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% Check for updates Photocatalytic C-N coupling offers a promising approach for the sustainable

production of amino acids, but the uncontrolled coupling pathway of reaction
intermediates limits yield and selectivity. This paper describes a Pd-B diatomic
catalyst that can selectively catalyze the photosynthesis of glycine via C-N
coupling reaction between waste poly(ethylene terephthalate)-derived ethy-
lene glycol and nitrate, achieving a glycine yield of 2.9 mmol g.,.* h™ with a
selectivity of 92%. Mechanistic investigations reveal that ethylene glycol is
photo-oxidized to glycolaldehyde at the hole-rich B site, while nitrate is photo-
reduced to NH,"/NH; at the electron-rich Pd site. Subsequently, glycolalde-
hyde undergoes C-N coupling with NH,"/NH3, and further photo-oxidized to
form glycine. The Pd-B diatomic site more effectively stabilizes the glyco-
laldehyde intermediate, resulting in a more favorable C-N coupling pathway
than metal oxide and enhancing glycine selectivity. Thus, we show a catalytic
system for selective glycine photosynthesis by precisely regulating the reac-
tion pathways of key intermediates.

Glycine, the simplest a-amino acid in structure, serves not only as a
fundamental unit in protein synthesis but also as an indispensable key
material across diverse fields, including food, pharmaceutical, agri-
cultural, and organic synthesis'™*. Currently, the global annual pro-
duction of glycine has surpassed 740,000 tons’, and the demand is
exhibiting a steady growth trend with the continuous expansion of the
pesticide, pharmaceutical and food industries®. However, conven-
tional glycine synthesis methods, particularly the widely employed
Strecker approach, are hindered by several significant limitations, such
as the reliance on highly toxic cyanide-based reagents, harsh reaction
conditions, and intricate synthetic pathways. These factors

significantly impact the quality of glycine produced, as well as its
production costs and environmental sustainability (Fig. 1a)’”°. Conse-
quently, developing mild, efficient and sustainable pathways for gly-
cine production holds substantial strategic importance for the rational
utilization of energy resources and environmental protection.

The photocatalytic conversion of carbon-containing small mole-
cules (such as CO,, CHy4, or methanol) and nitrogen-containing sub-
strates (such as N, or NH3) into amides or amino acids via the C-N
coupling reaction has emerged as a highly promising sustainable
strategy because of its mild reaction and high atom economy'*™". In
particular, polyols, acting as highly active photochemical reagents,
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Fig. 1| Schematic diagram. a Traditional Strecker method for the synthesis of
glycine. b Previous work on C-N coupling of small molecules into glycine on
semiconductor photocatalysts. ¢ Photocatalytic PET-derived EG into glycolic acid
(GA), acetic acid (AA) and formic acid (FA) products. d This work: selective pho-
tocatalytic synthesis of glycine from waste PET plastic and nitrate waste via C-N
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coupling reaction of key intermediates on a Pd-B diatomic catalyst. The blue
sphere represents the N element, the gray sphere represents the C element, the
brown sphere represents the B element, and the pink sphere represents the Pd
element. These arrows represent conversion or formation.

have been established as renewable carbon precursors for amino acid
synthesis. Specifically, the hydroxyl group (C-OH) in polyols
can be photo-oxidized to generate electrophilic aldehyde groups
(H-C=0)""8, which then react with nitrogen-containing nucleophiles
to construct C-N bonds™'®"”. Compared with inert N, (946 kj/mol),
nitrate (NO5") in wastewater serves as a more suitable nitrogen source
for photocatalytic C-N bond formation due to its high polarity and low
N=0 bond dissociation energy (204 kJ/mol)?>*. To date, only a few rare
active catalysts (TiO,, CdS) have been reported for the photocatalytic
synthesis of glycine via C-N coupling reaction from CH4, CO,, or
methanol>'*"*, Nevertheless, despite these advances, the selectivity
and yield of glycine remain unsatisfactory, primarily due to side
reactions involving high-energy C-C coupling and the inevitable
overoxidation process of key intermediates (electrophilic aldehydes)
into organic acids or CO, terminal byproducts (Fig. 1b)***’. These
bottlenecks underscore the significance and challenge of designing a
photocatalytic system capable of achieving selective C-N coupling to
attain high yields of glycine.

