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Chemicals

All chemicals utilized in this experiment were of analytical grade and employed without
additional purification. Titanium(IV) chloride (TiCls) liquid, manganese(II) chloride (MnClz) powder,
zirconium(Il) chloride (ZrCl) powder, tantalum(V) chloride (TaCls) powder, niobium(V)
pentachloride (NbCls) powder, gallium(III) chloride (GaCls) powder, vanadium(III) chloride (VCls)
powder, molybdenum oxide (MoOs) powder, nickel oxide (NiO) powder were procured from
Aladdin Ltd.; ruthenium(III) chloride powder, copper(Il) chloride (CuCl,) powder, cobalt(Il) chloride
hexahydrate (CoCl,-6H>0) powder, nickel(IT) chloride hexahydrate (NiCl,-6H>O) powder, copper
oxide (CuO) powder, diethylene glycol (DEG) liquid, ethylene glycol (EG) liquid were sourced from
Sigma-Aldrich. The iron(IIl) chloride (FeCls) powder, iridium(III) chloride trihydrate (IrClz-3H20)
powder, tin(IV) chloride pentahydrate (SnCls-5SH20) powder, titanium dioxide (P25) powder were
obtained from Acros Organics. Molybdenum(V) pentachloride (MoCls) powder, zinc(Il) chloride
(ZnCly) powder, Tricobalt tetraoxide (Co304) powder were acquired from Macklin (China).
Chromium(III) chloride (CrCls) powder, deuterated dimethyl sulfoxide (d5-DMSO) liquid were
purchased from Energy Chemical Reagent (China). Palladium(Il) chloride (PdCl:) powder,
tungsten(VI) chloride (WCls) powder were obtained from Strem Chemical Reagent (USA). Acetone
was procured from Lingfeng Chemical Reagent (China). Poly(ethylene terephthalate) (PET) film
(thickness = 25 microns), PET bottle, PET powder, polyethylene (PE) powder, polystyrene (PS)
powder, poly (lactic acid) (PLA) tube, polycarbonate (PC) film sourced from Alibaba. Pristine PET,
packaging film, bottles, dye-containing lunch boxes, multi-recycled waste, and bottle waste sourced
from Taihu Lake. Ultra-pure deionized (DI) water (Milli-Q grade, 18.2 Qm resistivity, TOC level <2

ppb) was directly obtained from a Milli-Q water purification system.
Characterizations

The crystalline structure and phase purity were determined using X-ray powder diffractometer
using Cu Ka radiation (A = 1.54056 A) at 40 kV and 40 mA. Diffuse reflectance spectra (DRS) were
collected using an ultraviolet-visible spectrophotometer (U-3900). The elemental composition of the
M/TiO, nanostructures was characterized by inductively coupled plasma optical emission
spectrometer (ICP-OES) analysis (PerkinElmer 8300). Before the analysis, the as-prepared oxide

nanoparticles were dissolved in extra-pure hydrochloric acid. Thermogravimetric analysis (TGA)



was performed on a Mettler Toledo Switzerland thermogravimetric analyzer from room temperature
to 800 °C (ramping rate: 10 °C-min™") in an air atmosphere. Ultraviolet photoelectron spectroscopy
(UPS) measurements were carried out in a custom-designed ultrahigh-vacuum system. He I (photon
energy 21.22 eV) was used as the excitation source for UPS. Chemical compositions and valence
states of all samples were analyzed using X-ray photoelectron spectroscopy (XPS) (Thermo
Scientific ESCLAB Xi"). All binding energies were calibrated by using the contaminant carbon (C /s

=284.8 eV) as a reference.

The sizes and morphologies of the M;-TiO, were obtained on a ThermoFisher Talos F200X.
The high-angle annular dark-field scanning TEM (HAADF-STEM) images and energy dispersive X-
Ray spectroscopy (EDX) elemental mapping and Transmission electron microscopy (TEM) images
were obtained with a Talos F200X instrument, both operated at a voltage of 200 kV. Aberration-
corrected scanning transmission electron microscopy (AC-STEM) images and electron energy-loss
spectroscopy (EELS) elemental mapping were obtained using a FEI Titan 80-300 S/TEM working at
300 kV with a probe spherical aberration corrector. Photographs were taken with a Canon 80D

DSLR camera.

"H nuclear magnetic resonance (NMR) spectra and '*C NMR were acquired on a Bruker
Advance III HD-400 MHz spectrometer and were analyzed using MestReNova (v11.0.1, Mestrelab
Research S. L.). A BFO Smart Probe was used to enhance sensitivity. Chemical shifts (3, ppm) were
calibrated using the residual proton signals of the solvent and referenced to tetramethylsilane (TMS).
The BHET was quantitatively analyzed using 'H NMR spectroscopy at 400-MHz Bruker AVANCE
AV 1II instrument, with d°-dimethyl sulfoxide (d°-DMSO) as the solution. The dichloromethane
signals as internal standard (6 = 5.76 ppm, 1H), and the representative characteristic signals areas for
BHET (8 = 8.13 ppm, 4H) were calculated to determine the yield of the BHET in the '"H NMR

spectra.

The yield of bis(2-hydroxyethyl) terephthalate (BHET) was analyzed using a Dionex HPLC-
U3000 equipped with a C18 column (5 um, 250 x 4.6 mm?, Agilent) and an ultraviolet detector set at
254 nm. The mobile phase, a mixture of methanol and water (v/v = 50/50) was run for a duration of

20 min at a temperature of 30 °C, with a flow rate of 0.4 mL-min"! and an injection volume of 15 pL.

Matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS)



was performed in reflector mode using a Bruker ultraflextreme MALDI-TOF/TOF instrument.

Concentrated a-cyano-4-hydroxycinnamic acid (a-CHCA) in methanol was used as a matrix.

