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Hydrogen peroxide (H,O,) molecules play important roles in many green chemical
reactions. However, the high activation energy limits their application efficiency, and
there is still huge controversy about the activation path of H,O, molecules over the
presence of *OOH intermediates. Here, we confirmed the formation of the key species
*OOH in the heterogeneous system, via in situ shell-isolated nanoparticle-enhanced
Raman spectroscopy (SHINERS), isotope labeling, and theoretical calculation. In addi-
tion, we found that compared with *H,0,, *OOH was more conducive to the charge
transfer behavior with the catalyst and the activation of an O-O bond. Furthermore, we
proposed to improve the local coordination structure and electronic density of
the YFeOj; catalyst by regulating the surface relaxation with Ti modification so as to
reduce the activation barrier of H,O, and to improve the production efficiency of
oOH. As a result, the kinetics rates of the Fenton-like (photo-Fenton) reaction had
been significantly increased several times. The e OH free radical activity mechanism
and molecular transformation pathways of 4-chloro phenol (4-CP) were also revealed.
This may provide a clearer vision for the further study of H,O, activation and suggest a
means of designing catalysts for efficient H,O, activation.

photoactivation | H,O, | surface relaxation | *OOH species | Fenton-like process

Hydrogen peroxide (H,0O,), as a high-value green compound (1, 2), has a wide range
of applications in bleaching, environmental purification, green chemicals, food, medi-
cine, military, and other fields. Especially, in the reactions of green organic industrial
synthesis, pollutant removal, such as the green preparation of propylene derivatives
(Eq. 1) and the synthesis of epoxy resin monomers (Eq. 2), H,O, molecules play an
irreplaceable role as a significant oxidant (3-7):

CH3CH=CH, + H,0, —> +H,0 1]
CHs

H,C = CHCH,CI + ——> CH,CICH—CH, + H

2 2Cl + Hy0, CH,CICH—CHj + Hz0 2]

In those reactions, the real active species are mainly some free radicals from the
decomposition of H,O, molecules (8-12). However, because H,O, molecules own rel-
atively high activation energy, the reaction kinetics is generally limited, which has
become a bottleneck for the development of those reactions (4, 13-15). In order to
improve the activation of H,O, molecules, many studies have extended the homoge-
neous reaction system to the heterogeneous system (16, 17). The activation of H,O,
molecules can be further improved by the catalyst to stimulate the H,O, molecules.
Among them, the heterogeneous Fenton-like reaction is an extremely classic system
that has been widely studied (18-21).

In order to promote the activation of H,O, molecules, some efficient strategies have
been used (22-24), such as single atom modification, defect engineering, heterogeneous
engineering, and facet engineering. The single-atom Cr-Ny sites at pyrrolic N-rich
g-C3N4 may act as the peroxidase mimicking nanozymes, which efficiently activate
H,0, to produce #OH (22). Zhan et al. (23) prepared a defect-engineered iron single-
atom photocatalyst to regulate the local electron density of the Fe single sites, promot-
ing the activation of H,O, molecules. Xing et al. (24) designed a CoFe,O4/MoS,
heterogeneous Fenton system to accelerate the circulation of Fe’/Fe**, further activat-
ing the decomposition of H,O, molecules.

«H,0, — +HO — OH(TS) — *OH —e OH, (3]
«H,0, — *H — OOH(TS) — *OOH —e OH. 4]
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Crucially, the way that H,O, decomposes to produce active
species is still a huge controversy. In many studies, the decom-
position path of H,O, was the breaking of the O-O bond,
resulting in two *OH groups (Eq. 3) (25-27). Nevertheless,
there was another mechanism by which the decomposition of
H,0,; molecules might have caused O-H bond cleavage to pro-
duce *OOH species and then have caused O-O cleavage to
produce ¢OH radicals (Eq. 4) (28-30). For Eq. 4, the reported
works were mainly speculative and there was lack of direct
experimental evidence for the formation of *OOH. The core
species that distinguished these two paths were the *OOH spe-
cies. However, the survival time of these intermediate species
was extremely short, and they mainly existed at the solid-liquid
interface; thus, they were very difficult to be tracked and
detected. Shell-isolated nanoparticle-enhanced Raman spectros-
copy (SHINERS) (31-33) can enhance the signal of species
adsorbed on the catalyst surface by 107 to 10’ times, which
provided infinite possibility for detecting these intermediate
species. If these species can be traced, it will be of great signifi-
cance for deepening the understanding of the catalytic reaction
with H,O, as the active substance. In order to further discuss the
problem of molecular activation, we used the heterogeneous Fen-
ton-like reaction as a model to conduct a more in-depth study.
In this study, a narrow-band, flexible, perovskite-type hexag-
onal YFeOs; catalyst (34, 35) was used as the model catalyst.
Combined with SHINERS and isotope labeling, we studied the
process of H,O, molecule transformation on the catalyst sur-
face and confirmed the existence of *OOH species in a hetero-
geneous system. In addition, the density functional theory
(DFT) results indicated that the formation of *H-OOH (TS)
species in the decomposition process of H,O, was easier than
that of *HO-OH (TYS), verifying the consequence of SHINERS.
Furthermore, we proposed an efficient strategy to improve the
photoactivation of H,O, molecules. We found that regulating
the surface relaxation of catalysts by Ti modification can make
changes in the local coordination environment (bond length,
atomic space, and coordination number) of YFeO; catalysts.
These changes can promote the activation of H,O, molecules
and the production of *OOH species. In the Fenton-like reaction,
a Ti-doped YFeOj catalyst was found significantly to improve the
generation of active radicals and the removal rate of pollutants,
compared to pure YFeOs. This provided a perspective for under-
standing the photoactivation mechanism of H,O, molecules.

