficient oxygen atom transfer catalyst under visible-light irradiation. A variety of organic com-
pounds and inorganic anions were successfully oxidized to the corresponding monooxygenation products with high selectivity
and Faradaic efficiency by using water as the sole oxygen source. Photoexcited holes generate iron-oxo species (Fe'V=0) on
a-Fe,0; surfaces and the process of oxygen-atom transfer is proposed to proceed via a concerted two-hole transfer pathway
that involves the transfer of oxygen atoms from the surface Fe'V=0 to the substrates. The present study proves a-Fe,0; is an
excellent all-inorganic heterogeneous catalyst to drive oxygen atom transfer reactions, and this strategy has significant poten-

tial for the synthesis of fine and high-value-added chemicals.

investigated for solar energy conversion (for example, water

splitting)'~* and for environmental remediation via pollutant
degradation®. The production of fine chemicals by a photocatalytic
transformation of organic compounds within PEC systems has also
been reported, and shows promising results. For example, a PEC
system using BiVO, as the photoanode was recently reported to
realize the activation of the C-H bond of benzyl alcohol, cyclohex-
ene and tetralin, which produced benzaldehyde, cyclohexanone and
tetralone, respectively, using tert-butyl hydroperoxide as the oxy-
gen source’. The oxidation of cyclohexane to produce cyclohexa-
nol and cyclohexanone was also achieved on WO, photoanodes®.
However, compared with the more traditional electrochemical’™
and photochemical'®"' methods for organic transformations, syn-
thetic PEC approaches remain underdeveloped at the current time.
How to directly harvest photogenerated carriers (electrons or holes)
to facilitate organic transformations at electrochemical interfaces
remains to be explored.

Hematite (a-Fe,O;) has been considered one of the most promis-
ing photoanode materials in PEC studies, owing to its abundance,
non-toxicity, stability and visible-light absorption'>"*. Previous stud-
ies on a-Fe,0;-based PEC reactions focused on light-driven water
oxidation during water splitting for H, evolution. In water oxida-
tion, the product O, possesses a low economic value. It is therefore
desirable to explore alternative oxidation reactions that produce
high-value-added chemicals in PEC systems>'“". As reported
very recently, the radical cations formed from the oxidation of
electron-rich arenes by photoinduced holes on an a-Fe,O, photo-
anode lead to an effective arene C-H amination with unusual ortho
selectivity'®. It has also been proved that, during water oxidation on
a-Fe,0, photoanodes, the holes trapped in the surface states—rather

P hotoelectrochemical (PEC) techniques have been extensively

than holes from the valence band—react with the adsorbed water
and drive water oxidation’. These trapped holes have been
identified as high-valent iron-oxo intermediates (Fe'V=0) by
operando attenuated total reflection-Fourier transform infrared
spectroscopy'?, as well as soft X-ray (O 1s) spectroscopy'®*. The
high-valent iron-oxo characteristics of surface-trapped holes on
a-Fe,O, are reminiscent of such high-valent metal-oxo species,
which are ubiquitous in biological systems and are extensively
studied in catalytic oxygenation processes’'~>. For instance, oxy-
gen atom transfer (OAT) reactions, which have been widely applied
to produce important pharmaceutical intermediates (for example,
sulfoxides and epoxides)***, are commonly initiated by high-valent
metal-oxo species. OAT involves a direct reaction between the oxy-
gen atom of a high-valent metal-oxo centre and the lone-pair elec-
trons of substrates, in which no free radicals are involved. Therefore,
OAT reactions commonly have high chemo- or stereoselectivity*.
In metal-complex-based OAT systems, organic ligands are always
used to modulate the microenvironments of metal centres”’. These
organic ligands suffer damage under the strongly oxidizing OAT
conditions, which makes these metal complexes rather unstable. In
addition, the formation of high-valent metal-oxo species is usually
achieved with the aid of extremely strong oxidizing peroxo species,
such as H,0,, RCO,H and PhIO (refs **-*"). Therefore, it is rather
difficult to avoid undesirable by-products. Moreover, product
separation is also problematic in these homogeneous systems.
PEC approaches with metal oxide electrodes may address these
shortcomings.

In this work, we report that a-Fe,O; can serve as an effective
heterogeneous OAT photocatalyst in PEC systems. Different trans-
formations, which include sulfoxidation, C=C epoxidation, the
oxygenation of Ph,P and the monooxygenation of inorganic ions
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Fig. 1| Linear sweep voltammetry and photoelectrolysis experiments of MPS oxidation. a, J-V scan of an a-Fe,0, photoanode under AM 1.5G
illumination (solid lines) and in the dark (dashed lines) measured in 0.1M TBABF, (tetrabutylammonium tetrafluoroborate) solution (CH;CN with 5% H,0,
20ml) under an Ar atmosphere without (black) and with (red) 10.0 MM MPS. The dashed vertical line indicates the potential (0.37 V versus Fc/Fc*) at
which the photoelectrolysis experiments were conducted. b, The decay of MPS (black line), the evolution of MPSO (red line) and the total sulfur balance
(the sum of the remaining MPS and the generated MPSO (the blue line)) during the PEC oxidation of MPS (0.5mM). The error bars are the s.d. of three

parallel repeated results.