Poly(ethylene terephthalate) (PET), as the most produced and
widely consumed polyester plastic globally, boasts an annual output of

approximately 100 million tons, primarily synthesized through the
polymerization of terephthalic acid (TPA) and ethylene glycol (EG)*.
However, over 80% of PET waste ends up in landfills or is discharged
into the environment, posing a severe threat to ecosystems and
resulting in significant carbon resource waste>*°. Chemical hydrolysis
of PET into TPA and EG monomers is generally regarded as a highly
promising recycling approach (Fig. 1c)”*%. Nevertheless, in practical
implementation, the separation and purification of EG via distillation
are operationally complex and costly due to its high boiling point
(197.3°C) and water solubility”’. Moreover, given the relatively low
market price of EG ($800 per ton) and its widespread availability, it is
even less cost-effective to purify the hydrolyzed EG solution for reuse
in PET production. Instead, photocatalytic oxidation of PET-derived EG
into higher-value-added products, such as glycolic acid (GA, $20000
per ton) or acetic acid (AA, $3000 per ton), has emerged as a highly
attractive alternative pathway (Fig. 1c)****. However, the significant
challenge of this photocatalytic process is low selectivity and a limited
product scope, primarily acids. Developing a strategy to expand the
product range will help to reintroduce waste carbon from plastics into
the utilization cycle*. Sufficient evidence has demonstrated that the

Nature Communications | (2026)17:1887


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-68666-z

electrophilic glycolaldehyde serves as a key intermediate in the pho-
tooxidation of EG to form organic acids****¢. Therefore, developing a
catalyst capable of effectively stabilizing and capturing electrophilic
glycolaldehyde intermediates during EG photo-oxidation to achieve
selective C-N coupling with nitrate for photosynthesis of high-value
glycine ($4600 per ton) would be a highly promising and scientifically
valuable research strategy.

Atomically dispersed catalysts, owing to their tuneable coordi-
nation environments and electronic structure, offer the possibility for
the selective adsorption and activation of substrates or reaction
intermediates® %, In particular, diatomic catalysts featuring dual redox
active sites demonstrate distinct advantages over single-atom catalysts
in simultaneously enhancing photocatalytic redox activity and product
selectivity®**~*2, Therefore, we hypothesize that constructing diatomic
photocatalysts containing redox sites could simultaneously
strengthen the selective adsorption and activation of EG and NOs",
thereby achieving both high efficiency and selectivity in the photo-
catalytic synthesis of glycine. To verify the above hypothesis, we
develop an efficient glycine photosynthesis route via C-N coupling of
waste PET-derived EG and NO5™ over a Pd—-B diatomic catalyst (Fig. 1d).
Mechanistic analysis shows that the key intermediates in glycine
photosynthesis include an electrophilic glycolaldehyde generated via
the photocatalytic oxidation of EG at the hole-rich B sites, and NH,"/
NH; produced through the photocatalytic reduction of NO5™ at the
electron-rich Pd sites. Subsequently, the C-N coupling between gly-
colaldehyde and NH,"/NH; yields ethanolamine, which is further
photo-oxidized to glycine. In this process, the Pd—B diatomic site is
more conducive to stabilizing the glycolaldehyde intermediate to
complete the C-N coupling pathway and avoid deep oxidation to
organic acids compared to metal oxide catalysts, resulting in a high
selectivity for glycine (>92%). Furthermore, the strong electronic
interaction between the Pd-B diatomic sites enhances light absorption
and photoelectron transfer dynamics, thereby facilitating the efficient
photosynthesis of glycine, with a generation rate of 2.9 mmol g, * h™.
This process has been successfully scaled up to the gram level,
enabling the conversion of real-world PET plastic waste and biomass-
derived polyols into glycine using natural sunlight.

Results

Catalyst synthesis and characterization

B-doped carbon nitride-anchored Pd single-atom catalyst (Pd SA/
BCNx) was synthesized according to our previously reported proce-
dure with minor modifications (see methods)*. Transmission electron
microscopy (TEM) images reveal that the Pd SA/BCNx catalyst pos-
sesses a hollow nanotube morphology with an average diameter of
550 +20 nm and an average wall thickness of 110 + 5 nm (Fig. 2a). High-
resolution transmission electron microscopy (HR-TEM) image con-
firms the absence of discernible metal or metal oxide nanoparticles
within the catalyst (Fig. 2b). Aberration-corrected high-angle annular
dark field-scanning transmission electron microscopy (AC-HAADF-
STEM) shows numerous bright spots scattered on the nanotube
(Fig. 2c¢), providing direct evidence for the atomically dispersed state
of palladium on the support. Furthermore, energy-dispersive X-ray
spectroscopy (EDS) elemental mapping images clearly reveal the uni-
form distributions of B, C, N, and Pd on the carbon nitride nano-
tubes (Fig. 2d).

The crystal phase and molecular structure of the catalysts were
further identified through X-ray diffraction (XRD) patterns, Fourier
transform infrared (FT-IR) spectroscopy and electron spin resonance
(ESR) spectroscopy. The results indicate that the BCNx support retains
the crystalline phase*** and molecular structure of graphitic carbon
nitride (g-C3N,), and successfully incorporates cyano groups (C=N)
into the molecular structure (Supplementary Fig. 1a-c)*. Furthermore,
the solid-state "B NMR spectrum of Pd SA/BCNXx precisely reveals that
B atoms partially substituted the C-terminal positions of the triazine