All solar experiments were performed under a solar simulator (CEL-HXF300-T3, Beijing China
Education Au-light Co., Ltd.). The light intensity was calibrated by a CEAULIGHT: CEL-NP2000-
2A solar power meter. The temperature of the reaction system was monitored by a JK804 multi-

channel sensor.

The X-ray absorption fine structure (XAFS) spectra data, including X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine structure (EXAFS) of Fe, Ti, Co, Ni, Cu, and
Mo K-edges were collected at 44A beamline of Taiwan Photon Source (TPS) at the National
Synchrotron Radiation Research Center (NSRRC), Taiwan. The XAFS data of the M;-TiO, samples
were performed at room temperature in transmission mode and the detectors were ionization-
chamber-based. All the references (metal powder, foils, and oxide bulks) were recorded in the
transmission mode using an ionization chamber. All the samples were pelletized as disks 13 mm in
diameter with 1 mm thicknesses. Athena was used to calibrate and normalize the energy toward the
X-ray absorption spectra (XAS) spectra. In the XANES fitting at K-edge, an arctangent background
was subtracted from the normalized XANES spectra. In the EXAFS region of K-edge spectra, the k
space was obtained by subtracting an arctangent background from the EXAFS spectra, and it was
further converted into the R space through Fourier transform. Artemis was used to fit the EXAFS in

R space.
DFT calculation details

Density functional theory (DFT) calculations were carried out on a Vienna Ab initio Simulation
Package (VASP 5.4.4).I1 The exchange-correlation potential was described by the generalized
gradient approximation (GGA) within the framework of Perdew-Burke-Ernzerhof (PBE)
functional.?! DFT-D3 method was employed to calculate the van der Waals (vdW) interaction.[*]
Electronic energies were computed with the tolerance of 1 x 10# eV and total force of 0.02 eV-A~!.
A kinetic cutoff energy of 450 eV was adopted. The crystal lattice parameters of TiO, bulk are as
follows: a=b =3.86205 A, ¢ =9.69123 A (a.= B =y = 90). A Monkhorst-Pack k-mesh of 7 x 7 x 3
k-points were used in the structural relaxation for the bulk. The TiO; slabs were modeled by the

corresponding exposed surface along (101) direction with the thickness of two-unit cells, in which



three bottom atom layers are fixed to simulate the bulk structure. To avoid the interaction of the
molecules on the surface, 5 x 4 TiO; supercell was built to provide enough surface space. The
oxygen defect structure was simulated by removing one of the outermost oxygen atoms. A Monk
Horst-Pack k-mesh of 1 x 1 x 1 k-points were used in the structural relaxation for all slab models. A
vacuum space of 15 A was inserted in z direction to avoid interactions between periodic images. The
theoretical approach is based on the GGA with on-site Coulomb interaction parameter (GGA + U
method), in which the effective U-J parameters of 4.2 and 4.0 eV were applied to improve the

description of Ti and Fe 3d states, respectively.[*]

Adsorption energies Eggsorption are given with reference to the isolated surface Egyrrqce
relaxed upon removing the molecule from the unit cell using identical computational parameters and

the energy of the molecule E,,iecuie-

Eadsorption = Lmolecule on surface — Lsurface — Lmolecule (1)

The Gibbs free energy change (G) of reaction steps was calculated by the followings:

G = Eppr + Ezpg — TS (2)

Ezpe = Xi1/2 hv; )

@i = hvi/k (4)
) 9i

S=Y%; R[ln (1-e /M) +2 (e —1)™1] (5)

where Eppr 1s the electronic energy calculated for specified geometrical structures, E;pg 1s the
zero-point energy, S is the entropy, h is the Planck constant, v is the computed vibrational
frequencies, O is the characteristic temperature of vibration, k is the Boltzmann constant, and R is
the molar gas constant. For adsorbates, all 3N degrees of freedom were treated as frustrated

harmonic vibrations with negligible contributions from the catalysts’ surfaces.



The equilibrium concentration of point defects

The presence of point defects in the crystal, on the one hand, causes point distortions, which
raise the internal energy of the crystal and reduce its thermodynamic stability; On the other hand, the
increased disorder in the arrangement of the atoms and the change in the vibrational frequency of the
atoms around them causes a change in the group and vibrational entropy, which increases the crystal
entropy and increases the thermodynamic stability of the crystal. These two contradictory factors
give the point defects in the crystal a certain equilibrium concentration at a certain temperature,
which can be obtained according to thermodynamic theory. Using the vacancy as an example, the

calculation process is as follows:

It is known from thermodynamic principles that at a constant temperature, the free energy of the
whole system is F.

F=U-TS (6)

In the equation, U is the internal energy, S is the total entropy value, including the group entropy

(S¢) and the vibrational entropy (Sy), and 7 is the absolute temperature.

Supposed a crystal consisting of N atoms contains #n vacancies. If the energy required to form a
vacancy is E,, the internal energy of the crystal will increase by nE, when it contains n vacancies,
and the change in the group entropy of the crystal caused by the vacancy is AS. and the change in the
vibrational entropy is nASy. Thus, the change in free energy is:

AF = nE, — T(AS; + nASy) (7)

According to statistical thermodynamics, the group entropy can be expressed as

Se=klnW (®)

where k is the Boltzmann constant (1.38 x 1023 J-K™") and W is the number of microstates so
that the number of different arrangements possible in the presence of n vacancies and N atoms at the

N + n array positions:

__ (N+n)
T NIn!

(10)

Thus, the increase in entropy of the crystal group state is given by:



AS, _k[l 1 1]_k1 W+n)t (11)

Nin!

