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CHEMISTRY

Photocatalytic production of ethylene and propionic
acid from plastic waste by titania-supported atomically
dispersed Pd species

Shuai Zhang’, Bingquan Xia?, Yang Qu>, Ligiang Jing?, Mietek Jaroniec*, Jingrun Ran'*,
Shi-Zhang Qiao'*

Current chemical recycling of bulk synthetic plastic, polyethylene (PE), operates at high temperature/pressure
and yields a complex mixture of products. PE conversion under mild conditions and with good selectivity toward
value-added chemicals remains a practical challenge. Here, we demonstrate an atomic engineering strategy to
modify a TiO, photocatalyst with reversible Pd species for the selective conversion of PE to ethylene (C;H;) and
propionic acid via dicarboxylic acid intermediates under moderate conditions. TiO,-supported atomically dis-
persed Pd species exhibits C,H, evolution of 531.2 pmol g ..~ hour™', 408 times that of pristine TiO,. The liquid
product is a valuable chemical propanoic acid with 98.8% selectivity. Plastic conversion with a C, hydrocarbon
yield of 0.9% and a propionic acid yield of 6.3% was achieved in oxidation coupled with 3 hours of photoreac-
tion. In situ spectroscopic studies confirm a dual role of atomic Pd species: an electron acceptor to boost charge
separation/transfer for efficient photoredox, and a mediator to stabilize reaction intermediates for selective
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decarboxylation.

INTRODUCTION

The widespread use of plastic products demands proper end-of-life
management to reduce environmental threats from landfills and
recover value-added products from waste (I, 2). Polyolefins such
as polyethylene (PE) account for more than 60% of all plastic
waste (3). However, PE waste is now processed via pyrolysis or gas-
ification at high temperatures (>400°C), with complex product
compositions (including hydrocarbon gases, oils, waxes, and
coke) and substantial energy consumption (4, 5). Although differ-
ent reaction systems (such as Fenton and chemical oxidation) have
been developed to achieve low-temperature decomposition of PE
waste (6, 7), the selective production and separation of value-
added products remain practically challenging.

Solar-driven photocatalysis offers a clean and sustainable ap-
proach to carry out chemical conversions under ambient conditions
(8-10). In tandem with low-temperature depolymerization, it holds
promise for photocatalytic conversion of PE waste via intermediates
into valuable fuels and chemicals under mild conditions. Ethylene
(C,H,) is an important chemical feedstock, which is industrially ex-
tracted by high-temperature (>800°C) steam cracking (11, 12). PE
waste is an untapped resource for C,H, generation (13), but solar-
driven PE-to-C,H, conversion is practically difficult. The chemical
inertness of nonpolar polymers and the uncontrollable reactivity of
radical intermediates impede PE conversion and product selectivity
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(14-17). In addition, C,H, has been used as a feedstock for valued
propionic acid production, for instance, in the Reppe process (18).
This industrial process still requires elevated pressure/temperature
and generates by-products (19). In contrast, photocatalytic synthe-
sis of propionic acid from plastic waste is a more sustainable and
greener route. Despite such potential, the selective conversion of
plastic waste to C,H, and propionic acid under moderate condi-
tions is extremely challenging and rarely explored.

Recently, atomically engineered catalysis has attracted substan-
tial attention in chemical conversions because of maximal metal
atom utilization, tunable atomic configuration, and special surface
atom-support interaction (20, 2I). Engineering abundant atomic-
scale sites in catalysts becomes a promising strategy to achieve
high efficiency and tailor product selectivity in emerging reactions,
such as upcycling of plastic waste (22, 23). Li et al. (24) reported an
N-bridged Co, Ni dual atom catalyst for conversion of polystyrene
(PS) waste to ethylbenzene. Delicately designed atomic-scale sites
enabled adsorption of styrene molecules and C=C bond activation,
achieving 95 wt % PS conversion and 92 wt % ethylbenzene yield.
On the basis of the understanding of the structure-activity relation-
ship of atomic-scale active sites (25), the atomically engineered pho-
tocatalysts that enable photo-generated charge separation/transfer
and boost surface redox reactions can be rationally designed and
fabricated. This would be beneficial and provide promising oppor-
tunities for photocatalytic upcycling of PE waste.

Here, we report the concurrent production of C,H, and propi-
onic acid with high selectivity from PE waste using an atomically
engineered photocatalyst (Fig. 1). We demonstrate that TiO, nano-
sheets with atomically dispersed Pd species (Pd;-TiO,) exhibit C,
hydrocarbon evolution of 1033 pumol g.,,~' hour™" with 51.4%
C,H,, and propanoic acid production of 164.4 umol hour™" with
a selectivity of 98.8% in liquid products. The integrated process
allows for the conversion of PE with a C, hydrocarbon yield of
0.9% and a propionic acid yield of 6.3% under mild conditions.
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Fig. 1. Routes for PE waste conversion. Route 1, conventional gasification of PE waste, involves high temperature/pressure reactions, product separation, and post-
synthesis process to generate C,H, and propionic acid. Route 2, photocatalytic PE upcycling to C;H, and propionic acid with high selectivity and under mild conditions.