(nitrite and arsenite), were achieved with a high selectivity and
Faradaic efficiency (FE). In contrast, on the most commonly used
photocatalyst, TiO,, much lower efficiencies were observed under
identical PEC conditions. H,"®O-isotope labelling experiments and
detailed product analysis demonstrated that water is the only oxy-
gen atom source for these OAT reactions. Rate-law analysis on the
surface-trapped holes exhibited a two-hole transfer process, which
supports the transfer of oxygen atoms from the surface iron-oxo
species to substrates in these reactions.

Results

PEC oxygenation reactions on «-Fe,0;. a-Fe,0, photoanodes
were fabricated on fluorine-doped tin oxide (FTO) glass substrates
in accordance with the literature® and were characterized by scan-
ning electron microscopy, X-ray diffraction spectroscopy and
X-ray photoelectron spectroscopy (see Supplementary Fig. 1 for
details). The configuration of PEC cells used in this work is shown
in Supplementary Fig. 2. The PEC OAT reaction on a-Fe,O; was
first examined by the oxygenation of sulfide, which is widely used to
investigate OAT reactions™ and can produce sulfoxide products with
important applications in pharmaceuticals and agrochemicals®*.
Linear sweep voltammetry showed that, under AM 1.5G irradia-
tion, the onset potential was approximately 0.05V versus Fc/Fc* in
a solution of CH;CN with a small amount of water (5%) (Fig. 1a).
In the presence of methyl phenyl sulfide (MPS), the onset potential
and the initial photocurrent did not change much. However, when
the bias was above 0.25V versus Fc/Fct, the photocurrent with
MPS began to exceed that without MPS. In addition, the difference
became enlarged with an increasing applied bias, which suggests the
participation of MPS in the oxidation reaction on a-Fe,O, surfaces.
In the dark, a very low current was detected, which indicates that
the direct electrochemical oxidation of MPS is negligible under the
present conditions.

To investigate the products of MPS oxidation, photoelectroly-
sis experiments were conducted at 0.37V versus Fc/Fc* in an Ar
atmosphere. Product analysis by high-performance liquid chro-
matography (HPLC) showed that MPS was converted into methyl
phenyl sulfoxide (MPSO) in a nearly quantitative manner during

the whole PEC process, which lasted two hours, wherein approxi-
mately 86.6+1.6% of MPS was oxidized (Fig. 1b). The FE for the
formation of MPSO was 92.1 +5.8%, which accompanied H, pro-
duction at the cathode with a FE of 95.0% (Supplementary Fig. 3).
The FE increased (93.8+2.0%) with higher MPS concentrations
(Table 1, entry 4, and Supplementary Fig. 4). A high selectivity
and FE of MPSO formation were also observed with varied water
contents (from 5 to 20%) (Table 1, entries 1-3, and Supplementary
Fig. 5). The high FE indicates that the oxidation of MPS preferen-
tially occurs, and water oxidation is largely depressed by the com-
petition between MPS and water molecules for the photogenerated
holes. The recycling experiments showed that the PEC perfor-
mance for MPS oxidation of the «-Fe,O; photoanode remained
unchanged after five repeated experiments (Supplementary Fig. 6).
Moreover, X-ray diffraction spectra indicated that the structure of
the a-Fe,O, film was not changed after a PEC reaction of five cycles
(Supplementary Fig. 7), which confirms the stability of the a-Fe,O,
photoanode in the PEC process. The monochromatic incident
photon-to-electron conversion efficiency measurement showed
that the visible-light activity started at ~550 nm and increased with
the shortened wavelength. This efficiency exhibited a maximum
value at a wavelength of 330nm, and increased with increasing
concentrations of MPS, which reached ~22% using 10.0mM of
MPS (Supplementary Fig. 8).

The high selectivity on a-Fe,O; is in sharp contrast with the
unselective degradation of organic compounds on other metal
oxide photocatalysts (for example, TiO,) in the presence of water. It
is well-known that TiO, is very effective for the oxidation of H,0/
OH-~ to hydroxyl radical, which leads to the unselective degradation
of organic substrates®*. To highlight the highly selective character-
istic of a-Fe,O, towards PEC oxidation reactions, PEC oxidation of
MPS was further examined on TiO, as a comparison. The TiO, pho-
toanode was prepared by a hydrothermal method and characterized
by scanning electron microscopy, X-ray diffraction spectroscopy
and X-ray photoelectron spectroscopy (see Supplementary Fig. 9
for details). For comparison, two applied biases were conducted on
the TiO, photoanode: 0.37V versus Fc/Fc* (which was the same
as that on a-Fe,0,) and —0.13V versus Fc/Fct (which produced a
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Table 1| Conversion, selectivity and FE for PEC oxygenation reactions of various substrates on a-Fe,0; and TiO,?

Entry Substrate Photoanode Solvent (% H,0) Conversion (%)° Selectivity (%)¢ FE (%)¢

1 MPS a-Fe,04 CH;CN (5) 86.6+1.6 99.3+0.7 921+5.8
MPS a-Fe,04 CH;CN (10) 94.3+25 99.4+0.2 87.6+2.2
MPS a-Fe,0; CH;CN (20) 95.5+4.5 99.4+0.1 855+15

4e MPS a-Fe,05 CH,CN (5) 66.7+6.5 952+20 93.8+2.0

5 MPS TiO, CH;CN (5) 9.3 84.0 2.3

6f MPS TiO, CH;CN (5) 13.6 88.9 13.8
p-NO,-MPS a-Fe,0; CH,CN (5) 53.7+15.0 921+6.5 76.3+85