When both N and » values are very large, the Stirling approximation formula can be used to

change the above equation:

AS, = k[(N +n)In(N +n) — NInN — nlnn] (12)
Thus,
AF = n(E, — TAS;) — kT[(N + n) In(N +n) — NInN — ninn] (13)

At equilibrium, the free energy is minimal,

dAF
(), =0 (14)
dAF _
(ﬁ)r = E, — TAS; — kT[In(N +n) —Inn] = 0 (15)
When N >> n,
no_ EU—TASf
In i (16)
Equilibrium concentration of vacancies at temperature T,
%— exp( )exp( kT (17)
where A is the coefficient determined by the entropy of the vibration.
— i
A =exp ( P ) (18)

Therefore, the introduction of short-range order structures can release free energy of crystals,

which is thermodynamically favorable for the synthesis of M;-TiO2 nanostructures.



Theory of GPA

The essence of geometric phase analysis (GPA) is the comparison of the phase of
a set of perfect planes (defined by a g-vector) to the planes measured from an image
(defined by a mask at the g-vector). If we consider and image to be formed from a

Fourier series:
I(T‘) — Zg Agein+2n:ig.r (19)

Where [ is the image intensity, r is the position in the image and g are the
periodicities in the image (i.e. the position in reciprocal space). A, and F, give the
amplitude and phase of the periodicity given by g. Using a simple mask, it is easy to
extract one (or a select few) of these Fourier components by masking the fast fourier
transform (FFT). Inversing this FFT then produces the complex image. From this, the

phase difference can be calculated as
P,(r) = Phase[H;(r)] - 2mg - r (20)

Where the first term is the phase from the masked FFT and the second term in
the phase is calculated from the g-vector the FFT was masked at. At this point, the g-
vector can be refined to an area of the homogeneous strain. If the g-vector is incorrect,
(even if only by a little bit!) then the phase in the uniform strain region will have a

gradient. By fitting this gradient, it is possible to correct the g-vector using
Ag = P VF, (21)

Each phase can be used to calculate the displacements in the direction of the
lattice place. To get the full strain field, the phase needs to be calculated for two non-
colinear g-vectors. The phases are related to the displacement field, u, by

(Iljm) _ _Zn(glx gly)(ux) 22)

92 92x  Y2y” Uxy
Where g4, and g, are the x and y components of the g-vector using to calculate

the phase, Py,. Inverting this gives the displacements in terms of the phases,



Uy _ 1 A1x Aoy Pgl
(uxy)_—_m(aly aZy) (sz> (23)

Where we have used

G -G

Finally, the distortion is calculated by differentiating:

= 3)=(% 2
dx 0y

From this matrix, the strain, ¢, rotation, w and dilatation, 4, are easily calculated

from
e=-(e+el) (26)
w=>(e—e") 27)
A= Tracele] (28)

Note: the above discussion is based on the Cayman theme by Jason Long

(http://jjppeters.github.io/Strainpp/)
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Supplementary Fig. 1 Schematics of M;-TiO> nanostructures synthesis via
diethylene glycol (DEG)-assisted method.



Supplementary Fig. 2 High resolution transmission electron microscope (HRTEM)
image of Fei-TiO2 nanostructures. The yellow and blue regions demonstrate that Fe:-
TiO; is polycrystalline, and the crystal domains are surrounded by amorphous TiO3,

forming crystal domains.
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Supplementary Fig. 3 X-ray diffractometer (XRD) pattern of Fei-TiO:

nanostructures. Source data are provided as a Source Data file.
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Supplementary Fig. 4 Thermogravimetric analysis (TGA) curve of Fei-TiO2 in air

with a heating rate of 10 °C-min~'. Source data are provided as a Source Data file.



3l Fe,0, (+3)
o© Fe,-TiO, (+2.7)
i
Y
o
o 2t
o
©
S
N
S
S 1t
©
i)
3
OF = Fefoil (0)

7112 7116 7120 7124
Energy threshold (eV)

Supplementary Fig. 5 Plot of oxidation states of Fe in Fe;-TiO, and references as
determined from the edge positions in the Fe K-edge X-ray absorption near-edge

structure (XANES) spectra. Source data are provided as a Source Data file.
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Supplementary Fig. 6 Fourier transforms of the extended X-ray absorption fine

structure (FT-EXAFS) spectra of Fe;-TiO2 nanostructures and the theoretical fitted
curve. Source data are provided as a Source Data file.
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Supplementary Fig. 7 Fourier transforms of the extended X-ray absorption fine
structure (FT-EXAFS) spectra of 3.87 at.% Fe-TiO2 nanostructures and the

theoretical fitted curve. Source data are provided as a Source Data file.
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Supplementary Fig. 8 Fourier transforms of the extended X-ray absorption fine
structure (FT-EXAFS) spectra of Fe,O3; and Fe3O4 and their theoretical fitted curves.

Source data are provided as a Source Data file.
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Supplementary Fig. 9 Diverse M;-TiO> nanostructures synthesized by diethylene
glycol (DEQG)-assisted strategy.



Supplementary Fig. 10 High resolution transmission electron microscope (HRTEM),
scanning transmission electron microscopy (STEM) image and corresponding energy
dispersive X-ray spectroscopy (EDX) elemental mapping images of Vi-TiO,. The

yellow and blue regions represent crystal domains.



Supplementary Fig. 11 High resolution transmission electron microscope (HRTEM),
scanning transmission electron microscopy (STEM) image and corresponding energy
dispersive X-ray spectroscopy (EDX) elemental mapping images of Cri-TiO,. The

yellow and blue regions represent crystal domains.



Supplementary Fig. 12 High resolution transmission electron microscope (HRTEM),
scanning transmission electron microscopy (STEM) image and corresponding energy
dispersive X-ray spectroscopy (EDX) elemental mapping images of Mn;-TiO,. The

yellow and blue regions represent crystal domains.



Supplementary Fig. 13 High resolution transmission electron microscope (HRTEM),
scanning transmission electron microscopy (STEM) image and corresponding energy
dispersive X-ray spectroscopy (EDX) elemental mapping images of Coi-TiO>. The

yellow and blue regions represent crystal domains.