Pd;-TiO, can generate C,H, from PE solutions using practically
feasible rainwater, seawater, and simulated nitric acid wastewater.
This study demonstrates that atomically dispersed Pd species act
as electron acceptors to accelerate charge separation/transfer and
expose abundant Pd sites to boost photocatalytic activity. We
confirm that photoexcited reversible Pd species stabilize radical in-
termediates and mediate oxidative decarboxylation, boosting the se-
lective generation of C,H,, based on in situ spectroscopic studies.

RESULTS

Synthesis and structure characterizations of TiO, and
Pd,-TiO,

Given excellent stability and activity, TiO, was prepared as a
support photocatalyst via a solvothermal method. Atomically dis-
persed Pd species were anchored on TiO, via an icing-assisted pho-
toreduction method (26), forming Pd,;-TiO, photocatalysts. TiO,-
supported Pd nanoparticles were synthesized without freezing treat-
ment to get Pd,,-TiO, photocatalysts. X-ray diffraction (XRD) pat-
terns for TiO,, Pd;-TiO,, and Pd,-TiO, exhibit the diffraction
peaks for anatase TiO, without Pd-related features, indicating that
Pd species are highly dispersed (Fig. 2A). High-resolution transmis-
sion electron microscopy (HRTEM) and high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM)
images confirm that TiO, photocatalysts are nanosheet structures
with a measured lattice spacing of 0.35 nm (Fig. 2B and fig. SI, A
to C). This finding is consistent with the (101) plane of anatase TiO,
(9). HAADF-STEM image of Pd,-TiO, exhibits atomically dis-
persed Pd elements on TiO, nanosheets, marked by red dashed
lines (Fig. 2C). Atomic Pd sites can be identified on the basis of
the atomic intensity profiles along the pink rectangles (Fig. 2D).
Energy dispersive spectroscopy (EDS) mappings highlight a homo-
geneous distribution of Pd, Ti, and O elements (Fig. 2E). For a com-
parison, an HAADF-STEM image of Pd,-TiO, shows that Pd
nanoparticles with sizes of ~4 nm are loaded on TiO, nanosheets

Zhang et al., Sci. Adv. 9, eadk2407 (2023) 8 December 2023

(fig. S1D). The lattice spacing of 0.23 nm corresponds to the
(111) plane of Pd nanoparticles (27). Inductively coupled plasma
optical emission spectrometry (ICP-OES) data confirm that Pd con-
tents in Pd;-TiO, (0.64 wt %) and Pd,-TiO, (0.7 wt %) are similar
(table S1). Brunauer-Emmett-Teller data demonstrate that the
surface area and pore volume for Pd;-TiO, and Pd,-TiO, are also
similar (fig. S2 and table S1).

Pd K-edge x-ray absorption near-edge structure (XANES)
spectra exhibit that the absorption edges of Pd;-TiO, and PdO ref-
erence are relatively matched but slightly shifted to higher energy in
comparison with Pd foil (fig. S3A). These findings confirm that the
oxidation state of Pd species in Pd;-Ti0; is close to that of PdO ref-
erence (28). Pd K-edge Fourier transform extended x-ray absorp-
tion fine structure (EXAFS) spectra exhibit a major peak at ~1.5
A for Pd-O coordination and a minor peak at ~2.6 A for Pd-Ti/
Pd coordination shell (fig. S3B) (29, 30). The finding is also con-
firmed by wavelet-transformed EXAFS (WT-EXAFS) analysis,
showing two intensity maxima at ~7.2 and 8.8 A™' (Fig. 2F). The
first shell Pd-O coordination number is determined to be 3 based
on the EXAFS fitting (table S2). The second-shell domain for Pd-
metal scattering is distinct from the metallic bonding of Pd foil (R =
2.4 Aand k =9.7 A™"), indicating the atomic-level distribution of Pd
(29, 30). These findings confirm that the Pd species in Pd;-TiO, are
primarily atomic Pd-O; moieties formed by the coordination of iso-
lated Pd atoms with three O atoms (31, 32). Trace amounts of me-
tallic Pd may be present, contributing to the minor Pd-metal
coordination (fig. S3B) (33-35). To determine the dispersity of
Pd, the CO adsorption testing was performed on Pd;-TiO, and
Pd,-TiO, using diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) (fig. S4). The DRIFTS spectrum of Pd,-TiO, ex-
hibits a distinct signal at ~2105 cm™" (fig. S4A), which corresponds
to the linear CO adsorption configuration (27, 36). For Pd,-TiO,,
only a bridge-adsorbed CO spectrum with a broad peak at ~1950
cm™" is observed in fig. S4B (27, 36). These findings confirm the
atomic dispersion of Pd sites on Pd,;-TiO, (37).
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Fig. 2. Structure characterizations of TiO,, Pd;-TiO,, and Pd,,-TiO,. (A) XRD patterns for TiO,, Pd;-TiO,, and Pd,,-TiO,. (B) HRTEM image and (C) HAADF-STEM image of
Pd;-TiO,. (D) Intensity profiles along the pink rectangles in (C). (E) HAADF-STEM image and EDS mapping of Pd;-TiO,. (F) Pd K-edge WT-EXAFS for Pd;-TiO, and reference

samples. a.u., arbitrary units.