units and resided at the Bl site in Pd SA/BCNx (Supplementary Fig. 1d).
The corresponding molecular structure is shown in the inset of Sup-
plementary Fig. 1d, and the yellow ball indicated by the arrow repre-
sents the Bl position in Pd SA/BCNx. X-ray photoelectron
spectroscopy (XPS) further confirms the chemical and oxidation states
of C, N, B and Pd elements in Pd SA/BCNx, and the doping content of B
and Pd is approximately 1.37 wt% and 1.04 wt%, respectively (Supple-
mentary Fig. 2a-d and Supplementary Table 1). The doping content of
B and Pd is also further determined through EDS elemental analysis
(B:1.24 wt%; Pd:0.98wt%) and inductively coupled plasma optical
emission spectrometry (ICP-OES) (Pd:1.07 wt%). The B 1s spectrum of
the BCNx sample exhibits a prominent peak at 191.9 eV, attributable to
the B-N bond (Supplementary Fig. 2c)***¢. The Pd 3d spectrum shows
two peaks at 342.9 eV and 337.6 eV in the B-free Pd SA/CN sample,
corresponding to Pd* 3ds;, and Pd* 3ds;, (0<8<2), respectively
(Supplementary Fig. 2d)*"*%. Notably, compared with BCNx, the B-N
bond peak in Pd SA/BCNx shifts to a higher binding energy by 0.2 eV,
whereas the Pd® peaks shift to a lower binding energy by 0.2eV,
suggesting a stronger electronic interaction between the atomic Pd
site and the B site.

The local coordination environment and oxidation state of Pd
single atoms in Pd SA/BCNx were further determined by X-ray
absorption spectroscopy (XAS). The Pd K-edge X-ray absorption
near-edge structure (XANES) spectra reveal that the absorption edges
for Pd SA/BCNx lie between those of the Pd foil and PdO references
(Fig. 2e), indicating an oxidation state of Pd between 0 and + 2. Fourier
transformed extended X-ray absorption fine structure (EXAFS) spectra
exhibit a dominant feature at 1.50 A, revealing the presence of Pd-N
coordination in Pd SA/BCNx (Fig. 2f)***°, No Pd-Pd coordination peaks
are detected at 2.96 A and 2.45 A, confirming that the Pd species in Pd
SA/BCNXx are atomically dispersed without metallic Pd or PdO clusters.
The EXAFS fitting results suggest that the Pd single-atom site in Pd SA/
BCNx is close to a Pd-N; coordination site (Fig. 2g, Supplementary
Fig. 3 and Supplementary Table 2). The Pd-N coordination is also
visually reflected from wavelet transform (WT) EXAFS analysis of Pd
SA/BCNx (Fig. 2h-j), showing a single intensity maximum only in the
lobes centered at 6.30 A™ in k-space, corresponding to the N atoms
around Pd. The molecular structure model of Pd SA/BCNx is deter-
mined from the XPS and solid-state "B NMR results (inset of Fig. 2g).

Photocatalytic C—N coupling for glycine production

Photocatalytic C-N coupling reaction for the glycine production was
attempted in an aqueous solution of EG and NO3~ (Fig. 3a). The reac-
tion comprises two fundamental steps of EG photooxidation and NO3~
photoreduction. The EG solution (0.1 M) in the reaction was prepared
via hydrolysis of PET plastic (Methods, Supplementary Fig. 4). First, the
'H NMR spectra of commercial GA, EG and glycine were applied to
determine the characteristic peaks of the substrate (EG, 3.52 ppm), the
target product (glycine, 3.40 ppm), and the byproduct (GA, 4.10 ppm)
(Supplementary Fig. 5). Some metal oxides, metal sulfides, and carbon
nitride (g-C3N,), have been demonstrated to effectively catalyze the
conversion of EG into aldehyde-containing intermediates, thereby
meeting the necessary conditions for photocatalytic C-N
coupling'®**2, Subsequently, a series of photocatalysts was screened,
including metallic oxides (ZnO, TiO,, WO3), metallic sulfides (CdS,
MoS,) and g-C3N, (B-free carbon nitride, CN; B atom-doped carbon
nitride, BCNXx), for glycine photosynthesis from EG and NO5~ (Fig. 3b
and Supplementary Fig. 6a). Metal oxide catalysts inevitably lead to the
formation of formic acid (FA), whereas metal sulfide- and g-C5N4-based
catalysts do not exhibit this phenomenon, primarily due to the over-
oxidation of EG occurring on metal oxides. Based on these preliminary
screening results, the BCNx demonstrates the optimal catalytic per-
formance, achieving a glycine selectivity close to 100% and a reaction
activity of 0.82 mmol g, ' h™. The introduction of metal single-atoms
onto BCNx support can generate strong electronic interactions, which
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Fig. 2 | Structural characterization of the Pd SA/BCNXx catalyst. a TEM image, (b)
HR-TEM image, (c) aberration-corrected HAADF-STEM image, (d) HAADF-STEM
image and EDS elemental mapping images of C, N, B, and Pd elements in Pd SA/
BCNx. e Normalized XANES spectra and (f) kK*-weighted Fourier transform Pd K-
edge EXAFS spectra of Pd foil, Pd SA/BCNx and PdO. Inset: the enlarged image of
the absorption edge for three samples. g Pd K-edge EXAFS (line) and curve fitting
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EXAFS spectra of (h) Pd foil, (i) PdO and (j) Pd SA/BCNx.