Supplementary Fig. 14 High resolution transmission electron microscope (HRTEM),
scanning transmission electron microscopy (STEM) image and corresponding energy
dispersive X-ray spectroscopy (EDX) elemental mapping images of Ni;-TiO,. The

yellow and blue regions represent crystal domains.



Supplementary Fig. 15 High resolution transmission electron microscope (HRTEM),
scanning transmission electron microscopy (STEM) image and corresponding energy
dispersive X-ray spectroscopy (EDX) elemental mapping images of Cu;i-TiO>. The

yellow and blue regions represent crystal domains.



Supplementary Fig. 16 High resolution transmission electron microscope (HRTEM),
scanning transmission electron microscopy (STEM) image and corresponding
corresponding energy dispersive X-ray spectroscopy (EDX) elemental mapping

images of Zn;-TiO,. The yellow and blue regions represent crystal domains.
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Supplementary Fig. 17 Fe K-edge normalized X-ray absorption near-edge structure
(XANES) spectra of FeiMo1-TiO; and references. Source data are provided as a

Source Data file.
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Supplementary Fig. 18 Mo K-edge normalized X-ray absorption near-edge structure
(XANES) spectra of FeiMo-TiO, and references. Source data are provided as a

Source Data file.
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Supplementary Fig. 19 Fe K-edge normalized X-ray absorption near-edge structure
(XANES) spectra of Fe;CoiCu;-TiO2 and references. Source data are provided as a

Source Data file.
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Supplementary Fig. 20 Co K-edge normalized X-ray absorption near-edge structure
(XANES) spectra of Fe;CoiCu;-TiO2 and reference. Source data are provided as a

Source Data file.
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Supplementary Fig. 21 Cu K-edge normalized X-ray absorption near-edge structure
(XANES) spectra of Fe;CoiCu;-TiO2 and reference. Source data are provided as a

Source Data file.



Supplementary Fig. 22 Aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (AC-HAADF-STEM) image of FeiMoi-TiO:

nanostructures. Marked the Mo atoms with a bright red circle.

To further enhance the credibility of our product characterization, we supplemented
with Aberration-corrected high-angle annular dark-field scanning transmission
electron microscopy (AC-HAADF-STEM) characterization. As is well known, AC-
HAADF-STEM is the most intuitive method for confirming the presence of isolated
metal single atoms, relying on Rutherford scattering. This technique is highly
sensitive to variations in the atomic number of atoms in the sample (Z-contrast
images), where the image intensity of a specific atom is directly proportional to the
square of the elemental atomic number (Z?). In essence, the higher the Z value of an
element, the brighter its image appears. In this work, direct observation by AC-
HAADF-STEM is challenging due to the majority of heteroatoms’ atomic numbers
being close to that of Ti. Given the substantial difference in atomic numbers between
Mo (Z = 42) and Ti (Z = 22), Fe1Mo1-TiO; catalysts were selected as a representative
sample for AC-HAADF-STEM characterization, where Mo in Fe;Mo;-TiO: exists in

an atomically dispersed state (marked with bright red circles).
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Supplementary Fig. 23 UV-vis diffuse reflectance spectrum (DRS), band gap energy
(Eg) spectrum, and ultraviolet photoelectron spectroscopy (UPS) analysis for valence-
band regions of TiO,-DEG. Source data are provided as a Source Data file.
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Supplementary Fig. 24 UV-vis diffuse reflectance spectrum (DRS), band gap energy
(Eg) spectrum, and ultraviolet photoelectron spectroscopy (UPS) analysis for valence-
band regions of Vi-TiO,. Source data are provided as a Source Data file.
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Supplementary Fig. 25 UV-vis diffuse reflectance spectrum (DRS), band gap energy
(Eg) spectrum, and ultraviolet photoelectron spectroscopy (UPS) analysis for valence-
band regions of Cri-TiO,. Source data are provided as a Source Data file.
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Supplementary Fig. 26 UV—vis diffuse reflectance spectrum (DRS), band gap energy
(Eg) spectrum, and ultraviolet photoelectron spectroscopy (UPS) analysis for valence-
band regions of Mn-TiOz. Source data are provided as a Source Data file.
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Supplementary Fig. 27 UV—vis diffuse reflectance spectrum (DRS), band gap energy
(Eg) spectrum, and ultraviolet photoelectron spectroscopy (UPS) analysis for valence-

band regions of Fei-TiO;. Source data are provided as a Source Data file.
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Supplementary Fig. 28 UV-vis diffuse reflectance spectrum (DRS), band gap energy
(Eg) spectrum, and ultraviolet photoelectron spectroscopy (UPS) analysis for valence-
band regions of Coi-TiO». Source data are provided as a Source Data file.
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Supplementary Fig. 29 UV-vis diffuse reflectance spectrum (DRS), band gap energy
(Eg) spectrum, and ultraviolet photoelectron spectroscopy (UPS) analysis for valence-
band regions of Ni;-TiO,. Source data are provided as a Source Data file.
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Supplementary Fig. 30 UV—vis diffuse reflectance spectrum (DRS), band gap energy
(Eg) spectrum, and ultraviolet photoelectron spectroscopy (UPS) analysis for valence-
band regions of Cu;-TiO,. Source data are provided as a Source Data file.
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Supplementary Fig. 31 UV-vis diffuse reflectance spectrum (DRS), band gap energy
(Eg) spectrum, and ultraviolet photoelectron spectroscopy (UPS) for valence-band
regions of Zn-TiO». Source data are provided as a Source Data file.
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Supplementary Fig. 32 UV-vis diffuse reflectance spectrum (DRS), band gap energy
(Eg) spectrum, and ultraviolet photoelectron spectroscopy (UPS) analysis for valence-
band regions of Ga;-TiO,. Source data are provided as a Source Data file.
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Supplementary Fig. 33 UV-vis diffuse reflectance spectrum (DRS), band gap energy
(Eg) spectrum, and ultraviolet photoelectron spectroscopy (UPS) analysis for valence-
band regions of Zri-TiO». Source data are provided as a Source Data file.
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Supplementary Fig. 34 UV-vis diffuse reflectance spectrum (DRS), band gap energy
(Eg) spectrum, and ultraviolet photoelectron spectroscopy (UPS) analysis for valence-
band regions of Nbi-TiO,. Source data are provided as a Source Data file.
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Supplementary Fig. 35 UV-vis diffuse reflectance spectrum (DRS), band gap energy
(Eg) spectrum, and ultraviolet photoelectron spectroscopy (UPS) analysis for valence-
band regions of Mo-TiOz. Source data are provided as a Source Data file.
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Supplementary Fig. 36 UV—vis diffuse reflectance spectrum (DRS), band gap energy
(Eg) spectrum, and ultraviolet photoelectron spectroscopy (UPS) analysis for valence-
band regions of Sni-TiO,. Source data are provided as a Source Data file.
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Supplementary Fig. 37 UV-vis diffuse reflectance spectrum (DRS), band gap energy
(Eg) spectrum, and ultraviolet photoelectron spectroscopy (UPS) analysis for valence-
band regions of Ta;-TiO. Source data are provided as a Source Data file.
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Supplementary Fig. 38 UV—vis diffuse reflectance spectrum (DRS), band gap energy
(Eg) spectrum, and ultraviolet photoelectron spectroscopy (UPS) analysis for valence-
band regions of W;-TiO,. Source data are provided as a Source Data file.
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Supplementary Fig. 39 Summarized energy band structure of various M;-TiO,.