Results

Detection of Intermediate Species by SHINERS. The YFeO;
catalysts were obtained by a sol-gel method (87 Appendix,
Fig. S1). A comprehensive characterization of the catalysts was
shown in S/ Appendix, Figs. S2-S9. All the characteristic peaks
of YFeO; agreed well with those of the standard card for
YFeO; (Joint Committee on Powder Diffraction Standards
(JCPDS) No. 48-0529; Fig. 1A). The microstructures of
YFeOj; were studied by spherical aberration-corrected scanning
transmission electron microscopy (STEM) combined with
high-angle annular dark field (HAADF), annular bright field
(ABF), and the theoretical crystal structure. The HAADF (Fig.
1B) and ABF (81 Appendix, Fig. S9A) images and correspond-
ing fast Fourier transform patterns (Fig. 1B) clearly demon-
strated that the obtained YFeO3; materials had the regularity of
atomic arrangement, which correspond to the hexagonal phase.
As shown in Fig. 1B, the brightness profile along the yellow
lines clearly showed the distribution of the Y atoms.
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In order to study the mechanism of H,O, molecular activa-
tion, we conducted a series of in situ SHINERS, isotope labeling
measurements, and theoretical calculations. For the study of these
key intermediate species, we mainly focused on the interaction
between H,O, molecules and the catalysts. The SHINERS used
in this experiment had Au@SiO, shell-isolated nanoparticles
(SHINs; Au nanoparticles were ~45 nm coated with 2-nm SiO,
layers) (Fig. 1C), which were evenly dispersed on the surface of
the YFeOj particle-assembled film. As the passivation layer of Au
particles, SiO; can avoid the interaction between Au particles and
reactive species (32). Fig. 1D showed that under the irradiation
of this laser, the catalyst-H,O, system simulated the process of
the Fenton-like (photo-Fenton) reaction, and the produced inter-
mediate species were also detected by in situ SHINERS.

Then, a series of comparative tests were performed to fully
study the intermediate process of the reaction between the
YFeOj5 catalyst and H,O, molecules (Fig. 1E). The peak around
874 cm ™" in our experiment was assigned to the O-O stretching
vibration of H,O, species (36). Only in the SHINs-YFeOs-
H,0, system, there occurred three obvious Raman peaks around
563, 632, and 1,091 cm™'. The experience of SHINs-YFeOs-
H,O0, isotope labeling D,O and H,'®0 had no signal (Fig. 1F),
which eliminated the possibility that the above three enhanced
signals may be derived from the action of water with catalysts.
These three Raman vibration signals come from intermediate
species produced during the decomposition of H,O,. The O-O
bond vibration characteristics of H,'%0, were clearly detected
around 828 cm™ " in the Raman spectra (ST Appendix, Fig, S10).
The signal had a 46-cm™ ! red shift, which matched the shift of
—45 cm ™! predicted by Hooke’s law for a diatomic O-O stretch.
In addition, as shown in Fig. 1E, no signal of *OOH was
detected in the SHINs-H,O, system, which also proved that
SHINs did not have the ability to activate H,O, molecules and
the activation of H,O, molecules was attributed to the YFeO;
catalyst. The peak around 563 cm™' in our experiment was
assigned to the Fe-O stretching vibration of Fe-OH species (37).
The peak around 632 cm™ was assigned to the Fe-O stretching
vibration of Fe-OOH species (38, 39). And the peak around
1,091 cm™ ' was assigned to Fe-O, species (40). To further
confirm this consequence, the DFT method was also employed
to calculate the vibrational frequencies of *OOH species at the
YFeOj3 surface. The calculated consequence showed that the cor-
related Raman frequencies of the Fe-O stretching vibration for
Fe-OOH species was ~638 cm™! (Fig. 1G), which was consistent
with our measured results. Therefore, we confirmed the existence
of the H,O, decomposition pathway with *OOH as the intermedi-
ate product. Its signal strength was stronger than that of *OH, indi-
cating that this pathway may play a leading role in the H,O,
decomposition process. The results of a set of simulated Fenton-like
processes performed over time detected by in situ SHINERS were
shown in Fig. 1H. As the time increased, all signals of Fe-OOH
and Fe-OH decreased, which proved their strong correlation with
H,O,. Fig. 17 showed their possible formation process. H;O, mol-
ecules were adsorbed by a single oxygen adsorption mode with
YFeO;. Along with the process of deprotonation, Fe-OOH species
were formed and there would occur the electron transfer process
(the red point represented ¢™) between the catalyst and *OOH.
These electrons mainly came from photogenerated electrons formed
by semiconductor under photon excitation. Then, they converted