8 p-F-MPS a-Fe,04 CH;CN (5) 79.6+9.1 97.7+1.5 85.8+4.1

9 p-CH;-MPS a-Fe,0; CH;CN (5) 844+63 981+14 959 1.1

10" p-OCH;-MPS a-Fe,0; CH,CN (5) 777 +6.7 98.0+1.6 93.2+24

n Cyclohexene a-Fe,0, CH,CN (5) 799+54 621+£3.6 455+1.6

12! Cyclooctene a-Fe,0, CH,CN (5) 82.2+91 87+05 27+0.2

13 trans-stilbene a-Fe,0, CH,CN (5) 821+09 721+2.0 11.6+0.8

14 PhsP a-Fe,04 CH;CN (5) 925+64 99.6+£0.3 98.5+0.8

15 Nitrite a-Fe,05 H,O 91.5+33 93.2+19 86.7+1.3

16 Nitrite TiO, H,O 320 93.8 14.9

17 Arsenite a-Fe,05 H,O 90.0+5.0 98.5+11 92.0+2.5

18 Phosphite a-Fe,0, H,O 0.5 - -

19 Phosphite TiO, H,O 373 96.0 61.5

20 MPS no light a-Fe,0; CH,CN (5) 0 - -

21 MPS no bias a-Fe,0, CH,CN (5) 0 - -

2The corresponding concentrations of the substrates, the concentrations of the monooxygenation products and the total charge in the process of photoelectrolysis are listed in Supplementary Table 1.
°Conversion rate for a PEC reaction. Typical reaction conditions unless otherwise stated: in CH;CN systems, 0.1M TBABF, was used as the electrolyte and the initial concentration of the substrates
was 0.5mM, whereas in aqueous systems the electrolyte was 0.1M Na,SO, and the initial concentration of the substrates was 0.2 mM. PEC reactions were carried out for 2h under AM 1.5G
illumination at 0.37 V versus Fc/Fc* in a CH,CN system (20 ml) and at 1.42 V versus reversible hydrogen electrode in the aqueous system (100 ml). All the error bars are defined in the legends (s.d.)
together with a measure of the mean. “Selectivity of monooxygenation products. °FE estimated from the charge consumption of monooxygenation products and the total charge through the circuit.
¢At an MPS concentration of 10.0 mM (10 ml) and an applied potential of 0.57 V versus Fc/Fc* for 5h of electrolysis. PEC oxidation at —0.13 V versus Fc/Fc*. eAfter photoelectrolysis for 1.5 h. "After
photoelectrolysis for Th. ‘The initial concentration of cyclooctene was 0.2 mM, and photoelectrolysis was conducted at 0.57 V versus Fc/Fc* for 1h.iTo avoid the direct excitation of trans-stilbene,

a 420 nm long-pass filter was used.

comparable photocurrent to that with a-Fe,0,). At both biases, a
relatively low selectivity was observed (Table 1, entries 5 and 6).
Moreover, the conversion of MPS was much lower than that on
a-Fe,O;, although the photocurrent was higher than that on a-Fe,O,
(Supplementary Fig. 10). Accordingly, very poor FE values (2.3%
at 0.37V versus Fc/Fct and 13.8% at —0.13V versus Fc/Fc*) were
obtained (Table 1, entries 5 and 6, and Supplementary Fig. 11). In
addition, the partial current density for MPSO generation on TiO,
was estimated to be only ~0.01mA cm™ at 0.37V versus Fc/Fc*,
much lower than that on a-Fe,O, (~0.1 mA cm~2). Moreover, the
photocurrent on TiO, underwent a rapid decay due to the forma-
tion of many by-products on the photoanode surface to block active
sites (Supplementary Figs. 12 and 13). All these results suggest that
the oxidation of MPS on TiO, is quite ineffective and unselective,
and is much less competitive than water oxidation under the pres-
ent conditions.

PEC sulfoxidation reactions of a series of para-substituted
MPS substrates were further tested. High selectivity and FE were
obtained for all the monosubstituted MPS derivatives (Table 1,
entries 7-10). Specifically, MPS derivatives with electron-donating
groups (for example, -OCH,;, —~CH,) were oxidized at rapid reaction
rates (Supplementary Fig. 14) and transformed into their mono-
oxygenated products. Moreover, the FE values were also higher
than that of the unsubstituted MPS. However, the reaction rate,
selectivity and FE were somewhat decreased by substitution with
electron-withdrawing groups (for example, -NO,). The Hammett
linear free-energy relationship showed a negative slope of —0.43
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(Supplementary Fig. 15), which indicates a positively charged tran-
sition state on MPS in the rate-determining step®.