Source data are provided as a Source Data file.
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Supplementary Fig. 40 Depth-dependent high-resolution Fe 2p and Ti 2p X-ray
photoelectron spectroscopy (XPS) spectra of Fei-TiO>. Source data are provided as a

Source Data file.

X-ray photoelectron spectroscopy (XPS) depth profiling uses an ion beam to etch
surface layers, revealing structural information at different depths. the Fe-Ti atomic
ratio on the catalyst surface is 13.7%, which decreases with the increase of etching
depth. The Fe-Ti atomic ratio decreases to 7.8% when the etching depth is ~3 nm.
These results confirm the ability of this technique to prepare M;-TiO> catalysts with a

surface rich in heteroatoms.



Supplementary Fig. 41 Transmission electron microscope (TEM), scanning
transmission electron microscopy (STEM) image and corresponding corresponding
energy dispersive X-ray spectroscopy (EDX) elemental mapping images of 5 at.%Ru-
Ti0o.



Supplementary Fig. 42 Transmission electron microscope (TEM) image of
at.%Pd-TiO,.
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Supplementary Fig. 43 Transmission electron microscope (TEM), scanning
transmission electron microscopy (STEM) image and corresponding corresponding
energy dispersive X-ray spectroscopy (EDX) elemental mapping images of 5 at.%Rh-
TiOs.



Supplementary Fig. 44 Transmission electron microscope (TEM), scanning
transmission electron microscopy (STEM) image and corresponding energy

dispersive X-ray spectroscopy (EDX) elemental mapping images of 5 at.%lr-TiO,.
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Supplementary Fig. 45 (a) Photoluminescence and (b) electron paramagnetic
resonance (EPR) spectra of Fe;-TiO2 nanostructures before and after ultraviolet light

(UV) exposure for 30 min. Source data are provided as a Source Data file.

In the photothermal polyester upcycling, when the Fe;-TiO; catalysts are exposed to
simulated sunlight, they are excited by high-energy UV photons. This excitation leads
to the generation of electron-hole pairs. The chemical-bonded diethylene glycol (DEG)
ligand effectively captures the holes, thus extending the electron lifetime by
preventing rapid carrier recombination (Angew. Chem. Int. Ed. 2023, 135,
e202308930). Following ultraviolet light (UV) irradiation, there is a significant
decrease in the photoluminescence intensity of the Fe-TiO: catalysts. This decrease is
attributed to the catalyst's black color in its active state, which harbors abundant
defect energy levels. These defects facilitate non-radiative carrier relaxation when the
excitation light interacts with the catalyst's surface, leading to diminished
fluorescence intensity. Further, the absorption spectrum reveals enhanced absorption
of visible light, corroborating this observation. Moreover, the longevity of the electron
aids in the reduction of Ti*" within the Fe;-TiO> catalysts to Ti*" species,
simultaneously generating oxygen vacancies. There is a dramatic increase in the count
of Ti** and Oy in the electron paramagnetic resonance (EPR) spectra after UV
irradiation. This finding suggests that the photogenerated carriers interact primarily
with the Fei-TiO; catalyst itself.
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Supplementary Fig. 46 The catalytic performance of M;-TiO, nanostructures for
photothermal catalytic poly(ethylene terephthalate) (PET) plastic upcycling. 20 mg of
M;-TiO; catalysts, 2 g of ethylene glycol and 0.5 g of PET flakes were added to a
sealed quartz reactor with a thermocouple inserted to maintain a temperature of 190
°C, the reaction time set at 15 min. Error bars show standard deviation between

replicates (n = 3 masks for each type tested). Source data are provided as a Source
Data file.
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Supplementary Fig. 47 Plot of the relationship between the transmittance of the TiO»

and Fe;-TiO; disperse solution and time and wavelength. Source data are provided as

a Source Data file.
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Supplementary Fig. 48 Photothermal conversion ability of Fe;-TiO» dispersion.
Temperature curve of the ethylene glycol solution containing 1 wt.% of Fe;-TiO:
shined with simulated sunlight (0.52 W-cm™). Source data are provided as a Source
Data file.
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Supplementary Fig. 49 Glycolysis of poly(ethylene terephthalate) (PET) at various
conditions. 20 mg of Fe;-TiO: catalysts, 2 g of ethylene glycol and, 0.5 g of PET
flakes were added to a sealed quartz reactor. In thermal and thermal + UV conditions
the reactor was placed in an oil bath to keep a temperature of 190 °C. The UV light
intensities are 0.011, 0.027 and 0.052 W-cm™. In photothermal, the reactor was
irradiation by simulated sunlight (0.52 W-cm™). Source data are provided as a Source
Data file.
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Supplementary Fig. 50 'H nuclear magnetic resonance (NMR) spectrum of the

recycled product at various conditions. Source data are provided as a Source Data file.