to ®OH species after charge transfer and the O-O bonds breaking,

Advantages of *OOH and Ideas for Regulating Its Activation.
In the process of *OOH activation to form eOH, charge trans-
fer occurs between *OOH and the catalyst through Fe-O bonds.
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Fig. 1. In situ SHINERS, calculated spectrum, and possible mechanism. (A) XRD patterns of YFeOs. (B) HAADF image of YFeOs. The scale bar is 1 nm. (C) TEM

image of Au@SiO, SHINs. SEM image of YFeOj3 catalysts modified with SHINs, and size distribution of SHINs nanoparticles. (D) Schematic of SHINERS detec-
tion of photo-Fenton process. (£) SHINERS spectra in different systems. (F) SHINERS spectra of isotope labeling. (G) The correlated Raman frequencies of the
Fe-O stretching vibration for Fe-OOH species (gray. H; red, O; blue, Fe; yellow, Y). (H) SHINERS spectra of in situ reaction in the decomposition process of
H,0; as a function of time. (/) The possible mechanism for the activation process of H,0,.

This process was a key stage in the evolution of H,O,. The tra-
ditional adsorption configuration showed that the charge transfer
formed at Fe-O,; and Fe-O,, sites was very close (Fig. 2A4).
With *OOH as the intermediate species, Fe-Oy,; obtained more
charges, making the suspended oxygen (Oy,;,) form an electron-
deficient state (Fig. 2B). If YFeO; was modified by Ti doping
(named Ti-YFeQ3), it may cause the change of local charge den-
sity and coordination structure of Fe sites. As shown in Fig. 2C,
Fe-O,; will obtain more charge than Fe-O,; and Fe-Oy,;. In the
activation process, one oxygen of both *OOH and *H,O,
tended to obtain electrons, while the other oxygen formed
electron-deficient ®OH species (Fig. 2D). Therefore, when the
external charge was injected into *OOH species through an
Fe-O bond, more favorable charge transfer and distribution
would be formed quickly for YFeO3-OOH than YFeO3-H,O,.
Oy, was easier to form O®", while Oy, was easier to form
electron-deficient ®OH. This indicated that taking *OOH as the
intermediate species was more conducive to the charge transfer
process with the catalyst. Morever, compared with YFeO5-OOH,
Ti-YFeO3-OOH is more favorable for the above electron transfer
process. Furthermore, the crystal orbital Hamilton populations
(COHP) of *OOH adsorbed on YFeOj; and Ti-YFeOj (Ti-doped

PNAS 2022 Vol. 119 No.36 2205562119

YFeO;) were calculated (Fig. 2 £ and F). Integral crystal orbital
Hamilton populations (ICOHP) results (Fig. 2G) showed that
the intensity of the O-O bond from *OOH adsorbed on
Ti-YFeO3; (—ICOHP = 2.37/2.48) was weaker than that on
YFeO; (—ICOHP = 3.50/3.53). The O-O bond of *OOH
on Ti-YFeO; was easier to break and form eOH. These charge
transfer behavior and chemical bond activation calculation
results provided a theoretical basis for the design of catalysts for
efficient activation of H,O,.