are expected to optimize the light absorption, charge transfer and
separation capabilities®, as well as enhance the catalytic activity for C
-N coupling reactions. Specifically, different metal single-atoms
(Pt, Pd, Au, Ag, Cu, Co and Fe) were anchored on the BCNx support
to construct dual active site catalysts to increase glycine production
activity (Fig. 3c and Supplementary Fig. 6b). The catalytic performance
reveals that the Cu SA/BCNx cannot significantly improve the catalytic

activity, and the Pt/Fe SA/BCNx reduce the selectivity towards glycine
due to the formation of more AA by-products. In contrast, Pd/Au/Ag/
Co SA/BCNXx catalysts achieve increased rates of glycine generation
and maintain high selectivity with a small amount of GA product.
Notably, the Pd SA/BCNx achieves the highest glycine generation rate
of 2.9 mmol g, h™ with a selectivity of 92%, and this performance is
competitive (Supplementary Table 3). Moreover, the apparent
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Fig. 3 | Photocatalytic C-N coupling for glycine production. a Schematic illus-
tration of the photocatalytic synthesis of glycine from EG and nitrate. The blue
sphere represents the N element, the gray sphere represents the C element, the red
sphere represents the O element, and the white sphere represents the H element.
The arrow represents conversion or formation. b Glycine production rates over
various types of semiconductors. ¢ Glycine production rates over various metal
single-atom anchored BCNXx catalysts, including Pt, Pd, Au, Ag, Cu, Co and Fe.
Reaction conditions: 20 mg photocatalyst, 50 mL 0.1 M EG/0.5M NO5 solution,
T=25°C, Aratmosphere, t =24 h, and 300 W Xe lamp (320 nm <A <780 nm).d The
yield of glycine within 24 h under various reaction conditions. Not detected
represents the product could not be detected due to exceeding the detection limit
of the instrument. e Control experiments of BCNx with different Pd loadings in

0.5 M KNO; and different concentrations of KNO5 over Pd SA/BCNx (1wt% Pd).

f The yield of glycine within 24 h over Pd SA/CN, BCNx and Pd SA/BCNx. The left
Y-axis represents glycine accumulation, and the right Y-axis represents selectivity.
These dashed arrows represent multiples of growth. g Evaluation of recycling
stability. h 'H NMR spectra during the photocatalytic reaction. i Long-term accu-
mulation profiles for glycine produced over Pd SA/BCNx. The dashed arrow
represents glycine accumulation. j Schematic diagram of EG photoconversion to
glycine in PET hydrolysate over Pd SA/BCNx. k Glycine products derived from the
reaction through gas chromatography—-mass spectrometry (GC-MS) analyses. The
arrow represents the direction towards glycine. Error bars represent the standard
deviations from the means of at least three repeated experiments.

quantum efficiency (AQE) can reach 0.39% under monochromatic
irradiation at 365 nm (Supplementary Fig. 7).

A series of control experiments were conducted to further
investigate the catalytic mechanism and identify key factors influen-
cing the reaction. No glycine was detected under conditions lacking
light, catalyst, EG or NO5~ (Fig. 3d), indicating that the reaction is a
photocatalytic C-N coupling process driven by EG and NO3™ in the
presence of the Pd SA/BCNx catalyst. The reaction conditions were

further optimized as 1% Pd loading on BCNx and 0.1 M EG/0.5 M KNO;
(Fig. 3e), indicating that the Pd and NO3™ concentrations play crucial
roles in the catalytic activity. Furthermore, when a mixture of anhy-
drous EG and KNOj3 was subjected to photocatalytic C-N coupling, no
glycine product was observed (Supplementary Fig. 8), revealing that
water is indispensable in this system. Subsequently, the synergistic
effect of Pd and B sites in photocatalytic C-N coupling for glycine
production was investigated. All three catalysts (Pd SA/CN, BCNx, Pd
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SA/BCNXx) exhibit glycine selectivity exceeding 92% (Fig. 3f), suggest-
ing that the high selectivity does not primarily rely on the modulation
of electronic structure and optical properties of the support by Pd
doping or B sites. Compared to metal oxides, the g-C3N4-based sup-
port plays a key role in achieving highly selective photosynthesis of
glycine (Fig. 3b). The Pd SA/BCNx demonstrates the highest glycine
production activity of 69.4 mmol g.,. ", approximately 3.5 times that of
the BCNx (19.6 mmol g, ") and 2.3 times that of the B-free Pd SA/CN
catalyst (29.7 mmol g, (Fig. 3f), indicating that stronger interac-
tions between the Pd-B diatomic sites can synergistically enhance the
catalytic activity. The conversion efficiency of EG and NO3™ on the Pd
SA/BCNXx catalyst are 23.4% and 5.6%, respectively, within 24 h (Sup-
plementary Fig. 9), and the total molar amount of detected products
(glycine and GA) was approximately equal to the amount of consumed
EG. In addition, the glycine production activity of the Pd nanoparticle-
loaded catalysts (Pd NP/BCNx, 40.9 mmol g, ') was comparatively
lower than that of the Pd SA/BCNx (Supplementary Fig. 10), which may
be attributed to the fact that atomic Pd can expose more active sites,
thereby enhancing the selective adsorption and activation of key
intermediates to facilitate the C-N coupling process.