The PEC oxidation of cyclohexene and cyclooctene, which
are frequently investigated as models of homogeneous OAT reac-
tions”*, was also explored on a-Fe,O, (Supplementary Figs. 16
and 17). The cyclohexene was oxidized to cyclohexene oxide with
a selectivity of 62.1+3.6%, and the corresponding FE value was
45.5+1.6% (Table 1, entry 11). The selective production of epox-
ide in the cyclohexene oxidation on a-Fe,O; is quite different from
the PEC oxidation of cyclohexene on BiVO,, where the formation
of cyclohexanone was reported to be dominant®. In the oxidation
of cyclohexene on BiVO,, the formation of a carbon-centred radi-
cal by C-H activation is involved, and the formed radical receives
an oxygen atom from tert-butyl hydroperoxide to produce cyclo-
hexanone®. Such a difference in products suggests that the oxida-
tion of olefin substrates on a-Fe,0, should not occur via the C-H
activation process by a radical pathway, as in the case of BiVO,.
However, for the epoxidation of cyclooctene, the selectivity to pro-
duce cyclooctene oxide was quite low (8.7 +0.5%, Table 1, entry 12,
and Supplementary Fig. 17). Such an inefficiency probably stems
from the large steric hindrance of the cyclooctene molecule, which
inhibits the direct interaction of the a-Fe,O, surface with the C=C
bond. Apart from these aliphatic alkenes, a typical aromatic alkene
(trans-stilbene) was also tested for the OAT reaction on o-Fe,O,
(Supplementary Fig. 18). It was found that the trans-stilbene was
transformed to trans-stilbene oxide with a quite high selectivity
(72.1+£2.0%, Table 1, entry 13), which supports the occurrence of
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Fig. 2 | pK, values and structural diagrams. Structural diagrams of nitrite,
arsenite and phosphite under pH 7.0. The nitrite and arsenite possess
unpaired electrons that are able to accept the oxygen atom from the
O-atom donor, whereas phosphite cannot.

OAT pathway during the oxidation of alkene on the a-Fe,O, photo-
anode. For the PEC oxidation of Ph,P (Supplementary Fig. 19),
another well-studied OAT substrate in metal-complex-based sys-
tems®>*, an excellent selectivity (99.6 +0.3%) and FE (98.5 +0.8%)
for the monooxygenation product (Ph,;PO) formation were also
obtained on a-Fe,O; (Table 1, entry 14).

OAT reactions are also frequently studied in inorganic chemis-
try. For example, the oxidation of nitrite (NO,~) by a number of oxy-
gen atom donors, such as the trans-dioxoruthenium(VI) complex,
was reported to occur via an OAT pathway"’. Arsenite also tends to
directly accept an oxygen atom from peroxymonosulfate*’. In the
present study, we examined PEC oxidation of low-valent oxyacids
of the main group V non-metal elements, to which the nitrogen
and arsenic belong, in 0.1 M Na,SO, aqueous solution. As shown
in Supplementary Fig. 20, a significant increase in the photocur-
rent density was observed with the addition of nitrite and arsenite,
which demonstrates that these two ions were efficiently oxidized on
a-Fe,0,. Product analysis showed that nitrite and arsenite were oxi-
dized to nitrate and arsenate with FEs of 86.7 + 1.3% and 92.0 +2.5%,
respectively (Table 1, entries 15 and 17). Surprisingly, the addition
of phosphite did not influence the photocurrent, and little oxygen-
ation product (that is, phosphate) was detected (Supplementary
Fig. 20c,f). By contrast, on TiO, photoanodes (Table 1, entries 16
and 19), the FE of nitrite oxidation was quite low (14.9%), whereas
the phosphite oxidation was quite efficient (FE=61.5%).

At pH 7.0, nitrite is in the form of NO,~ (pK, = 3.4, equation (1)).
For phosphite, the dominant state should be HPO,*~ (the pK, of
hydrogen phosphite is 6.7, equation (2)), whereas arsenite remains
in its neutral form (As(OH),, pK,=9.2, equation (3)):

HNO; <+ HT + NO,~ pK, = 3.4 1)
HP(0),(OH)™ « HPOs*~ + H pK, =67 )

As(OH), + H,O™ +» As(OH); + HT pK, =92  (3)

As shown in Fig. 2, the nitrite and arsenite ions possess lone
pair o orbitals to accept the oxygen atom from the O-atom donor.
However, for phosphite, the hydrogen atom bonded directly to the
phosphorus atom is not readily ionizable. Accordingly, no orbital
with lone-pair electrons is available for the electrophilic attack of
the O-atom donor. The direct one-electron oxidation or hydrogen
abstraction from the P-H bond by OH radicals should be more
favourable than the OAT reaction, which should be responsible for
the efficient oxidation of phosphite on TiO,.

Identification of oxygen atom source. H,"®O isotopic labelling
experiments were performed to further investigate the oxygen atom
source in the PEC oxidation of MPS. As shown in Fig. 3b, the promi-
nent molecular ion peak of MPSO appeared at a mass-to-charge
ratio (m/z) of 140.1 when H,'*O was used in an Ar atmosphere. After
replacement of H,'O with H,'®O in an Ar atmosphere (Fig. 3a),
this peak shifted to 142.1, and the relative abundance of m/z=140.1
was quite small (6.1%). The ion peak of the demethylation fragment

127.1 4404

971

b
1251 4401

97.1

771

65.1 109.1

B T A

40 60 80 100 120 140 160
m/z

Fig. 3 | Mass spectra of MPSO. a,b, Mass spectra of MPSO generated
during the oxidation of MPS on a-Fe,O; in the presence of H,®0 (a) and
H,'*O (b).

(CHSO fragment, m/z=125.1) also shifted from 125.1 to 127.1.
These results indicate that water acts as the only oxygen atom
source for the oxidation of MPS to MPSO on a-Fe,O;. In the pres-
ence of '°O,, when H,"0O was used, the prominent molecular ion
peak of MPSO was at m/z 142.1 (Supplementary Fig. 21). Moreover,
the ion peak of the demethylation fragment (C,H;SO fragment,
m/z=125.1) also shifted to 127.1, which is similar to the isotope
shift under anaerobic conditions. This result shows that, even
in the presence of O,, the oxygen source in the formed MPSO is
still from H,"O, and the O, cannot incorporate its oxygen atom
into the produced MPSO. In addition, for the epoxidation of
cyclooctene on a-Fe,O,, the molecular ion peaks for the formed
cyclooctene epoxide shifted from m/z 126.1 to 128.1 in the pres-
ence of H,"®0. The peaks of fragments that contained the O atoms
(for example, m/z=111.1, 97.1 and 83.1) also shifted by two m/z
units (Supplementary Fig. 22), which confirms that water serves as
the oxygen atom source in the cyclooctene epoxidation reaction, in
spite of its low selectivity.