Surface Relaxation of Catalysts. To complement the above
theoretical study, we sought to design Ti-doped YFeO; cata-
lysts by a sol-gel method. All the characteristic peaks of
obtained Ti-doped YFeOj agreed well with those of the stan-
dard card for YFeOs. The X-ray diffraction pattern (XRD),
transmission electron microscopy (TEM), X-ray photoelectron
spectroscopy (XPS), Brunauer-Emmett-Teller (BET) surface
area images, STEM images, and other characterization results
were shown in S/ Appendix, Figs. S2-S9. Among the catalysts
with different doping ratios, we chose 3% Ti-doped YFeOj3 as
a typical one for further study, which was referred to as
Ti-YFeOs. Especially, after modification with Ti, the existence
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Fig. 2. Charge transfer behavior and molecular bond strength relationship. The different charge density of H,0, adsorbed on YFeOs (A), *OOH adsorbed
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of Fe(II) was found from the high-resolution XPS spectra of Fe
3p (Fig. 3A4). Fig. 3B showed the calculated density of states for
YFeOj and Ti-YFeOj;, which attested that the Fe(Il) states
appeared after Ti modification. The Fe(Il) state was existing as
a small polaron state caused by the interaction of the Fe 3p
and Ti 3p region, which was most likely a localized Fe ion
3d-derived state introduced by Ti modification (41). In order
to further understand the changes in the local coordination
structure of the catalyst after modification, X-ray absorption
fine structure spectroscopy (XAFS) was performed (Fig. 3
C-G). As shown in the X-ray absorption near edge struc-
ture (XANES) curves of the Fe K-edge (Fig. 3C), the absorp-
tion edge position of Ti-YFeOj shifted toward lower energy
than that of YFeOs;, demonstrating that the average valance
state of Fe ions in Ti-YFeOj5 decreased, which was the result of
a charge transfer (42, 43). It will be more conducive to the
charge transfer between the catalyst and H,O, molecules,
which is consistent with above theoretical results (Fig. 2 B and
Q0. The Fourier-transform extended X-ray absorption fine
structure (FT-EXAFS) spectra (Fig. 3D) of YFeOs; and Ti-
YFeOj5 exhibited two peaks at ~1.6 A and 3.4 A, which may
be attributed to the Fe-O bond and Fe-O-Fe bond, respectively
(42). Compared with the peaks of Fe foil and FeO, they were
more similar to those of Fe,O3. Fig. 3G showed the wavelet
transform (WT) analysis of YFeOs, Ti-YFeOs, Fe,O3, and Fe
foil (43). To further investigate the coordination configuration
and the chemical bond length change, the FT-EXAFSs were fit-
ted (Fig. 3F and SI Appendix, Table S1). The Fe-O coordina-
tion number of the YFeOj catalyst increased slightly after Ti
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modification, meaning that there would be more coordination
sites for Fe atoms at the surface of Ti-YFeOs. In the heteroge-
neous reaction, these may be able to become reaction active
sites to provide more coordination opportunities between cata-
lysts and reaction molecules. The Fe-O bond length of the
YFeOj catalyst had also increased, resulting in an increase for
the Fe-O-Fe bond length, as shown in Fig. 3E. Furthermore,
the plane where the Fe atoms were located would also be offset
in the horizontal or vertical direction, which was called surface
relaxation (44). The above-mentioned changes in coordination
structure and bond length were derived from the surface relaxa-
tion caused by Ti modification. Significantly, such an increase
in the Fe-Fe space would cause the coordination molecule to be
stretched more severely when the coordination molecule was
coordinating with Fe sites, so that the absorbed molecules
become more active (45).

Effect of Surface Relaxation on Fenton-Like Performance. In
order to further confirm the effect of surface relaxation on H,O,
activation, the Fenton-like (photo-Fenton) reaction behavior of
YFeO; and Ti-YFeO; was investigated, using 4-chloro phenol
(4-CP) and RhB as model compounds. After regulating the
surface relaxation of catalysts, the degradation efficiencies of
Ti-YFeO; obtained obvious improvement compared with those
of YFeOs3, and the removal rate and reaction kinetic of 3%
Ti-doped YFeOs; reached the maximum of them (S/ Appendix,
Figs. S11 and S12). The reaction kinetic constant (k) for the
Ti-YFeO3/H,O,/light system was ~3 times greater than that
of the YFeO3/H,0O,/light system for the Fenton-like catalytic
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oxidative degradation, indicating the beneficial effect of surface
relaxation. Similarly, its degradation ability of 4-CP and AR
also reached a high level (Fig. 44 and SI Appendix, Fig. S13).
The three-dimension excitation emission matrix fluorescence
spectroscopy (3D-EEM) in the ST Appendix, Fig. S16 indicated
that 4-CP was almost completely removed after the degradation
reaction for 3 h. Its total organic carbon (TOC) removal value
(Fig. 4B) reached up to 82% after the irradiation. Furthermore,
YFeO; modified with Ti doping owned perfect pollutant
removal abilities at various pH values (Fig. 4C), which broad-
ened its application scenarios. Moreover, the chemical stability
of Ti-YFeO; was monitored over multiple runs (81 Appendix,
Fig. §17), and we did not detect Fe ion leaching (S Appendix,
Fig. §18). The Fourier translation infrared spectroscopy (FT-
IR) and XRD patterns (S Appendix, Fig. S19) before and after
the reaction proved that pollutants had no residue on the sur-
face and indicated the structural stability of Ti-YFeOs.