In addition, the chemical state of Pd species in Pd;-TiO, and
Pd,-TiO, was characterized via high-resolution Pd 3d x-ray photo-
electron spectroscopy (XPS). As shown in fig. S5A, the Pd 3d XPS
spectrum for Pd,,-TiO, exhibits two sets of Pd signals. The Pds,,
signal consists of Pd° (335.1 eV, 70% by area) and a small amount
of Pd** (oxidized state) (33, 38). The finding indicates that Pd
species in Pd,,-Ti0O, exist primarily in the form of metallic Pd nano-
particles. This is reinforced by the CO adsorption DRIFTS spectra
and HRTEM image of Pd,-TiO, (figs. S4B and S1D). For Pd,-TiO,
(fig. S5B), the Pds, signal is deconvoluted into two peaks at 335.4
eV (typical for Pd°) and 336.8 eV peak (typical for Pd*") with rel-
ative contents of 61 and 39%, respectively (33, 38, 39). This result
indicates that the atomically dispersed Pd species are in the form of
mixed valence states of Pd° and Pd*".

Photocatalytic activity for plastic substrate conversion

Photocatalytic experiments were carried out with succinic acid sub-
strate (i.e., the primary product from PE decomposition) and PE
decomposition solution in Ar atmosphere under light-emitting
diode (LED) irradiation at room temperature (RT) and atmospheric
pressure. The photocatalysts TiO,, Pd,-TiO,, and Pd,-TiO, and a
series of noble metal (i.e., Pt, Au, Ag, and Ru)-modified TiO, were
initially assessed for conversion of succinic acid following 3 hours of
irradiation with 365-nm LED (Fig. 3A and fig. S6). The pH value
and temperature of the substrate solution were optimized on the
basis of the photocatalytic performance of Pd;-TiO, (tables S3
and S4). Bare TiO, exhibited low photocatalytic activity and gener-
ated low amounts of C, hydrocarbons (i.e., C;Hs and C,H,)
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(Fig. 3A). The photocatalytic activity and C,H, selectivity were sub-
stantially boosted by introducing Pd species. As shown in Fig. 3A,
Pd,-TiO, exhibited a C, hydrocarbon production rate of 1033 pmol
g ! hour™ with, respectively, a boost of 50x and 5.4x over bare
TiO; (20.5 pmol gcat_1 hour™") and Pd,-TiO, (192.6 pmol gcat_1
hour™). Pd;-TiO, exhibited an apparent quantum efficiency
(AQE) of 1.07% at A = 365 nm. It was also found that the photoca-
talytic performance exhibits a volcano-like relationship with Pd
loadings. The highest C, hydrocarbon production was achieved
on Pd,;-TiO, with 1% Pd loading (i.e., Pd;-TiO,). The C, hydrocar-
bon production rates on Pd;-TiO,-0.5 and Pd;-TiO,-2 are deter-
mined to be 428.3 and 320.5 pmol g, hour™", respectively. The
structures of Pd;-TiO,-0.5 and Pd;-TiO,-2 were also characterized
by XRD, CO adsorption DRIFTS, and HAADF-STEM (fig. S7).
Compared with the optimized sample, Pd;-TiO,-0.5 exhibits a
lower activity, probably due to the lack of active sites. Excessive
Pd in photocatalysts may result in agglomeration, forming recom-
bination centers for charge carriers and reducing the exposure of
active sites. In addition, the C,H, selectivity of 51.4% (in total gen-
erated hydrocarbons) for Pd;-TiO, is substantially greater than that
of bare TiO, and other metal (i.e., Pt, Au, Ag, and Ru)-modified
TiO, (C,Hy < 10%) (fig. S6). The difference in photocatalytic per-
formance is probably caused by the intrinsic properties of different
noble metals, such as the strong hydrogenation capabilities of Pt
and Au (7, 15, 40). Photoexcited Pd catalysts are reactive to unsat-
urated carbon radicals for decarboxylation or cross-coupling (41—
43). These findings demonstrate the key role of atomic Pd species
in boosting C,H, production/selectivity.
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Fig. 3. Product analysis of photocatalytic experiments with various TiO, photocatalysts. (A) C, hydrocarbon (C,H,) production for bare TiO,, Pd;-TiO,-0.5, Pd;-TiO,,
Pd;-TiO,-2, and Pd,,-TiO, following 3 hours of photoreaction. (B) Time-dependent photocatalytic C, hydrocarbon production for Pd;-TiO,. (C) Cyclic tests for Pd;-TiO,
with 3 hours per cycle. C, hydrocarbon production reported in (A) to (C) is expressed per mass of the photocatalyst. C,H, selectivity is reported on the basis of the total
C,H, yield. (D) Organic acid yields for TiO,, Pd;-TiO,, and Pd,-TiO, following 3 hours of photoreaction. (E) Activity summary for Pd;-TiO, and reported photocatalysts for
conversion of PE to the valued products. The photocatalysts for reported data are as follows: P25|Pt (7), MoS,/CdS (45), and Nb,Os (46).