In addition to catalytic activity, long-term stability is also a crucial
factor for practical applications. The Pd SA/BCNx catalyst exhibits
recycling stability, with no significant decrease in glycine production
observed after five cycles (Fig. 3g). The XRD, FT-IR, and TEM images
reveal that the crystal structure, chemical composition, and micro-
structure of the Pd SA/BCNx remain unchanged after the reaction
(Supplementary Fig. 11). Quantitative analysis of the '"H NMR spectra
(Fig. 3h) reveals that the yield of glycine increased linearly with
increasing time while maintaining high selectivity (>92%) (Fig. 3i).
Notably, the selective production of glycine alone is achieved by pre-
cisely controlling the reaction time within 24 h, which significantly
simplifies the subsequent separation and purification steps for the
target product (Fig. 3j). The target product was isolated and char-
acterized using gas chromatography-mass spectrometry (GC-MS).
The characteristic peak observed at m/z=75 in the mass spectrum
matched that of the commercial glycine standard (Fig. 3k), indicating
the promising application of the dual-site Pd-B catalyst for efficient
glycine photosynthesis.

Photocatalytic mechanism

A series of photoelectric characterizations were performed to eluci-
date the underlying mechanism of the photocatalytic glycine genera-
tion. Initially, the light absorption capabilities of the samples were
evaluated via UV-vis diffuse reflectance spectroscopy. Compared with
pure CN, both BCNx and Pd SA/BCNx exhibit significantly improved
UV-visible light absorption (Fig. 4a), which can be attributed to the
local electron reconstruction induced by the incorporation of Pd-B
diatomic sites and C=N groups®. Based on Tauc plot analysis, the
bandgap energies are calculated to be 2.45 eV (CN) and 2.20 eV (BCNXx,
Pd SA/BCNx) (Supplementary Fig. 12a). The XPS valence band spectra
reveal valence band maximum positions of CN, BCNx and Pd SA/BCNx
at 1.62 eV, 1.52 eV and 1.46 eV, respectively (Supplementary Fig. 12b).
The result indicate that the band structure (Supplementary Fig. 12c)
fulfils the redox potential of EG oxidation to glycolaldehyde (0.55 eV)*
and NO;™ reduction to NH,"/NH; (—0.58 eV)*™*2,

The separation efficiency of photoinduced carriers was investi-
gated through integrated photoluminescence (PL) and time-resolved
PL (TR-PL) measurements. The PL spectra reveal that the emission
intensity of Pd SA/BCNx is significantly quenched (Supplementary
Fig. 13a), which can be attributed to the rapid electron transfer from
the B atom site to the Pd atom site. Moreover, the TR-PL spectra show
that the average emission lifetime of Pd SA/BCNX (Taye=2.15ns) is
markedly shorter than that of BCNx (tae.=2.36ns) and CN
(Tave = 15.49 ns) (Supplementary Fig. 13b and Supplementary Table 4),
confirming that the strong electronic interactions between the Pd-B

diatomic sites effectively suppress the recombination of charge car-
riers. The charge separation behavior of Pd SA/BCNx was also further
confirmed through transient photocurrent response (TPR) and elec-
trochemical impedance spectroscopy (EIS) measurements. Compared
with BCNx and CN, the Pd SA/BCNx exhibits a greater photocurrent
response (Supplementary Fig. 13c) and a smaller semicircle diameter in
the EIS Nyquist plots (Supplementary Fig. 13d), indicating its enhanced
efficiency in electron-hole pair separation and transfer.

In situ XPS was conducted under dark and illuminated conditions
to explore the enhanced electronic interaction and photoelectron
transfer dynamics between the atomic Pd site and the B site in Pd SA/
BCNx during the photocatalytic process. Under illumination, the
binding energy peak of the B-N bond shifts to a higher binding energy
by 0.2 eV, whereas the peaks of Pd®" shift to a lower binding energy by
0.2 eV (Fig. 4b, c). Both peaks revert to their original positions upon
cessation of illumination, indicating that electrons can rapidly transfer
from the B site to the atomic Pd site upon illumination. This dynamic
electronic modulation is crucial for optimizing the redox reaction sites
during glycine synthesis pathways. Furthermore, density functional
theory (DFT) calculations reveal that the introduction of B confirms the
strong electron interactions between the atomic Pd site and the B site
(Supplementary Fig. 14). Femtosecond transient absorption spectro-
scopy (fs-TAS) was employed to investigate the photoelectron transfer
kinetics of Pd SA/BCNx and BCNx (Fig. 4d-g). Upon excitation with a
400 nm pump pulse, both Pd SA/BCNx and BCNx are excited from the
ground state to the excited state, with the probe wavelength ranging
from 410 nm to 750 nm. The TAS of BCNXx exhibits a distinct negative
peak at ~ 440 nm (Fig. 4€, g), corresponding to ground-state bleaching,
indicating the relaxation process of the excited state. In contrast, the
signal intensity at 440 nm for Pd SA/BCNXx is significantly weaker than
that of BCNx, and an additional negative peak at ~ 560 nm is observed
at early delay times (Fig. 4d, f). The kinetic analysis of the absorption
decay curve reveals the average ground-state bleaching (GSB) recov-
ery times of BCNx (314.88 ps) and Pd SA/BCNx (264.12 ps), respectively
(Fig. 4h and Supplementary Table 5), suggesting efficient the photo-
electron transfer from the BCNx to the Pd atom (Fig. 4i)*. These results
highlight the pivotal role of the Pd-B diatomic sites in enhancing light
absorption, optimizing band structure, and accelerating the photo-
electron transfer dynamics.