In Fenton-like processes, the tracing of active free radicals was
very important. The involved reactive species were identified by
radical scavenging tests and electron paramagnetic resonance

PNAS 2022 Vol.119 No.36 2205562119

(EPR) analysis. Nevertheless, the semiquantitative detection of
the *OOH radical was difficult to achieve for the time being. We
focused on ®OH free radicals derived from the transformation of
*OOH radicals and the other O, free radicals. The main pro-
duction path of the #O,  free radical was in Eq. 5. In Eq. 5,
©OOH species may come from a small amount of desorption of
*OOH radicals:
¢OOH —e O, + H"(pka = 4.8). [5]
Using p-benzoquinone as the scavenger of €O, radicals, the
removal rate in the Ti-YFeO3/H,O,/light system remained at a
relatively high level (Fig. 4D). In contrast, using tert-butyl alco-
hol (TBA) as the scavenger of ®OH radicals, the removal rate
had a noticeable drop, indicating a primary role of €OH radi-
cals in the pollutant degradation (46). The contributions of
oOH, ¢0O,", and others were calculated according to Egs. 6-8,
respectively. The eOH radicals accounted for 90.7% of the
contribution to the Fenton-like reaction. 5,5-dimethyl-1-pyrro-
line N-oxied (DMPO) -¢O,  and DMPO-eOH were detected
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Fig. 4. Photo-Fenton performance in different systems. (A) The corresponding Langmuir-Hinshelwood kinetics plots of 4-CP. (B) TOC change in Ti-YFeO3
system. (C) Removal efficiencies at different pH values. (D) Removal efficiencies with TBA (the ¢OH scavenger) and p-benzoquinone (the eO,~ scavenger).
The illustration shows the contribution of different active radicals to the reaction. (E) EPR spectra of DMPO-eO,~ and DMPO-eOH as a function of time (a.u.:
arbitrary unit). (F) DMPO-eOH for different systems after 15-min visible light irradiation. (G) ¢OH free radical activity mechanism and molecular transforma-

tion pathways of 4-CP. (H) Wide application prospects of H,O, molecules.

by EPR along with time (Fig. 4F). The amount of ¢OH radi-
cals increased with time, while that of ¢O,  did not increase
significantly. This further supported the conclusion that ¢OH
radicals were the main active species. The presence of ¢O,~
free radicals also confirmed that there were *OOH radicals in
this system. The intensity of the Raman signal peak was often
positively correlated with the number of corresponding species. As
shown in ST Appendix, Fig. S20, by observing the relative intensity
of the two peaks (Fe-OOH 632 cm~ ! and Fe-OH 563 cm™),
the relative intensity of the Ti-YFeOj3 catalyst was stronger than
that of YFeO3, indicating Ti-YFeOj3 had a stronger ability to pro-
duce *OOH species. In addition, as shown in Fig. 4F the EPR
signals of DMPO-eOH became stronger after YFeO5; was modi-
fied with Ti doping (36). And the EPR signal of DMPO-eO,~
was not significantdy enhanced (S Appendix, Fig. S21). The
higher signal intensity of ®OH in a short time illustrated that sur-
face relaxation caused by Ti modification effectively promoted
this critical step reaction rate in the Fenton-like system. This was
beneficial to the activation process of H,O, molecules, improv-
ing the generation efficiency of ®OH radicals, thus promoting
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the Fenton-like reaction rate. In addition, as shown in S/
Appendix, Figs. S4B and S11D, the conductivity of 5% Ti-doped
YFeOj; was significantly higher than that of 3% Ti-doped YFeOs.
However, in the test of the photo-Fenton reaction, 5% Ti-doped
YFeO; had worse Langmuir-Hinshelwood kinetics than 3%
Ti-doped YFeOs. This further indicated that the improvement in
the HyO, activation ability did not mainly come from the
increase of conductivity but from the improvement of local coor-
dination environment and charge. Furthermore, the proposed
molecular transformation pathways of 4-CP were inferred (Fig.
4G), combined with electrospray high-resolution mass spectrom-
etry analysis (S Appendix, Figs. S22 and $23) in negative ion
mode. In addition, H,O, holds promise for wider applications,
such as green chemical synthesis (Fig. 4H). The strategy of surface
relaxation provides an idea for realizing efficient applications.