Blank experiments confirmed that no gaseous hydrocarbon is
detectable for Pd;-TiO, in the absence of photocatalysts, light irra-
diation, and substrates (fig. S8A). The amount of generated C, hy-
drocarbons increased almost linearly with illumination time (within
8 hours) and then leveled off. The total production of C, hydrocar-
bons reached 10,257.7 umol g, "', together with maintenance of
C,H, selectivity in a continuous 10-hour reaction (Fig. 3B). The
photocatalytic performance of Pd;-TiO, was also retained across
eight cyclic tests (Fig. 3C). There was no visible change in phase
structure, morphology, and Pd loading of Pd,-TiO, following pho-
toreaction (fig. S9 and table S5). Regarding Pd chemical states (fig.
S9B), the area ratio of Pd*" to Pd° increases from 0.64 to 1.12 after
cyclic reactions, broadening the Pd peak. This is most likely because
of the partial oxidation of atomic Pd species during washing and air
drying of post-reaction samples (44). The chemical state of atomic
Pd species can be restored upon illumination (fig. S10). This finding
hints at the role of atomically dispersed Pd species in trapping
photo-generated electrons. The regeneration of photoexcited Pd
species may also explain a gradual enhancement of photocatalytic
activity during consecutive cyclic tests (Fig. 3C). These findings
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confirm the excellent stability of the Pd,-TiO, photocatalyst. In ad-
dition, hydrogen (H,) from proton reduction and by-product CO,
by decarboxylation were also detected over Pd,-TiO, after 3 hours
of reaction (table S6) (7). Findings from control experiments
confirm that H, was produced during the photocatalytic reaction
in acidic substrate solutions without nitric acid, alkaline substrate
solutions, and acetonitrile substrate solutions. Therefore, the H,
evolved likely originates from the succinic acid substrate and
water (45). Negligible CO, was obtained in control experiments
without succinate substrate, confirming that the CO, product orig-
inates from substrate conversion (46). No detectable C,H, was gen-
erated in photocatalytic experiments using CO, as starting reactant
(fig. S8B). This finding confirms that C,H, originates from the
direct conversion of succinic acid substrate rather than CO,
reduction.

In the aqueous phase, propionic acid is the major product, along
with a trace amount of adipic acid generated. As can be seen in
Fig. 3D, Pd;-TiO, exhibits a high selectivity of 98.8% toward propi-
onic acid with a yield of 493.3 umol following 3 hours of reaction.
Propionic acid was primarily generated via single decarboxylation
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of succinic acid substrate followed by proton termination (15, 47).
Adipic acid was formed as a minor Kolbe-type product by the di-
merization of decarboxylative intermediates (7, 48). Compared with
bare TiO,, Pd;-TiO, exhibited a nearly fourfold increase in propi-
onic acid yield with similar product selectivity (Fig. 3D). This shows
that the atomically dispersed Pd species boost the substrate oxida-
tion on TiO,. Following 3 hours of photocatalytic reaction, the total
carbon yield of gaseous and liquid products was computed to be
98% (based on the consumed substrate). This result confirms that
the detected carbon-based products originated almost exclusively
from the substrate.

PE was also used as reaction substrates following pretreatment in
nitric acid solution. PE pretreatment was completed with a carbon
yield of 39.2% (moles of carbon in liquid products detected in the
PE decomposition solution). The pure PE decomposition solution
was diluted before photoreaction to minimize the light loss caused
by the solution (fig. S11). Subsequently, photocatalytic experiments
using the PE decomposition solution were performed with the Pd;-
TiO, photocatalyst. The production of C, hydrocarbons during 3
hours of reaction was determined to be 168.1 umol gcm_l with a
C,H, selectivity of 42%, which is decreased compared to the
studies with the succinic acid substrate (table S7). This finding is
likely due to a nearly fivefold lower concentration of the succinic
acid component in the PE solution than in the pure substrate solu-
tion (table S8). Other components in PE solution (e.g., glutaric acid)
also consumed photo-generated charges and were converted into a
low amount of C; hydrocarbons (evolution of 3.9 umol g,
hour™). Side products could compete with the primary reaction
for succinic acid and reduce generation of major products. The
overall PE to C, hydrocarbon yield was determined to be 0.9%,
while that from PE to propionic acid was 6.3%. Despite operating
under harsh conditions, Pd;-TiO, exhibits substantially greater ac-
tivity for PE-to-valued chemicals conversion than reported photo-
catalytic systems (Fig. 3E). Analysis of the available reports on
different photocatalytic treatments of plastic waste is also included
in table S7. A comparison between our photocatalysis and high-
temperature thermocatalytic conversion of PE waste is presented
in fig. S12. In addition, Pd;-TiO, can generate C, hydrocarbons
from PE waste using more available seawater, rainwater, and simu-
lated nitric acid wastewater as solvents (table S9). Pd,-TiO, retained
its photocatalytic activity in impurity-containing natural waters, ev-
idencing the excellent stability of the photocatalyst (49). These find-
ings show the practical potential of Pd;-TiO, photocatalysts for
plastic conversion.