In previous photochemical organic transformation studies,
photocatalytic oxidation of organic sulfides with a selectivity of
>98% was also reported with Pt/BiVO, photocatalysts''. Moreover,
the isotope study with H,"O also demonstrated that water was
the oxygen source for the formed sulfoxide products. In this case,
a noble metal (Pt) was used to separate electron-hole pairs and
prevent electron-induced reactive oxyradicals (O,*~, *OOH and so
on). In our PEC system, both the charge separation and the inhibi-
tion of electron-induced reactive oxyradicals are achieved well by
the separated photoanodes and cathodes, and thus the noble metal
co-catalysts are no longer needed.

Surface hole-trapping states. Earlier work has shown that water
oxidation on «-Fe,O; proceeds via surface-trapped holes rather
than via direct hole transfer from the valence band at low anodic
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Fig. 4 | Surface-hole trapping states based on EIS data. a, J-V curves (dashed lines) and C,,, values (solid lines and dots) obtained on a-Fe,0; with MPS
(red) and without MPS (black) under AM 1.5G illumination. b, Relationship between the photocurrent density (pA cm) and surface-hole density (number
of holesnm2) for a-Fe,0, (black) and TiO, (red) photoanodes in 10.0 mM MPS solution.

potentials'>*2. To reveal the role of these surface holes in oxygen-
ation reactions, electrochemical impedance spectroscopy (EIS)
was used to investigate the reaction kinetics of MPS oxidation on
a-Fe,O, (Supplementary Fig. 23). Figure 4a showed the variations in
the fitted capacitance of surface states (C,,,) with applied potentials.
Regardless of the presence of MPS, C,,, increased with the applied
bias at low potentials and reached its maximum at approximately
0.25V versus Fc/Fct due to the accumulation of surface holes. After
that, C,,, began to decrease due to the increased consumption rate
of surface-trapped holes. These results indicate that, similar to water
oxidation, the oxygenation of MPS on a-Fe,O, is also mediated by
surface-trapped holes. Furthermore, the decrease of C,,, in the pres-
ence of MPS was faster than that in the pure electrolyte, confirming
that the consumption of surface-trapped holes by MPS oxygenation
is faster than that by water oxidation.

Further rate law analysis based on EIS measurements under
varied light intensities (Supplementary Fig. 24 and Supplementary
Tables 4 and 5) showed that the reaction order of surface-trapped
holes during MPS oxidation was approximately 1.72 on a-Fe,O, but
about 0.85 on TiO, (Fig. 4b), indicating that MPS oxygenation reac-
tions on a-Fe,0, and TiO, tend to be second-order and first-order
reactions with respect to surface-trapped holes, respectively. As
depicted in Supplementary Figs. 25, 26 and Supplementary Tables 6
and 7, similar differences in the reaction orders were observed
for the oxidation of nitrite (f=1.82 and =0.95 on a-Fe,0; and
TiO,, respectively). The second-order reaction kinetics indicate that
two-hole transfer is involved in the rate-limiting step of OAT reac-
tions on a-Fe,0,. In contrast, the reaction on TiO, was dominated
by transfer of a single surface-trapped hole, which is consistent with
the well-known free radical characteristics of TiO,.

The proposed mechanism. It is believed that surface-trapped
holes are formed from hole transfers to surface-coordinated
hydroxyl groups with a concomitant deprotonation step (step (1) in
Fig. 5)'>** According to the analysis of the density of states (DOS)
using spin-polarized density functional theory (DFT)+U (full
details of the DFT calculations are given in Methods), these surface
states are located in the mid gap of a-Fe,0, and consist of the hybrid-
ized O 2p and Fe 3d orbitals (Supplementary Fig. 27a). Chemically,
the trapping of holes on these hybrid surface states could lead to the
formation of high-valent iron-oxo (Fe'V=0) species*. The chemical
nature of these iron-oxo species should be analogous to that of the
iron-oxo centres of biologically inspired haem and non-haem com-
plexes™. One of the most famous reactions of these Fe'V=0-based
complexes is OAT, in which the oxygen in FeV=O is transferred to
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the substrate orbital with lone-pair electrons**?. In contrast to the
single-site Fe™'=0 in complex molecules, the semiconductor char-
acteristics of a-Fe,O, enable the accumulation of surface Fe'V=0
sites and the facile hopping of these sites on surfaces. As shown in
Fig. 4a, the accumulation of surface-trapped holes suggests that this
process requires a sufficient Fe'V=0O density. During the accumula-
tion of surface holes, it is also possible that two electrons are removed
from one Fe-O site to form a FeV=0 species, which has also been
reported to be active for driving OAT reactions*>*’. However, our
theoretical calculations showed that the energy increase for the
Fe¥=0 formation was higher than that of the adjacent two Fe'V=0
sites (Supplementary Fig. 28), which indicates that the formation of
Fe¥=0 is thermodynamically unfavourable relative to the forma-
tion of the adjacent two Fe'V=O sites. Therefore, we conclude that
the adjacent two Fe'V=0 sites should be the active sites for the OAT
reactions under the present experimental conditions.