Theoretical Study on Activation Kinetics of H,0, Molecules.
DFT calculations were employed to gain insight into the decom-
position pathways of H,O, and investigate the mechanism of
surface relaxation action. Here, the traditional decomposition path
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was also listed as a comparison. The most favorable configura-
tions were shown in Fig. 5 and SI Appendix, Fig. S24, which
have proceeded by two contrasting coordination methods, as fol-
lows: single oxygen coordination (path I) and dioxygen coordina-
tion (path II). And the corresponding Gibbs free energy dates for
the two paths were shown in S7 Appendix, Table S2. For path 1,
H,0, was adsorbed to a Fe atom via a single Fe-O coordination
and transformed to *OOH (Fe-OOH) with breaking of the
O-H bond. Then, the peroxy bond was broken under the shock
to generate ®OH or *OH (Fig. 5A4). For path II, H,O, was
adsorbed to two Fe atoms via double Fe-O coordination and
translated to *OH with the breaking of the peroxy bond (Fig.
5B), which was a traditional and widely reported path. The cor-
responding Gibbs free energy (—3.262 V) for forming
*H-OOH(TS) in path I was lower than that (—2.935 ¢V)
for *HO-OH(TS) in path II, indicating the production of
*H-OOH(TS) was more favorable (Fig. 5C). The low free
energy of intermediate formation for path I indicated that it had

PNAS 2022 Vol. 119 No.36 2205562119

the possibility of being dominant in the H,O, decomposition
process, which was consistent with the SHINERS results.

The mechanism of the effect of Ti modification was further
investigated. For path I, S/ Appendix, Fig. S25 showed that the
H,0, adsorption energies of three different sites (Fe sites at
pure YFeOs, Fe sites and Ti sites at Ti-YFeO3) were signifi-
cantly different. Compared with Fe sites at pure YFeOj; or
Ti-YFeOs, Ti sites were not conducive to the adsorption of
H,O,, which made them lack the ability for the further activa-
tion of H,O,. However, as the electron donor sites, Ti sites
played the role of activating Fe active sites and participated in
the activation process of HO,. Due to the differences in local
microenvironment, peroxy bonds (1.66 A) and O-H bonds
(1.11 A) of the catalyst with Ti modification were longer than
peroxy bonds (1.57 A) and O-H bonds (1.10 A) of pure cata-
lysts (Fig. 5A), respectively, leading to easier fracture for O-H
bonds of adsorbed H,O, and peroxy bonds of *OOH in the
subsequent process. The corresponding Gibbs free energy
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(—4.032 V) of Ti-YFeO; for forming *H-OOH(TS) was
obviously lower than that of the pure catalyst (—3.262 eV),
which was extremely beneficial for the decomposition of H,O,.
As shown in the calculated free energy profiles, the adsorption
of H,O; and the desorption of *OH became more favorable
due to the improvement of the local coordination environment
of the catalyst by Ti modification (Fig. 5 D and E). The favor-
able desorption of *OH would promote the continued adsorp-
tion of H,O, or the adsorption and activation of pollutant
molecules by the catalyst, thereby promoting the progress of
the entire reaction, rather than occupying active sites to make
subsequent processes impossible. Therefore, it was obvious that
surface relaxation was very advantageous for the photoactiva-
tion of H,O, molecules, and it would enhance the ability to
generate active free radicals, further increasing the reaction
kinetics rate. This strategy was not only applicable to path I
but also beneficial to the traditional path II.

Discussion

In summary, this study gave a perspective for understanding
the photoactivation mechanism of H,O,. Sufficient evidence for
*OOH as the intermediate species was provided by in situ
SHINERS, isotope labeling, and DFT calculations. The surface
relaxation of YFeOj catalysts by Ti modification can facilitate
the photoactivation of H,O, molecules and accelerate the pro-
duction of *OOH species, which increased the production rate of
oOH radicals by several times. As a result, the pollutant removal
rate of Ti-doped YFeO3 was 3 times than that of YFeOs during
the process of photo-Fenton reaction. This study may provide
ideas for designing catalysts applied in heterogeneous Fenton-like
reactions.