Photocatalytic mechanistic study

The reason for boosted activity/selectivity for atomically dispersed
Pd-modified TiO, was quantitatively assessed. According to ultra-
violet-visible (UV-vis) diffuse reflectance spectroscopy (UV-DRS),
TiO,, Pd;-TiO,, and Pd,-TiO, exhibit similar UV absorption
(Fig. 4A). However, Pd-boosted visible absorption is not in the ex-
citation wavelength range and thus does not contribute to the pho-
tocatalytic activity of Pd;-TiO,. These findings confirm that light
absorption is not the decisive reason for the difference in photoca-
talytic performance. In addition, TiO, and Pd;-TiO, exhibited a
similar absorption edge with a bandgap of 3.25 eV, evidencing
that Pd modification has no apparent influence on the bandgap
energy (Fig. 4A). The energy band structures for TiO, and Pd;-
TiO, were determined via Mott-Schottky analysis and XPS
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valence band (VB) spectrum (fig. S13, A, B, D and E). The flat
band potential for TiO, is —0.54 V versus the Ag/AgCl electrode.
The calibrated VB edge potential and the conduction band (CB)
edge for TiO, are therefore computed to be 2.89 and —0.36 V
versus reversible hydrogen electrode (RHE), respectively. In paral-
lel, Pd;-TiO, exhibits a VB edge potential of 2.87 V and a CB edge
potential of —0.38 V versus RHE. The energy band structures for
these two materials are summarized in fig. S13 (C and F).

The photo-generated charge separation/transfer in materials was
studied via in situ and time-resolved characterizations. The tran-
sient photoluminescence (PL) spectra for TiO, and Pd;-TiO, are
shown in Fig. 4B. Pd;-TiO, exhibits a slower PL decay with a
fitted average lifetime (t,y.) of 0.290 £ 0.005 ns compared with
TiO, (Tave = 0.262 £ 0.002 ns). This finding confirms that the re-
combination of photo-generated electrons and holes is suppressed
by atomically dispersed Pd species. This is reinforced by the tran-
sient surface photovoltage (SPV) spectroscopy, where Pd;-TiO, ex-
hibits a slower SPV decay than TiO,, evidencing Pd species-boosted
charge separation/transfer (Fig. 4C) (50, 51). As shown in Fig. 4C, a
positive SPV signal is observed for TiO,. This result indicates that
compared to photo-generated electrons, more holes accumulate on
the surface of TiO,. In contrast, Pd;-TiO, exhibits a negative SPV
signal, which indicates that more photo-generated electrons than
holes migrate from the bulk to the surface of Pd;-TiO, (52). In ad-
dition, the SPV intensity for Pd;-TiO, is substantially higher than
those for TiO, and Pd,-TiO, (Fig. 4C and fig. S14). This indicates
that more photo-generated charges accumulate on the Pd;-TiO,
surface (53). These findings confirm that the atomically dispersed
Pd species boost the transfer of photo-generated electrons to the
surface of photocatalysts. The electron transfer pathway was deter-
mined via photo-irradiated XPS. The high-resolution Pd 3d XPS
spectrum for Pd;-TiO, exhibits a Pd signal centered at ~336.5 eV
(Fig. 4D), which corresponds to the Pd*" characteristic binding
energy (38). This finding is consistent with the XANES results
(fig. S3A). Under light irradiation, the Pd 3d peak of Pd;-TiO, is
shifted negatively by 0.2 eV toward lower binding energy (Fig. 4D
and fig. S15A), accompanied by positively shifted binding energy in
O 1s (fig. S15B), indicating electron transfer from TiO, to atomic Pd
species. Moreover, the pd° signal proportion increases from 68 to
73% during illumination, along with a decrease in the signal of ox-
idized Pd** species (Fig. 4D and table S10). These findings confirm
that the atomically dispersed Pd species function as electron accep-
tors under illumination and extract electrons from TiO, via the in-
teraction between Pd atoms and TiO, support, while photo-
generated holes are localized on TiO,. This is consistent with tran-
sient SPV and EXAFS findings.

The surface reaction pathway was investigated via in situ
DRIFTS. Figure 5A exhibits the DRIFTS spectrum of Pd;-TiO, in
the presence of succinic acid substrate, where several characteristic
signals appear with illumination. The peaks at 1570 and 1445 cm ™"
are attributed to the asymmetric and symmetric vibrational modes
of dicarboxylic acid, respectively (54, 55). A nondissociated vibra-
tional absorbance (1680 cm™") of the carboxylic group (-COOH) is
observed, which primarily originates from substrate adsorption (54,
56). Following light irradiation, these -COOH vibrational modes for
the substrate emerge immediately, evidencing the photo-boosted
substrate adsorption and dissociation. In addition, a -COOH vibra-
tion (1522 cm™") related to monocarboxylic acids also appears and
substantially increases with extended illumination time (57). This
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spectra of TiO, and Pd;-TiO,. (D) Pd 3d XPS spectra of Pd;-TiO, in the dark and under illumination.