An in-depth mechanistic study was conducted to explore the
reaction mechanisms of photocatalytic C-N coupling for glycine pro-
duction. First, the role of photogenerated electron-hole pairs in gly-
cine photosynthesis was investigated by introducing different
scavengers (Fig. 5a). The addition of 0.1 M nitrobenzene as an electron
scavenger significantly reduces the glycine yield from 69.4 to
11.6 mmol g, ?, indicating that photogenerated electrons are crucial
for NO5™ reduction. Moreover, the introduction of 0.1 M phenol as a
hole scavenger into the reaction leads to a decrease in the glycine
production to 3.9 mmol g.,.", revealing that photogenerated holes
predominantly drive the oxidation of EG. Moreover, when 0.1 M 5,5-
dimethyl-1-pyrroline N-oxide (DMPO, a sacrificial radical agent) was
added, the glycine yield also decreases substantially to 19.8 mmol
Zear |, suggesting that the formation of glycine may also be driven by
photogenerated radicals.

Furthermore, in situ electron spin resonance spectroscopy (ESR)
was performed using a hole-trapping agent (2,2,6,6-tetra-
methylpiperidine-1-oxyl, TEMPO) and the radical trapping agent
DMPO. Under light irradiation, the signal peak of TEMPO-h* sig-
nificantly weakens in pure H,O (Supplementary Fig. 15), suggesting
that light can induce the generation of numerous photogenerated
holes in Pd SA/BCNx that participate in oxidation reactions. Quanti-
tative ESR analysis was conducted for Pd SA/CN and Pd SA/BCNx under
the same TEMPO concentration (Fig. 5b). The TEMPO signal peaks are
the lowest in the Pd SA/BCNx system under illumination, demon-
strating that the incorporation of B-atom sites promotes the rapid
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Fig. 4 | Optoelectronic characterization and photoelectron transfer
dynamics study. a UV-vis diffuse reflectance spectra of CN, BCNx and Pd SA/BCNx.
In situ XPS spectra of (b) B 1s and (c) Pd 3d of Pd SA/BCNx before and after light
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and (g) BCNx. h Normalized TA kinetic curves of BCNx and Pd SA/BCNx.

i Photoelectron transfer pathway between the atomic Pd site and the B site in Pd SA/
BCNx. The blue sphere represents the N element, the gray sphere represents the C
element, the brown sphere represents the B element, and the pink sphere repre-
sents the Pd element. The dashed arrows in i represents the direction of electron
transfer.

accumulation of photogenerated holes. When H,0 oxidation matches
the oxidation reaction, the signals of DMPO-OH are recorded, corre-
sponding to hydroxyl radicals (*OH) produced by the oxidation of
water by photogenerated holes (Fig. 5¢). Notably, upon introducing EG
into the reaction system, a typical sextet signal characteristic of an
alkoxy radical («(CHOHCH,OH, AN =15.9 G, Ay =22.7 G) appeared in the
ESR spectrum (Fig. 5d and Supplementary Fig. 16)'°**. However, the
signal peak of DMPO-OH completely disappears, indicating that the
oxidation of EG takes precedence over H,O oxidation by photo-
generated holes to produce *CHOHCH,OH. When both EG and NO5~
are present simultaneously, the *CHOHCH,OH signal peak further
intensifies, suggesting that NO5 ™ is preferentially reduced over water to
consume more photogenerated electrons, further demonstrating that
the generation of «CHOHCH,OH is directly related to the increase in
glycine yield. In addition, no <O, or H,0, is produced in the pure H,0,
EG and EG/NOj3™ systems, indicating that the oxidation reaction is only
driven by the photogenerated holes (Supplementary Fig. 17).