BHET
. oligomer
Commerical BHET

0
=
5

. Photothermal
O
—
©
; UV+thermal
=
2 Fe,-TiO, (thermal)
o |
= TiO, (thermal)

0 5 10 15 20

Time (min)

Supplementary Fig. 51 High performance liquid chromatography (HPLC) spectrum
of the recycled product at various conditions. Source data are provided as a Source
Data file.

The yield of bis(2-hydroxyethyl) terephthalate (BHET) was further analyzed
using a Dionex HPLC-U3000 equipped with a C18 column (5 pum, 250 x 4.6 mm?,
Agilent) and an ultraviolet detector set at 254 nm. The mobile phase, a mixture of
methanol and water (v/v = 50/50) was run for a duration of 20 min at a temperature of
30 °C, with a flow rate of 0.4 mL min~' and an injection volume of 15 pL. The high-
performance liquid chromatography (HPLC) spectrum of our product is consistent
with the commercial BHET peak positions and the product contains only a small

amount of oligomers.
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Supplementary Fig. 52. (a) Effect of reaction atmosphere and quenching agent on
catalytic performance of Fei-TiO> catalysts. 20 mg of Fe;-TiO; catalysts, 10 mg of p-
benzoquinone (p-BQ), 2 g of ethylene glycol and 0.5 g of poly(ethylene terephthalate)
(PET) flakes were added to a sealed quartz reactor with a thermocouple inserted to
maintain a temperature of 190 °C, the reaction time set at 12.5 min. (b) Gas
chromatography (GC) of gas-phase after photothermal catalysis in an oxygen
atmosphere. Source data are provided as a Source Data file.

To further investigate the impact of oxygen on the catalytic glycolysis process,
experiments were conducted under both air and nitrogen atmospheres to assess
differences in poly(ethylene terephthalate) (PET) conversion and monomer yield. As
shown in a, the results under a nitrogen are similar to those observed under ambient
air conditions. Gas samples extracted during the experiments were analyzed using gas
chromatography, which revealed the absence of any carbon-based compounds (b).
This result preliminarily rules out the contribution of reactive oxygen species.
Additionally, we used p-benzoquinone (p-BQ) as a quenching agent for superoxide
radicals to further investigate their potential impact. The addition of p-BQ had not
affect the catalytic activity or product selectivity (a), further ruling out the

contribution of reactive oxygen species.
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Supplementary Fig. 53 Schematic illustration of the construction of the (a) TiO2-Oy
and (b) Fe;-TiO; structure model. Atom key: Ti (light blue), Fe (navy) and O (red).



Supplementary Fig. 54 The charge density distribution of TiO»-Oy and Fe;-TiO:
slabs. 3D charge density for (a) TiO2-Oy and (b) Fe;-TiO2, in which the iso-surfaces
are 0.003 ¢ Bohr?. Atom key: Ti (light blue), Fe (navy) and O (red). 2D charge
density for (c) TiO2-Oy and (d) Fe;-TiOx.

The charge distribution is visually represented through color-coded electron clouds in
these figures. Yellow regions indicate areas of increased charge density, which
accumulate around the Fe and Ti atoms following the formation of oxygen vacancies.
Conversely, cyan regions signify areas of decreased electron cloud density, typically

observed in areas distant from the oxygen vacancies.



Supplementary Fig. 55 Calculated Bader charge of (a) TiO2-Oy and (b) Fei-TiO2
slabs. Atom key: Ti (white), Fe (light purple) and O (red).
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Supplementary Fig. 56 (a) 'H nuclear magnetic resonance (NMR) spectrum and (b)
fourier-transform infrared (FT-IR) spectrum of the recycled BHET. Source data are
provided as a Source Data file.

We utilized the integration of the peaks in the "H nuclear magnetic resonance (NMR)
spectrum for product quantitative analysis. As shown in a, the single signal observed
at 0 8.1 ppm corresponds to the four symmetric aromatic protons of the benzene ring.
Additionally, the triplet peak at 6 4.3 ppm and the quartet peak at 6 3.7 ppm represent
the methylene protons of COO-CH> and CH»2-OH, respectively. The triplet peak at 6
4.9 ppm indicates the presence of protons from the hydroxyl group. The peak area
ratio of these peaks (2.01:0.99:1.99:2.00) aligns with the theoretical value
(2.00:1.00:2.00:2.00), Furthermore., the fourier transform-infrared (FT-IR) spectra of
our products overlap well with commercial bis(2-hydroxyethyl) terephthalate (BHET)
(b), again suggesting the high purity of the product.
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Supplementary Fig. 57 (a) The conversion of poly(ethylene terephthalate) (PET) at
different times and (b) The linear fit to the PET conversion versus reaction time of
Fe1-TiO2 nanostructures. 2 mg of Fei-TiO» catalysts, 20 g of ethylene glycol and 10 g
of PET flakes were added to a sealed quartz reactor with a thermocouple inserted to
maintain a temperature of 170 °C, the reaction time set at 10 hours, 12.5 hours, 15
hours, 17.5 hours, 20 hours, 22.5 hours and 25 hours, respectively. Source data are
provided as a Source Data file.