Before the OAT step occurs, it is plausible that the nucleophilic
attack of a substrate on the oxygen atom of the Fe'V-oxo results
in the formation of an intermediate complex (step (2) in Fig. 5),
which would attract other surface-hole hopping to neighbouring
sites. Given the second-order characteristics of the hole kinetics, it is
speculated that the following OAT step is the rate-limiting step and
should be concerted with the electron transfer from the adjacent
Fe'V-oxo site on a-Fe,O, surfaces (as shown in step (3) in Fig. 5).
This rate-limiting step involves cleavage of a Fe-O bond, formation
of an X-O bond and a concerted hole transfer from the adjacent
trapped hole. Accordingly, two holes, together with the oxygen
dianion, are transferred in a concerted manner from a-Fe,O, to the
substrates. After this transition state, the departure of the oxygen
atom and the release of the oxygenated product (XO) result in unoc-
cupied surface Fe' sites. The adsorption and dissociation of water
at these sites regenerate the surface hydroxyl groups to terminate
the catalytic cycle (step (4) in Fig. 5). In step (4), the oxygen atom
in water participates in the catalytic process and is finally incor-
porated into oxygenation products. During the OAT reaction via
the single-site Fe"'=0 complexes, the oxygenation of the substrate
would lead to the formation of Fe" (ref. *). It is also possible that
the OAT reaction on a-Fe,O, is determined by a similar step to
that on the single-site Fe'V=0 complexes (Fe'"=0 + X — Fe"'+ OX).
In this step, only one Fe'V=0O site is involved, which should cor-
respond to the first-order kinetics with respect to surface-trapped
holes. However, our experimental results show that the OAT reac-
tion on a-Fe,0; follows second-order kinetics, which suggests that
a two-hole transfer is involved in the rate-limiting step. Therefore,
we exclude the possibility that the only one FeV=O0 site is involved
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Fig. 5 | PEC OAT reactions with H,0 as an oxygen atom source on «-Fe,0;.
The scheme indicates the generation of iron-oxo species (Fe'V=0) on
a-Fe,0; surfaces via photoexcited holes (step (1)). Step (3) describes the
transfer of oxygen atoms from the surface Fe'V=0 to the substrates with

a concerted two-hole transfer pathway. Finally, water molecules replenish
the consumed oxygen atoms in the catalytic cycle by adsorption and
dissociation (step (4)).

in the rate-limiting step. It is reported that a three-hole transfer is
involved in the rate-determining step of water oxidation on a-Fe,O,
(refs '**>*). In this process, after the two-hole oxidation of two sur-
face Fe sites to form two nearest-neighbour Fe'V=O species, the
third hole oxidizes one of the Fe™'=0 groups to Fe'=0, which gains
enough oxidation power to drive water oxidation*’. In the present
study, we showed that the presence of substrates can deplete the two
nearest-neighbour Fe'V=0 species by OAT to the substrates. As a
result, the substrate is oxygenated and water oxidation is suppressed.
The different PEC behaviours in the OAT reactions between
a-Fe,0, and TiO, should originate from their distinct electronic
structures. As shown in the DOS results (Supplementary Fig. 27),
the states of trapped holes on TiO, surfaces consist of O 2p orbitals'.
Therefore, surface-trapped holes on TiO, behave similarly to that of a
highly active oxygen-centred radical (O*~). However, although both
Fe 3d and O 2p orbitals contribute to the surface state of a-Fe,O;,
the Fe 3d orbitals are energetically lower than the O 2p orbitals. As
a result, the surface hole is trapped in the Fe 3d orbitals to form
FeV=0 species rather than in the O 2p orbitals to generate O*" radi-
cals. Our DFT calculations showed that the DOS of H,O adsorbed
at the surface states on a-Fe,O, was distributed well below the DOS
of the surface states (Supplementary Fig. 27a), which suggests that a
single-hole transfer from the surface states of a-Fe,O; to the adsorbed
H,0 is thermodynamically unfavourable. This result is in agreement
with the earlier report that three holes are required for surface to gain
enough oxidation power to drive water oxidation'>*>*". By contrast,
on TiO,, the DOS from the adsorbed H,O located above those of
surface states (Supplementary Fig. 27c), which implies that the pho-
toinduced hole in TiO, is able to transfer to the adsorbed H,O.

Conclusions

We have developed a PEC strategy to conduct OAT reactions on
a-Fe,0; under mild conditions. A wide variety of substrates, which
included thioethers, olefins, Ph,P and inorganic salts, can be oxy-
genated by using water as the only oxygen atom source. The excel-
lent oxygenation selectivity and FE can both exceed 90.0% for most
substrates. Based on EIS and DFT studies, surface-trapped holes are
verified to play a pivotal role in the OAT mechanism. We believe
that this PEC strategy has significant potential for various oxygen-
ation reactions of fine and value-added chemicals.