finding confirms the formation of propionic acid (the major
product of substrate conversion) on the surface of Pd,-TiO,. The
difference in -COOH vibrational modes of mono-/dicarboxylic
acids is correlated with the -COOH chelating modes when surface
molecules bind to materials (54, 58). The -COOH absorption fea-
tures in DRIFTS spectra are also confirmed by adsorption experi-
ments with different concentrations of succinic and propionic
acids (fig. S16, A and B) (54, 59). The infrared signal at 2329
cm™" under light irradiation represents a typical C=O stretching vi-
bration for CO, generated from substrate decarboxylation (60). The
C—H stretching vibrations for alkyl species are detected at 2946/
2875 cm™ ' with illumination (15, 60). This feature most likely orig-
inates from the decarboxylative intermediates or products adsorbed
on metal oxides. The bands for intermediates and products for Pd;-
TiO, are substantially stronger compared to those on the TiO, spec-
trum (Fig. 5B). The finding confirms that the atomically dispersed
Pd species boost substrate conversion with photo-generated
charges, consistent with photocatalytic performance. A distinct
band at 1626 cm ™" attributable to C=C stretching for unsaturated
alkyl intermediates is observed for Pd;-TiO, and Pd,,-TiO, (Fig. 5A

Zhang et al., Sci. Adv. 9, eadk2407 (2023) 8 December 2023

and fig. S16C) (61, 62), whereas no similar absorbance is detectable
in the TiO, spectrum (Fig. 5B). This is consistent with the selective
generation of C,H, over Pd;-TiO,. In situ DRIFTS results and pho-
tocatalytic performance confirm the important role of atomically
dispersed Pd species in boosting the formation of alkyl intermedi-
ates, products propionic acid, and C,H, under light irradiation.
To determine the reaction intermediates, electron paramagnetic
resonance (EPR) was performed with the succinic acid substrate in
the presence of 5,5'-dimethyl-1-pyrroline N-oxide (DMPO) as a
spin-trapping agent. As can be seen in Fig. 5C, the signals of
carbon-centered alkyl radical (¢«CH,R) and hydroxyl radical
(«OH) are observed for Pd;-TiO, (36, 63). The alkyl radical is rec-
ognized as the key intermediate for Kolbe oxidations (15, 64). In
comparison, only «OH is detected on bare TiO, upon addition of
the substrate (fig. S17A). This finding indicates that atomic Pd
species boost generation and stabilization of alkyl intermediate,
which is well in agreement with DRIFTS results. No alkyl radical
is detectable for both Pd;-TiO, and TiO, when EPR was performed
in the absence of substrates (fig. S17B). The result confirms that
alkyl radicals observed in Fig. 5C are derived from substrate
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Possible reaction routes for photocatalytic substrate conversion on Pd;-TiO,.

Zhang et al., Sci. Adv. 9, eadk2407 (2023) 8 December 2023

7 of 11



SCIENCE ADVANCES | RESEARCH ARTICLE

conversion. «OH is typically formed because of the oxidation of
water/hydroxyl groups by photo-generated holes (65, 66). Pd;-
TiO, exhibits a stronger «OH signal than TiO, in the absence of
substrate (fig. S17B), evidencing more efficient generation of «OH
on Pd;-TiO,. The boost in «OH generation results from the charge
separation improved by atomic Pd species, which is consistent with
findings from transient SPV and PL. In addition, a decrease in «OH
signal for TiO, is evident upon the addition of substrate (fig. S17A),
indicating «OH consumption in the presence of substrate. This
point is underscored by the photocatalytic experiment using «OH
scavengers (fert-butanol), in which C, hydrocarbon production
on Pd;-TiO, was reduced by nearly 70% during 3 hours of photo-
reaction (fig. S8B). Therefore, photo-generated holes and «OH are
the main active species for substrate oxidation under anaerobic
conditions.

Photo-generated holes or «OH convert the substrate into propi-
onic acid intermediates (64), likely the alkyl radicals detected by
DRIFTS and EPR. This radical intermediate is highly reactive and
is quenched by H protons to yield propionic acid (I15). The minor
product, adipic acid, is formed via radical dimerization (7). Com-
parative experiments with propionic acid as the starting substrate
indicate that the oxidative decarboxylation of propionic acid
mainly produces alkanes (C,H,/C,Hj ratio for Pd;-TiO, decreases
to 1:12) (fig. S8B). Therefore, this process primarily generates C;Hg
while barely contributing to C,H, generation (15, 16). No C,H, was
detectable using C,Hj as the reactant (fig. S8B), which provides ev-
idence that C,H, does not come from the oxidative dehydrogena-
tion of alkanes. Given excellent hydrogen transfer on TiO,-based
photocatalysts (7, 67), C,H, generation via double decarboxylation
of substrate molecules is also excluded. These findings confirm that
C,H, is derived from the direct conversion of succinic acid, where
the reactivity of the radical intermediates is mediated by atomic Pd
species toward further decarboxylation to C,H, rather than hydro-
genation or dimerization.