We carried out seven long-term parallel experiments, aiming to simulate extended
reaction periods. Each experiment maintained consistency in terms of the number of
reactants (10 g poly(ethylene terephthalate) (PET) and 20 g ethylene glycol (EG)),
catalyst dosage (2 mg Fe-TiO,), light intensity (0.68 W-cm?), and reaction
temperature (170 °C). The sole parameter that varied was the reaction time, set at 10
hours, 12.5 hours, 15 hours, 17.5 hours, 20 hours, 22.5 hours and 25 hours,
respectively. Notably, to accommodate longer reaction times, we reduced the catalyst
dosage to 2 mg while keeping other conditions consistent with the typical reaction
conditions. In a, we present the relationship between the conversion rate and reaction
time for the seven parallel experiments. The gradual increase in the conversion rate of
PET with increasing reaction time is evident. Following the literature, PET glycolysis
is typically a first-order reaction. The linear fit of the data from a demonstrates a
perfect linear relationship (b), indicating that the catalyst's activity remains robust
even under prolonged illumination. This observation assures us of the catalyst's

excellent stability over extended reaction times.
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Supplementary Fig. 58 (a) Elemental mappings and (b) X-ray diffraction (XRD)
patterns of Fe;-TiO2 nanostructures after 25 h reaction. Source data are provided as a

Source Data file.

The structure of the spent Fe;-TiO: catalysts were further characterized. As depicted
in above figure, no distinct Fe-related species in the X-ray diffraction (XRD) patterns,
coupled with the uniform distribution of Fe elements in energy dispersive X-ray

spectroscopy (EDX) mapping, both confirmed no aggregation of Fe species.
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Supplementary Fig. 59 Normalized fourier transforms of the extended X-ray
absorption fine structure (FT-EXAFS) spectra of pristine and used Fei-TiO>. Source

data are provided as a Source Data file.

Fourier transforms of the extended X-ray absorption fine structure (FT-EXAFS)
analysis of the spent Fei-TiO; catalysts indicates that the Fe atoms were exclusively
coordinated with oxygen atoms, evidenced by a prominent peak of Fe-O scattering at
approximately 1.57 A. Notably, no Fe-Fe peak was detected at approximately 2.18 A,
confirming that the Fe single atoms were maintained within the spent Fe;-TiO:
catalysts. These findings collectively affirm the exceptional stability of the Fe;-TiO»

nanostructures following the polyester upcycling reaction.



Supplementary Table 1 The Eo value of the X-ray absorption near-edge structure
(XANES) results for all samples.

Sample Threshold engergy (Eo, eV)

TiO» 4983.1
Fei-TiO; 4980.4

Fe foil 7112.0
Fei-TiO; 7122.5

Fe;04 7121.7

Fe;Os3 7123.5

Cu in Fe CoiCu;-TiO2 8985.6
CuO 8987.2

Co in Fe;CoiCu;-TiO2 7718.9
C0304 7719.1

Fe in Fe;CoCu;-TiO; 7121.4
Fe in Fe;Mo;-TiO; 7124.5
Mo in FeiMo;-TiO; 20016.1
Mo foil 20000.0

MoO; 20016.1
Ni-TiO; 8345.8

NiO 8345.2




Supplementary Table 2 Comparison of the molar ratio of M to Ti in reported M-

Ti0; catalysts.

Catalyst Synthesis method Universality M/Ti (at.%)
Ni.034@TiO,% molten salt, 500 °C under N flow No 1.73
Ni/TiO,!"! molten salt, 500 °C under N, flow No 0.56
CuSA/TiO,® calcination, 450 °C No 1.91
Cri/TiO,"! calcination, 400 °C No 1.27
Cuy/TiO,1 calcination, 950 °C No 1.42
Cuy/TiO,t calcination, 900 °C Yes 0.78
Fe;-TiO; (This work) 220 °C in air Yes 3.87




Supplementary Table 3 The extended X-ray absorption fine structure (EXAFS)
fitting results in R space at Fe K-edge.

Sample Scattering path CN R (A) 62 (103-42) AEy (eV)
Fe foil Fe-Fe, 8 2.46 £0.02 5.83+£2.03 5.01 £2.74
Fe-Fe, 6 2.84+£0.01 5.30+2.75 5.01 £2.74
Fe-0O, 4 2.04 £0.02 7.96 £3.27 8.890+1.72
Fe-O, 2 2.35+0.04 8.04 £ 4.58 8.890+1.72
FesOs Fe-Fe, 6 3.08£0.02  148+285 889+ 1.72
Fe-Fe, 4 3.55+0.02 9.57+3.27 8.890+1.72
Cu-O 4 1.96 £0.02 3.75+3.60 8.36+2.14
o0 Cu-Cu 4 2.95+0.03 931+3.97 8.36+2.14
Co-0; 2 1.93 £0.06 4.00 295+1.58
Co-0; 4 1.90 £0.05 9.24 295+1.58
Cos0s Co-Co; 4 2.87+£0.01 3.00 2.95+1.58
Co-Co, 2 3.22+£0.08 4.09 295+1.58
Co-Cos 2 3.34+£0.02 3.67+£1.25 295+1.58
Co-Coy 4 3.44+£0.04 3.00 295+1.58
Mo-0O, 1 1.74 £0.03 3.00 295+1.58
Mo-0, 1 1.68 £0.02 3.00 295+1.58
Mo-0; 2 1.96 £0.01 3.00 295+1.58
Mo-0Oy4 1 2.20+0.02 3.00 295+1.58
Mo-Os 1 2.33+£0.02 3.00 295+1.58
Mo0; Mo-Mo; 2 3.41+£0.02 3.47+1.65 295+1.58
Mo-Og¢ 4 3.38+£0.05 10.1 £6.91 295+1.58
Mo-Mo, 2 3.80+£0.01 6.57£6.41 295+1.58
Mo-0O; 2 3.89+£0.10 3.00 295+1.58
Mo-Mojs 2 4.03+0.03 3.00 295+1.58
Mo foil Mo-Mo; 8 2.72 £0.01 3.58+1.64 337+192
Mo-Mo, 6 3.13+£0.01 3.33+£2.19 337+192
) Ni-O 6 2.09 £0.04 16.1 +7.86 0.40 +£2.88
Nio Ni-Ni 6 2.96 £0.02 3.58+2.29 0.40 +£2.88
Fe in Fe;Co;Cu;-TiO; Fe-O 3.29+1.53 2.15+0.05 6.12 +£9.60 8.91+£4.22
Co in Fe;CoCu;-TiO; Co-O 3.38+£1.06 2.12+0.04 3.55+5.67 18.5+£29
Cu in Fe;CoCu;-TiO; Cu-O 3.50+£1.06 2.01 +£0.08 6.00 252+14.9
Fe in Fe;Mo,-TiO; Fe-O 3.69+£0.72 2.03+£0.03 6.10£3.74 1.21 £2.15
Mo-0O, 2.32+041 1.72 +£0.05 4.78 0+10.65
Mo in Fe;Mo;-TiO, Mo-0, 0.69 £0.83 2.06 £0.14 6.59 0+10.65
Mo-0; 1.06 £1.53 2.41 £0.09 6.00 0+10.65
Ni;-TiO, Ni-O 6.35+1.20 2.12+0.02 122+4.2 434+1.72
Fe -TiO; Fe-O 3.33+£0.40 2.07+£0.03 4.00 8.74 £ 2.46