Methods

Photoanode preparation. a-Fe,O, photoanodes were prepared by a two-step
method according to the literature®. Initially, anhydrous iron(III) chloride (2.43 g)
and sodium nitrate (0.85g) were added to 100 ml of deionized water with 5min

of stirring, and then the obtained solution was transferred into the reaction kettle
with a piece of clean FTO glass (ultrasonic in acetone, ethanol and water for

30 min, sequentially). Then, iron oxyhydroxides (FeOOH) were grown on the FTO
glass through a hydrothermal method at 95°C for 4h. The obtained FeOOH was
sintered at 550 °C for 2h in a temperature-programmed process and subsequently
annealed at 750 °C for 15min. For the synthesis of TiO, (rutile) photoanodes,
titanium #-butoxide (0.8 ml) was added into a hydrochloric acid solution (30 ml of
35-37% HCI and 30 ml of deionized water), which needed to be stirred for 30 min.
Then, the above solutions and FTO glass were transferred to a Teflon reactor to
synthesize the precursor by a hydrothermal method (150°C for 4h). The obtained
precursor was washed with deionized water and annealed at 450 °C for 1 h.

Electrochemical study. Electrochemical experiments were conducted with

a single-chamber electrochemical cell in an Ar atmosphere (Ar flow rate of

20 mlmin™"). Platinum and the photoanodes were used as the counter and working
electrodes, respectively. An Ag/AgCl electrode (3.5 M KCl leak-free and 2.0 mm
diameter, Innovative Instruments) was used as the reference electrode. The

PEC experiments were conducted by using a Metrohm Autolab electrochemical
workstation. A 500 W Xe lamp (AULIGHT) with an AM 1.5G filter was used

to serve as the reaction light source and the light intensity was adjusted to

100mW cm™?, as measured by an optical power meter (CEL-NP2000-10). A scan
rate of 0.05V's™' was used for linear sweep voltammetry experiments. For EIS
measurements, a sinusoidal voltage pulse of 10 mV amplitude was applied on a bias
potential, with frequencies that ranged from 100kHz to 0.1 Hz. For the oxidation
of inorganic ions (nitrite, arsenite and phosphite), the PEC experiments were
carried out in an aqueous solution (pH=7.0) with 0.1 M Na,SO, as the electrolyte.
The PEC oxidation of organic substrates (thioether, olefins and Ph,P) were
conducted in CH;CN with different amounts of H,O, using 0.1 M TBABF, as the
electrolyte. As shown in Supplementary Fig. 29, the potentials (versus Ag/AgCl)
were calibrated using a 5.0 mM ferrocene/ferrocenium redox couple (E(versus Fc/
Fct) = E(versus Ag/AgCl) —0.43V).

Product analysis. MPS, MPSO, Ph,P and Ph;PO, trans-stilbene and trans-stilbene
oxide were analysed and quantified by using an Agilent HPLC1260 system with

a Dikma Diamond C-18(2) column (250 X 4.6 mm, 5 um film thickness). For the
detection of MPS and MPSO, acetonitrile (65%) and water (35%) were used as

the mobile phase in HPLC. The column temperature was 30 °C, the flow rate was
0.15mlmin" and the detection wavelength was 254 nm. For the analysis of Ph,P
and Ph,PO, acetonitrile (80%) and water (20%) were used as the mobile phase.
The flow rate was 0.2 mlmin' and the detection wavelength was 254 nm. For the
analysis of reaction mixtures of the oxidation of trans-stilbene, acetonitrile (70%)
and water (30%) were used as the mobile phase. The flow rate was 0.2 ml min' and
the detection wavelength was 226 nm.

The gas chromatography (GC) analysis was performed on an Agilent GC7890B
system (FID detector) with a DB-VRX column (20m X 180 pm X 1 pm). For the
analysis of the product (cyclohexene oxide) after the oxidation of cyclohexene,
the following GC conditions were used: 50 °C (4 min), 10°Cmin', 90°C (0 min),
10°Cmin' and 185°C (0min) on a DB-VRX column. The injection and detector
temperatures were 200 and 230 °C, respectively. For the analysis of the reaction
mixtures of the oxidation of cyclooctene, the following GC conditions were used:
50°C (2min), 10°Cmin™!, 120°C (2min), 10°Cmin" and 185°C (0min) on a
DB-VRX column. Injection and detector temperatures were 200 and 230°C,
respectively.

The isotope compositions of the products (MPSO and cyclooctene oxide) in
the H,'"*O (97% atom '*O) isotopic labelling experiments during the oxidation
of MPS and cyclooctene were detected on an Agilent GC(7890B)-MS(5977 A)
system. The GC conditions for cyclooctene oxide were as follow: 50 °C (5 min),
5°Cmin, 100°C (5min), 20 °Cmin" and 200°C (0 min) on a HP-5MS column
(30m X250 pm X 0.25 pm). Injection and detector temperatures were 150 and
220°C, respectively. The following GC conditions for MPSO were used: 50 °C
(3min), 5°Cmin!, 140°C (2min), 10°C min~! and 180°C (2 min) on a HP-5MS
column. Injection and detector temperatures were 180 and 300 °C, respectively.

The inorganic substrates (nitrite and phosphite) and their oxidized products
were measured using an ion chromatograph (IC, Dionex ICS-900) equipped with
an JonPac AS19 column (4 X 250 mm, Dionex), an eluent generator cartridge
(Dionex EGC III KOH) and a conductivity detector. The eluent was 15 mM KOH
solution, the flow rate was 1 mlmin~' and the suppress current was 50 mA.