The evolution of reactants and atomic Pd species on the Pd;-
TiO, surface was studied via ex situ and in situ XPS. Figure SI8A
exhibits the C 1s XPS spectra for Pd,-TiO, before and after photo-
reactions (offline measurements). An apparent signal appears at
288.6 eV for the post-reaction sample, which corresponds to the
-COOH group (68). This indicates that the generated propionic
acid/succinic acid substrates are adsorbed on the surface. The chem-
ical state of atomically dispersed Pd species (i.e., electron acceptors)
remained almost unchanged before/following photoreactions (fig.
S9B), indicating the reversible feature of atomic Pd species. To de-
termine atomic Pd-mediated charge transfer during photoreac-
tions, photo-irradiated XPS was carried out in the presence of the
substrate. The -COOH signal at 288.6 eV is observed in darkness
(Fig. 5D) because of the adsorption of substrate molecules on the
Pd;-TiO, surface. The -COOH signal is substantially reduced fol-
lowing light irradiation, indicating the substrate consumption by
Pd;-TiO, (27). In parallel, the electron acceptor Pd maintained a
similar chemical state during the photoreaction (fig. S18B), which
is explained by the charge transfer between photo-excited Pd
species and intermediates, resulting in the reversible property of
atomic Pd species (69). The intermediates, alkyl species detected
by DRIFT and EPR, could be stabilized by interacting with
photo-excited Pd species, eventually forming C,H, via subsequent
decarboxylation. This finding is consistent with molecularly cata-
lyzed decarboxylation reported elsewhere (41, 70).
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Possible reaction routes for photocatalytic conversion of succinic
acid in PE solution by Pd;-TiO, are presented in Fig. 5E. Photoex-
citation generates electron-hole pairs in Pd;-TiO,. Atomically dis-
persed Pd sites trap electrons to form active Pd>* species. The holes
on the surface of TiO, and/or generated «OH drive the oxidative
decarboxylation of succinic acid to yield propionic acid radicals as
the reaction intermediates. The radical intermediate is either hydro-
genated to form propionic acid or stabilized by active Pd>* species
for subsequent decarboxylation. C,Hjg is formed via photocatalytic
oxidation of propionic acid. In parallel, Pd-mediated decarboxyla-
tion of the intermediate followed by homolytic cleavage of the
Pd—C bond can yield C,H,. Following H, evolution by Pd sites
with photo-generated electrons, active Pd>* species regenerate
and close the cycle.

On the basis of mechanistic studies, several strategies can be con-
sidered to boost generation of C,H, and propionic acid in the
future. The hydrogenation capabilities of Pd species and semicon-
ductors can be regulated to boost hydrogenation of propionic acid
intermediates and consume excess oxidative species through surface
hydrogen atoms, inhibiting its further decarboxylation into C,Hs.
The reactor can also be engineered to enable spatial separation of
products and photocatalysts and suppress overoxidation of target
products. In addition, the development of photocatalysts with
high loading of metal single atoms favors the separation/transfer
of photo-generated charges and the exposure of active sites,
thereby improving the overall photocatalytic performance and
target product yields.

DISCUSSION

We report a benchmark performance of upcycling PE plastic waste
under mild conditions by engineering an atomic Pd-mediated pho-
toredox cycle. Photoactivated atomic Pd species on TiO, were dem-
onstrated to boost charge separation/transfer and mediate oxidative
decarboxylation, yielding the desired C,H, and propionic acid with
high selectivity. Robust and recyclable Pd;-TiO, exhibits a C,H,
evolution of 531.2 umol g.,~* hour™", and a propionic acid produc-
tion of 164.4 umol hour™" with 98.8% selectivity. The overall reac-
tion delivers a yield of 7.2% of C, hydrocarbons and propionic acid
from plastic waste. This work explores atomic engineering design of
photocatalysts for plastic upcycling via modulation of intermediate
conversion. The reported findings are of practical interest for the
selective and stable generation of light olefins and organic acids
via plastic valorization.

MATERIALS AND METHODS

Synthesis of TiO, nanosheets

TiO, nanosheets were synthesized via a solvothermal method. Sol-
ution A: 0.24 g of P123 was mixed with 2.025 ml of absolute ethanol
under stirring. Solution B: 0.45 ml of titanium isopropoxide was
added dropwise to 0.7 ml of 5 M HCl solution under vigorous stir-
ring. Solution B was then drop-added into solution A, followed by
stirring for 45 min. Following mixing with 15 ml of ethylene glycol,
the resulting solution was transferred to a 50-ml Teflon-lined auto-
clave and maintained at 145°C for 20 hours. Following cooling to
RT, the products were washed four times with absolute ethanol.
The final products were dried at RT for 12 hours in a vacuum
oven and then calcined at 300°C in a muffle furnace for 6 hours.
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Preparation of metal-modified TiO, photocatalysts
Pd,-TiO, was synthesized via an icing-assisted photoreduction
method. Fifty milligrams of TiO, nanosheets was dispersed in
12.5 ml of ultrapure water under sonication for 30 min. Then,
0.14 ml of 34 mM sodium tetrachloropalladate solution was
added to the above suspension under continuous stirring in Ar.
The resultant solution was rapidly frozen with liquid nitrogen, fol-
lowed by a 300-W Xe lamp irradiation for 4 min. The products were
washed several times with ultrapure water and dried at RT in a
vacuum for 12 hours. The synthesis used to prepare other noble
metal-loaded (Pt, Au, Ru, and Ag) TiO, is analogous to that for
Pd,-TiO,. The concentrations of various metal precursors were
controlled at 1% by weight of the TiO, support. Pd,,-TiO, was syn-
thesized by a photoreduction method without icing treatment. Fifty
milligrams of TiO, was dispersed in a solution of 45 ml of ultrapure
water and 5 ml of methanol under sonication for 30 min. Following
the addition of 0.14 ml of 34 mM sodium tetrachloropalladate sol-
ution, the suspension was stirred for 30 min in Ar. Afterward, the
resulting suspension was stirred under irradiation with a 300-W Xe
lamp irradiation for 3 hours. The products were washed several
times with ultrapure water and dried under vacuum at 60°C for
12 hours.