Materials and Methods

Synthesis of YFeOs;. Y(NO3)306H20, Fe(NO3)3o9H20, C6H18N203Ti [dihydl’OXy’
bis (ammonium lactate) titanium(IV)] and C4¢Hg0;eH,0 were fed according to
the molar ratio of 1: (1-x): x: 4. The reagent was dissolved in 120 mL deionized
water and stired intensely. The solution was placed in an oil bath pot heated to
75°C and stirred continuously for 4 h. The oil bath temperature was raised to
120°C and kept until the water was completely evaporated. After that, the
obtained gel was placed into the oven at 120 °C for 12 h. The obtained powders
were heated in the muffle furnace at 450 °C for 3 h and were then fully ground
and were finally calcined at 730 °C for 3 h. YFeO; powders with different Ti
doping ratios were obtained.

Characterization. XRD measurements were performed with a Rigaku Ultima
Il X-ray diffractometer (Cu Kot radiation, 40 kV and 40 mA) in the range of 10 to
80° (2 theta). The instrument employed for XPS measurements was Perkin-Elmer
PHI 5000C, and all binding energies were calibrated with C1s at 284.6 eV. The
morphology of as-prepared samples was examined by a scanning electron micro-
scope (SEM; Hitachi S3400N I1). TEM was conducted on a transmission electron
microscope (JEOL-JEM 200CX) operated at 200 kV. HAADF and ABF images were
acquired with a FEI Titan G> 80-200 ChemiSTEM with a spherical aberration
corrector working at 200 kV. The EPR spectra were recorded with a Bruker EMX
10/12 X-band spectrometer. The diffuse reflectance spectra were measured on an
ultraviolet-visible-near-infrared (UV-Vis-NIR) spectrophotometer (UV-LAMBDA 950;
PerkinElmer). FT-IR NEXUS870 was used to characterize the chemical bonds of
the samples. The specific surface area of as-prepared samples was measured by
an automatic surface area analyzer (Micromeritics ASAP 2020) from the adsorp-
tion branch of N, isotherm, and the pore size distribution was calculated from
Barrett-Joyner-Halenda method for mesopores. The total iron content of the solu-
tion was detected the atomic absorption spectrometer (AAS, 180-80, Hitachi). The
Raman spectra were characterized with confocal laser Raman spectrometers
(Horiba, LabRAM Aramis; Witec Alpha 300, calibrated with silicon). The X-ray
absorption near edge structure (XANES) experiment was carried out at Beijing
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Synchrotron Radiation Facility (BSRF). Data of XAFS were processed using the
Athena and Artemis programs of three IFEFFIT packages based on FEFF 6. Data
were processed with k (3) weighting and an Rbkg value of 1.0. Normalized
extended XAFS (EXAFS) data were obtained directly from the Athena program of
the IFEFFIT package.

Before electronic measure and photoelectronic measure, it was firstly made
to YFO film by the electrophoretic deposition (EPD) method. The electrolyte was
a 0.5 M Na,S0, solution. The frequency of the Mott-Schottky measure is using
500 HZ. The it curve was measured at 1.23 V versus reversible hydrogen elec-
trode (RHE).

Measurement of In Situ SHINERS. First, to facilitate testing, the YFO catalyst
films were obtained by EPD methods. The wavelength of the excitation laser was
488 nm (the power was ~5 mW). Raman frequencies were calibrated using a Si
wafer. Each Raman spectrum shown here was acquired over a collection time of
100 s and the average of two measurements.