Subsequently, comparing the gas-phase products in the three systems
(Supplementary Fig. 18), it is found in the pure H,O system, Pd SA/
BCNx is more inclined to undergo photocatalytic overall H,O splitting,
producing trace amounts of H, and O,. In the EG aqueous solution
system, the EG molecules more readily consume the holes, causing Pd
SA/BCNx to generate more photogenerated electrons for reducing
H,0 to H,. However, in the EG/ NO3™ system, no gaseous products are
detected, suggesting that the photogenerated electrons are exclu-
sively utilized for the reduction of NO3". The above results indicate that
EG molecules can be effectively activated to form «CHOHCH,OH
through dehydrogenation, thereby generating an H-C=0 precursor for
the subsequent C-N coupling®. Therefore, photogenerated holes
predominantly drive the oxidation of EG to generate alkyl radicals,
whereas photogenerated electrons mainly participate in the reduction
of NO5;~ to form nitrogen intermediates (NO,~, NHs, or NH,'). The
generation of alkyl radicals and nitrogen intermediates creates favor-
able conditions for the subsequent C-N coupling reaction.
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Fig. 5 | Identification of key intermediates and reaction pathways for photo-
catalytic C-N coupling in glycine production. a Control experiments utilizing
different scavengers under reaction conditions with 20 mg of photocatalyst, 50 mL
of 0.1M EG/0.5M NO; solution, 0.1 M scavenger, T=25°C, an Ar atmosphere,
t=24h,and a300 W Xe lamp (320 nm < A < 780 nm). b Quantitative ESR spectra of
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TEMPO on Pd SA/CN and Pd SA/BCNXx. ¢ ESR spectra of hydroxyl radicals generated
using DMPO over Pd SA/BCNx in pure H,O. d In situ quantitative ESR spectra for Pd
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-FTIR spectra of the photocatalytic C-N coupling reaction over Pd SA/BCNx. UV-
vis spectra of (g) NO,™ and (h) NH," in the photocatalytic reaction solution at 24 h

and 48 h over Pd SA/BCNXx. i Control experiments with various reactants over Pd
SA/BCNx under reaction conditions with 20 mg of photocatalyst, 50 mL of 0.1M
reactants (ethylene glycol, glycolic acid, glyoxylic acid)/0.5M NO;~, NH,Cl or
NH;3°H,0 solution, T=25°C, an Ar atmosphere, t =24 h, and a 300 W Xe lamp
(320 nm <A <780 nm). j'H NMR spectra before and after photocatalytic conversion
involving 0.02 M ethanolamine over Pd SA/BCNXx. Yellow represents ethanolamine,
and pink represents the glycine product. k Proposed mechanism and reaction
pathway for glycine production from the photocatalytic conversion of EG and NO5™.
Error bars represent the standard deviation of the mean from at least three inde-
pendent replicate experiments. These arrows represent conversion or formation.

After identifying the key factors driving the enhanced efficiency of
glycine synthesis by the Pd SA/BCNx catalyst, in situ attenuated total
reflection Fourier transform infrared spectroscopy (ATR-FTIR) was
employed to investigate the key intermediates in the glycine photo-
synthesis. The in situ ATR-FTIR spectra clearly reveal information on
intermediates formed in two pathways of EG oxidation (yellow label)
and NOs5™ reduction (purple label) (Fig. Se, ). For the NO53™ reduction
pathway, characteristic stretching vibration bands of NO,™ (1280 cm™),
NH; (1120 cm™) and NH," (1400 cm™) are detected?*>*®, and their
intensities increase progressively with reaction time. Furthermore, UV
-vis spectroscopy analysis confirms the presence of absorption peaks
at 540 nm and 651 nm, corresponding to the characteristic absorptions
of complexes formed by NO,” and NH," ions, respectively (Fig. 5g, h)*.
Thus, NH," and NH; are identified as the main products of nitrate

reduction, and NO, is regarded as the primary intermediate. For the
EG oxidation pathway, a characteristic C=0 stretching vibration peak
of the key intermediate glycolaldehyde was observed at 1760 cm™. The
C-OH vibrational band at 1030 cm™ could be attributed to glyco-
laldehyde, ethanolamine (EOA) or glycine”. Notably, a distinct C-N
vibrational band at 1479 cm™ belongs to glycine or EOA’, and its
intensity increased steadily throughout the reaction. Therefore, gly-
colaldehyde, EOA and NH;"/NHj; are likely to be the critical inter-
mediates for the C-N coupling reaction in glycine photosynthesis.

A series of designed control experiments were conducted to
further identify the critical intermediates involved in the C-N coupling
reaction. When EG and different ammonium salts (NH4Cl, (NH4),SO,
and (NH4),COs3) were used as reactants, the glycine yield was sig-
nificantly increased to 105.5mmol g, 80.8mmol g. ' and
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90.6 mmol g, ", respectively, compared with that of the EG/KNO;
system (69.4 mmol g, ") (Fig. 5i and Supplementary Figs. 19, 20). In
addition, trace amounts of glycine (6.0 mmol g, can still be found
in the EG/NH3+H,0 system. In contrast, the glycine yield is undetect-
able in the EG/NH,O0H system, indicating that NH," and NH; are the key
intermediates for the C-N coupling process during the photoreduc-
tion half-reaction (NOs™ to NH,"/NHs). Moreover, in the conventional
oxidation pathway of EG (Fig. 5k, Pathway 1)*, glycolaldehyde is gen-
erated via the oxidative dehydrogenation of EG and can be further
oxidized to FA byproducts.