Physicochemical characterizations

HRTEM was performed on an FEI Tecnai G2 Spirit TEM. HAADF-
STEM images and EDS spectra were determined using an FEI Titan
Themis 80-200 (Thermo Fisher Scientific). XRD patterns were de-
termined on a Miniflex 600 x-ray diffractometer (Rigaku) using Cu
Ko radiation. EPR spectra were determined on a Bruker EMX PLUS.
XPS analysis was carried out on a Kratos Axis Ultra with a delay-line
detector photoelectron spectrometer. Photo-irradiated XPS data
were collected with a Sphera IT XPS system (Omicron), and an
LED light was used to excite the photocatalysts. Hard x-ray
EXAFS measurements were conducted on the hard x-ray spectro-
scopy beamline of the Taiwan Synchrotron. UV-DRS spectra were
determined on a UV-vis 2600 spectrophotometer (Shimadzu).
Transient PL spectra were determined at RT using an FLS1000 spec-
trometer (Edinburgh Instrument). A home-built apparatus intro-
duced by Kang et al. (71) was used to acquire transient SPV
spectra. An ICP-OES 7700 (Agilent) was used to determine the
Pd loading in photocatalysts. An ASAP 2020 apparatus was used
to determine the surface area and pore structure. In situ DRIFTS
spectra were determined using a Nicolet iS20 spectrometer
equipped with an HgCdTe (MCT) detector cooled with liquid nitro-
gen. The photocatalysts were placed in a reactor (Harrick Scientific)
and irradiated with 365-nm LED light. All electro-/photoelectro-
chemical measurements were determined on a CHI 760E worksta-
tion using a standard three-electrode system in 0.5 M sodium sulfate
aqueous solution. The working electrode was a 15 mm-by—10 mm
fluorine-doped tin oxide (FTO) glass coated with photocatalysts. A
slurry, TiO, or Pd;-TiO,, containing 3 mg of photocatalysts, 4.5 mg
of polyethylene glycol, and 0.3 ml of ethanol was prepared and
applied to the FTO glass via the doctor-blade method. The coated
glass was dried naturally. The counter electrode was a Pt-foil and the
reference electrode was Ag/AgCL

Substrate pretreatment
PE powder (300 mg; M,, ~ 4000 and M,, ~ 1700) was dispersed in 15
ml of 7% nitric acid solution in a Teflon-lined autoclave and heated
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at 160°C for 8 hours. The PE decomposition solution was diluted
five times with ultrapure water for photocatalytic reactions.

Photocatalytic evaluation

Photocatalytic performance of the materials was determined in a
160-ml custom-made batch reactor at RT and ambient pressure.
Ten milligrams of photocatalyst powder was dispersed by sonication
in 10 ml of 0.1 M nitric acid solution containing 10 mg ml~" of suc-
cinic acid or 10 ml of 2 mg ml™" of PE decomposition solution.
Natural seawater was collected from the Southern Ocean in Austra-
lia and filtered to remove solids and microorganisms before tests.
Natural rainwater was harvested in Adelaide City (autumn), Austra-
lia. Simulated nitric acid wastewater is a PE breakdown solution
containing common metal ion contaminants such as copper, iron,
nickel, and aluminum (50 parts per million in total). High-purity Ar
gas was purged into the photocatalyst suspension for 20 min to
remove residual air. The reactor was irradiated using a high-
power 365-nm LED (PLS-LED100C, Beijing Perfectlight) under
continuous stirring. At specific intervals, 100 pl of headspace gas
was sampled from the reactor and quantified with gas chromatog-
raphy (Agilent 7890B and Agilent 8890). In parallel, an aliquot of
the reaction solution was withdrawn from the reactor and then im-
mediately filtered to remove any photocatalyst. The concentrations
of substrate and products in each aliquot were determined via high-
performance liquid chromatography (Thermo Fisher Scientific Re-
fractoMax 520). The yield of plastic to products was computed from

C
Yield (%) _ evoluted products % 100 (1)
Cplastics

Cevoluted products Tefers to the detected product (in moles) multiplied
by the corresponding number of carbon atoms; Cpjagics is the total
carbon atoms used in PE (in moles).

The AQE of Pd;-TiO, was determined under monochromatic
irradiation at 365 nm. Headspace gas was analyzed via gas chroma-
tography, and AQE was computed from

AQE (%) _ N, hydrocarbons generated % 100 (2)

Mincident photon

For the stability test, each cycle of photocatalytic experiments lasted
for 3 hours, between which the photocatalyst was rinsed and the
substrate solution was renewed. Following the third run, the photo-
catalyst was washed and dried in an oven at 40°C for 10 hours. The
photocatalytic experiment was then run for five cycles until comple-
tion without drying the spent photocatalyst.

Supplementary Materials
This PDF file includes:

Figs. S1to S18

Tables S1 to S10
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