The arsenite substrate and its products were characterized by measuring
As" using the modified molybdate-based method*'. Briefly, 1 ml of the reaction
solution was mixed with 0.3 ml of 2% HCI, 1 ml of methanol (for quenching
the residual radicals) and 0.3 ml of molybdate reagent in a 4 ml cuvette. The
absorbance was measured at 880 nm with a ultraviolet-visible spectrophotometer
after 15 min. The arsenite substrate was measured after As™ was oxidized to As" by
a peroxymonosulfate anion.
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All the concentrations of the substrates and products were determined by the
integrated peak areas and calculated by standard curves, which were obtained from
the authentic samples with given concentrations.

Computational details. DFT calculations were found to be in excellent agreement
with experimental results with respect to predicting various properties for
a-Fe,O,, which included lattice parameters, bandgap values and reaction energies.
Spin-polarized DFT+U" calculations were performed with the Vienna Ab-initio
Simulation Package*’-* at the generalized gradient approximation level with

the Perdew-Burke-Ernzerhof exchange-correlation functional*. Ion-electron
interaction was described by the projector augmented wave method**. An energy
cutoff of 400V was adopted for the plane-wave basis set. The Gaussian smearing
method was used and the & value was chosen to be 0.2 eV unless otherwise noted.
As Fe and Ti atoms contain strongly correlated 3d electrons, a U-] value
(representing the spherically averaged intra-atomic Coulomb minus exchange
energy of the localized d electrons that suffer the most from self-interaction

error) of 4.3 eV that was derived ab initio was used for Fe atoms”, and a typical

U-J value of 4.0eV was selected for Ti atoms®. To better describe the dispersion
interaction within systems, Grimme’s D3 correction with the Becke-Johnson
damping was adopted*>".

For the optimization of bulk a-Fe,0, and rutile TiO, a 9X9x9
Gamma-centred Monkhorst-Pack® k-point sampling was used, with an energy
cutoff of 700 eV for the plane-wave basis set. The Gaussian smearing method was
used and the ¢ value was chosen to be 0.05eV. Structures were optimized until
the maximum force on the atoms was smaller than 0.01eV A", and the energy
convergence criterion was set to be 10~ eV. The optimized lattice parameters
of bulk a-Fe,O, were a=b=>5.09 A and c=13.91 A, and the optimized lattice
parameters of bulk TiO, were a=b=4.65 A and c¢=3.00 A, which both agreed well
with the experimental observations®>®.

The slab model of a-Fe,0,(110) and rutile TiO,(110) surfaces were constructed
from their optimized bulk structures. According to the study by Durrant et al.,
the slab of hydroxyl terminated a-Fe,0,(110) contained four layers of Fe atoms, six
layers of O atoms and hydroxyl groups on both sides of the slab*’. A supercell of
8.81 Ax13.91 Ax26.17 A, which contained a slab of 174 atoms and a vacuum layer
of 15 A, was used. The slab model of hydroxyl-terminated rutile TiO,(110) was
constructed by a supercell of 9.00 A x 13.15 A x 28.87 A, which contained a
slab of 180 atoms and a vacuum layer of 15 A. For the slab calculation, only the
Gamma point was included for the sampling of the Brillouin zone when the
geometric structures were optimized, and a 3X 3 X 1 Gamma-centred Monkhorst-
Pack k-point sampling was chosen for the single-point calculations to obtain
the refined electronic energies and DOS. For calculations of H,(g), the o value
was chosen to be 0.001 eV, and only the Gamma point was included for the
sampling of the Brillouin zone. Structures were optimized until the maximum
force on the atoms was smaller than 0.03 eV A-!, and the energy convergence
criterion was set to be 10~°eV for all the structure relaxations unless
otherwise noted.

Frequencies were calculated by diagonalizing a numerical Hessian matrix
calculated with finite differences and a step size of 0.015 A. In a-Fe,O;, only two Fe
atoms, two terminal OH groups and one bridge OH group coordinated to the two
Fe atoms were included. In TiO,, only two Ti atoms, two terminal OH groups and
two bridge O atoms coordinated to the two Ti atoms were included to calculate
the numerical Hessian matrix. Vaspkit®* was used to calculate thermal corrections
to the Gibbs free energies. For reaction steps that involved H* and e~, the
computational hydrogen electrode model developed by Norskov et al.** was used
to calculate the free energy changes. The Gibbs free energy analysis was performed
under standard conditions (pH=0, 298.15K, 1atm) and U=0.

The first hole trapping on a-Fe,Oj is described by reaction (4). When
the second hole accumulations on a-Fe,O, were modelled, two electronic
configurations were considered: the formation of the two adjacent Fe'"'=0
(reaction (5)) and the isolated FeV=0 (reaction (6)). As the spin of the adjacent Fe
atom is antiferromagnetically coupled in a-Fe,O,, removal of two electrons from
two adjacent Fe atoms, with the formation of the two adjacent Fe'"=0 bonds,
would not change the difference between the number of electrons of spin up and
spin down, and leads to a singlet for the spin multiplicity. If the two electrons
are removed from one Fe atom for the formation of the isolated FeV=0, the spin
multiplicity should be a triplet. To calculate the energy of Fe'V-Fe'V and Fe"-Fe'",
the same initial geometric structure was used and optimized. Triplet and singlet
spin multiplicity was used to mimic the isolated Fe"=0 and two adjacent
FeV=0, respectively.

The first hole accumulation on TiO, is described by reaction (7).

Fe'! — Fe! — FeV — Fe! + HY + e~ (4)
Fe' — Fe — Fe!V — Fe'Y + HT + e~ (5)
Fe' — Fe™ — Fe¥ — Fe" + HT + e~ (6)

TV —OH - Ti"V —O+H" +e~ 7)
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