Measurement of Fenton-Like Reaction. The Fenton-like (photo-Fenton)
measurement of photocatalytic experiments was carried out in a photoreactor by
degradation of dyes (RhB, AR) under visible-light irradiation equipped with a
300-W Xe arc lamp with an UV cutoff filter (A > 420 nm). The obtained experi-
ments were added in aqueous solution of dye (100 mL, 20 mg L™") and H,0,
(0.4 M) with constant string for 1 h to establish an adsorption-desorption equilib-
rium. The pH value of the solution is ~4. At the given time intervals for 30 min,
~3 mL of the suspension was taken for further analysis by a syringe equipped
with a filter. The contents of dyes including RhB and AR were analyzed by
UV-Vis-NIR spectroscopy. Degradation efficiency is equal to C/Co, where Co was
the initial dye concentration and C was the instant dye concentration. The
pseudofirst-order kinetic model is obtained by —In(C/Cq). EPR was used to exam-
ine the photodegradation mechanism by detecting reactive radicals. A ¢0;~
radical was captured by DMPO to form DMPO-e0,~ in the methanol solution
system and then it was detected by EPR. Similarly, DMPO-eOH was formed in
the water solution system, to be detected. The dissolved ferrous ions and total
iron ions were quantified by the 1, 10- phenanthroline method and analyzed at
a maximum wavelength of 510 nm with a UV-Vis-NIR spectrophotometer. The
TOC concentration of the degradation agent was recorded using an ELEMENTAR,
vario TOC. Using a 60-mg catalyst, the degradation of 4-CP (3 mg L") was car-
ried out. The concentration of 4-CP was measured by the 4-aminoantipyrine
method. 3D-EEM spectra of the 4-CP sample were measured by using a lumines-
cence spectrometer (LS-55; PerkinElmer Co.) The liquid chromatography-mass
spectrometry (LC-MS) was measured by Dinonex Ultimate 3000 ultra-high-perfor-
mance liquid chromatography-Thermo Scientific Q Exactive. The chromatographic
column is Eclipse Plus C18 (100 mm x 4.6 mm, 5 um) and the ion source is
HESI. We further determined the contribution from OH and 0, quantitively.
The reaction rate constants after adding TBA and p-benzoquinone were denoted
as kq and ky, respectively, and the initial rate constant without quenching agent
was ko. The contributions of eOH, 0, and others were calculated according to
Eqs. 6-8 (17):

ﬂ(OOH) = [(k(] — k1)/ko] X 100%, [6]
A(90;7) = [(ko — kg)/ko] x 100%, [71
A(others) =1 — A(e0H) — A(e0,7), [8]

where A(eOH), A(e0,7), and A(others) were the contributions of eOH, 0,
and others in the reaction process, respectively.

Computational Details.

Free energy calculation. \We have employed the first principles (47, 48) to per-
form all spin-polarization DFT calculations within the generalized gradient
approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) (49) formulation.
The DFT calculations in this study are performed using the VASP code. We have
chosen the projected augmented wave (PAW) potentials (50, 51) to describe the
ionic cores and take valence electrons into account using a plane wave basis set
with a kinetic energy cutoff of 400 eV. Partial occupancies of the Kohn—Sham
orbitals were allowed using the Gaussian smearing method and a width of 0.05
eV. The electronic energy was considered self-consistent when the energy change
was smaller than 10~% eV. A geometry optimization was considered convergent
when the energy change was smaller than 0.05 eV A" In our structure, the U
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correction is used for Y and Fe atoms. The vacuum spacing in a direction perpen-
dicular to the plane of the structure is 15 A for the YFeO; (001) surfaces. The
Brillouin zone integration is performed using 3 x 3 x 1 Monkhorst-Pack k-point
sampling for a structure. Finally, the adsorption energies (E,qs) were calculated
as Eags = Eagisub — Eag — Esuby Where Eqgsuns Eags and Egyp are the total energies
of the optimized adsorbate/substrate system, the adsorbate in the structure,
and the clean substrate, respectively. The free energy was calculated using the
Eq. 9:

G = By + ZPE TS, 9]

where G, E,q4, ZPE, and TS are the free energy, total energy from DFT calcula-
tions, zero point energy, and entropic contributions, respectively.

The Bader charge, COHP had been calculated using the first principles. In
addition, the charge density was analyzed by the VESTA package.
DOS calculation. Our total energy and electronic structure calculations were per-
formed using the plane-wave pseudopotential techniques with the GGA in the
PBE parametrization, with spin-polarized effects considered. The strong on-site
Coulomb repulsion between localized 3d electrons was modified by considering
the Hubbard U correction proposed by Dudarev et al., and the effective U value
of 5.3 eV was used for Fe 3d orbitals (52). The cutoff energy for the plane-wave
basis set was chosen to be 520 eV and a Monkhorst-Pack k-point grids of
4 x 4 x 2 was used for Brillouin zone integration.
Raman frequencies calculation. The first simulation software package used in
this work was VASP (53). Low-frequency (from 550 to 730 cm~") Raman spectra
of OOH on the Fe site of YFeO; substrate were calculated based on the DFT
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method within the GGA. The PAW potentials were adopted for inner electrons
(57). PBE functional was used for exchange-correlation potential (49). For the lat-
tice optimization, the kinetic energy cutoff was chosen as 400 eV for the wave
function. The Monkhorst-Pack method was used to sample the density at k-point
(54). The limit of energy convergence was 10~ eV, and the convergence condi-
tion for the maximum atomic force was 0.01 eV A~". Grimme's DFT-D3 method-
ology (55) was used to describe the dispersion interactions among all the atoms
in adsorption models of interest.

Data, Materials, and Software Availability. All study data are included in
the article and/or S/ Appendix.
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