CN: coordination number; R: interatomic distance; 62: Debye-Waller factor; AEo: energy deviation; So:
Amplitude reduction factor. (So? = 0.90)



Supplementary Table 4 Comparison of catalytic performance of reported catalysts
for the glycolysis of poly(ethylene terephthalate) (PET).

Catalyst amount PET Time  BHET Yield STY @ 190 °C

Catalyst
(2) ® (h) (%) (gBuET gear )
Zn(Ac),!'? 0.29 30 1 68.0 93.06
ZnFe, 0413 0.20 5 6 79.5 4.38
OPA@Fe;04'4 0.048 0.48 1.5 91.0 8.03
Fe;04@Si02@(mim)[FeCly]! 0.015 0.1 24 50.0 0.18
Zinc plates!®! 2 5 5 71.7 0.51
Zn-BDCI!7] 0.06 6 3 87.3 38.49
Si0,-Fe,03-NH,SB NPL'8] 0.1 1 3 73.0 322
[Ch][OAC]"™) 0.25 5 3 83.8 7.39
t-BuP,2%! 0.25 0.5 1.5 92.7 1.64
4Ti/SBA-15P211 0.05 0.4 3/4 87.2 12.30
Fe;04-CP NPsl??! 0.01 1 2 56.9 37.64
ZnO-Fe;04 HMNAs?3! 0.5 1.5 0.5 923 7.33
Zn(OAc),*4 0.5 1.5 1/12 83.0 38.75
MeONal>’! 0.28 1 2 75.0 1.77
[HDBU]Im!?! 0.25 5 2/3 78.9 31.16
Cyanamidel?”! 0.1 2 2.5 95.2 10.08
MAF-612%] 0.05 5 4 78.3 25.89
ZnCl,? 1 5 2 81.1 2.68
CoCL, 1 5 2 72.7 2.40
Mo/ZnOR0 0.01 1 1 92.3 122.11
GCNCBU 0.05 2 0.5 75.0 79.38
[Bmim]HCO;3% 0.1 2 2 71.2 9.42
1,3-DMU/Zn(OAc),[3! 0.25 5 173 82.0 65.75
rGO/[TESPMI,CoCl4l*4! 0.15 1 3 87.3 2.57
NaHCO;P] 0.25 5 3 48.0 4.23

Fe;-TiO; (This work) 0.02 0.5 1/4 76.2 100.81




Supplementary Table 5 Total energy and free energy correction for molecules and
reaction intermediates over TiO;-Oy and Fe;-TiO; slabs for photothermal catalytic

poly(ethylene terephthalate) (PET) glycolysis.

Intermediates Eprr (V) Ezre (eV) TAS (eV)

Ethylene glycol (EG) -53.17 2.24 0.94

Ethylene ggﬁ:/g% )dibenzoate 92257 711 0.94

2-hydroxyethyl benzoate (2-HB) -137.87 4.67 1.39
TiO,-Oy -1855.52 / /

IS1* on TiO»-Oy -2078.99 7.13 0.86

IS2* on TiO,-Oy -2132.25 9.40 1.26

IS3* on TiO2-Oy -1994.51 4.71 0.67
Fe;-TiO> -1852.24 / /

IS1* on Fe;-TiO; -2075.79 7.16 0.74

IS2* on Fe;-TiO, -2128.97 9.41 1.28

IS3* on Fe;-TiO; -1991.03 4.72 0.52




Supplementary Table 6 Mass of metal chloride precursors required for the synthesis
of Mi-Ti0O; nanostructures.

Materials Metal chloride Mass (mg)
Vi-TiO; VCls 28.31
Cri-TiO2 CrCl3 28.50
Mn;-TiO, MnCl; 22.65
Fei-TiO; FeCl3 29.20
15% Fe;-TiO2 FeCl3 87.60
Coi-TiO2 CoCl» 6H,0 42.83
Ni;-TiO; NiCly-6H>O 42.78
Cu;-TiO2 CuCl, 24.20
Zn;-TiO, ZnCl, 24.54
Ga;-TiO2 GaCls 31.69
Zr1-TiO; ZrCl, 41.95
Nbi-TiO2 NbCls 48.63
Moi-TiO, MoCls 49.18
Sni-TiO, SnCls-5H,O 63.11
Ta;-TiO2 TaCls 64.48
Wi-TiO; WCls 71.39
FeCl3 14.60

FeiMo;-TiO,

MoCls 24.59
FeCl3 9.73
Fe1Co1Cu;-TiO2 CoCl» 6H,0 14.28
CuCl, 8.07
Ru-TiO, RuCl; 37.75
Rh-TiO, RhClI3 38.08
Pd-TiO, PdCl» 32.27

Ir-TiO2 IrCl3-3H,0 64.17
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