A series of control experiments were also performed to identify
the key intermediates at the oxidation end. When GA is used as a
substrate to react with NO3 , NH,", NH; and NH,OH, only trace
amounts of glycine can be detected in the GA/NH4" system, whereas
the formation of FA can be observed in the NO3~, NH,* and NH; sys-
tems. When glyoxalic acid was used as the substrate instead of GA, the
FAyields in all three systems further increased without any production
of glycine. Therefore, glycolaldehyde from the oxidation and dehy-
drogenation of EG serves as the key intermediate for the C-N coupling
process in the photooxidation half-reaction (EG to glycolaldehyde).
Similar results were also observed with the pure CN catalyst, although
the glycine yield was lower than that of Pd SA/BCNx (Supplementary
Fig. 21), suggesting that the g-C;N4-based support follows the same
reaction pathway, and the introduction of Pd-B diatomic sites sig-
nificantly enhances the C-N coupling reaction.

After identifying the key intermediates, the subsequent reaction
pathways were explored. It was hypothesized that glycolaldehyde
would then undergo a preliminary C-N coupling reaction between the
aldehyde groups and NH,"/NH; to generate the EOA intermediate.
Subsequently, EOA is proposed to be further oxidized to glycine. To
validate this hypothesis, the Pd SA/BCNx was subjected to a photo-
catalytic reaction in a 0.02 M EOA solution. The 'H NMR spectra reveal
a decrease in the characteristic peaks of EOA over time, accompanied
by the appearance of peaks corresponding to glycine (Fig. 5j), thereby
confirming the oxidation of EOA to glycine catalyzed by the Pd SA/
BCNX, consistent with the reported results®™*. A comparison of glycine
yields for EOA oxidation was performed over CN, BCNx, Pd SA/CN and
Pd SA/BCNx, and the results reveal that the glycine yields are sig-
nificantly higher for B-containing catalysts than B-free catalysts, with
the yield achieved by BCNx even surpassing that of Pd SA/CN. This
observation further substantiated that the oxidation of EOA primarily
occurs at the hole-rich B site (Supplementary Fig. 22). Therefore, it was
inferred that the key intermediate glycolaldehyde may undergo two
pathways during the reaction. The pathway 1 involves further oxida-
tion of glycolaldehyde to form GA, and the pathway 2 involves the
amination of glycolaldehyde to form EOA (Fig. 5k and Supplementary
Fig. 23a). The high glycine selectivity exhibited by the Pd SA/BCNx may
be attributed to its enhanced capability to facilitate the amination of
glycolaldehyde, facilitating the timely formation of EOA (Fig. 3b, c). In
addition to the spectroscopic evidence mentioned above, DFT calcu-
lations were employed to investigate the reaction energies for two
pathways over TiO, and Pd SA/BCNx. The conversion of glycolalde-
hyde to GA was found to possess a larger negative reaction energy on
TiO, than Pd SA/BCNX, indicating that TiO, is more favorable for the
oxidation of EG to GA (Pathway 1), whichis further oxidized to produce
FA by-products (Supplementary Fig. 23b). In contrast, the Pd SA/BCNx
surface is more inclined to promote the amination of glycolaldehyde
to form EOA (Supplementary Fig. 23c), which is further oxidized to
glycine (Pathway 2). These results provide a rational theoretical
explanation for the high selectivity of Pd SA/BCNx for glycine pro-
duction. However, due to the inherent simplification of DFT, there are
still limitations in accurately capturing the real catalytic process when
simulating catalytic conditions.

Based on the aforementioned experimental results, a possible
reaction mechanism is proposed to elucidate the photosynthesis of

glycine from EG and NO3" (Fig. 5k, Pathway 2). First, under illumination,
electrons in the valence band of the Pd SA/BCNXx catalyst are excited to
the conduction band, resulting in photogenerated electron and hole
pairs. The photogenerated holes oxidize EG to glycolaldehyde via a
dehydrogenation process. The photogenerated electrons facilitate the
reduction of NO3™ to NH,'/NH;. The basic nitrogen in NH,'/NH3 con-
tains attacks the electrophilic aldehyde group carbon of glycolalde-
hyde, initiating a C-N coupling reaction to form EOA®. The generated
EOA is further oxidized to glycine by photogenerated holes®**’. During
the photocatalytic process, the introduction of Pd-B diatomic sites,
along with strong interaction between Pd and B atoms, significantly
enhances the light absorption and accelerates electron transfer from B
site to Pd site, thereby synergistically enhancing the redox capacity
and facilitating the photocatalytic C-N coupling reaction towards
glycine formation. More importantly, compared with conventional
metal oxide photocatalysts, the Pd-B diatomic sites stabilize and drive
the glycolaldehyde intermediate to complete the C-N coupling path-
way while effectively suppressing its over-oxidation into byproducts,
resulting in high selectivity for glycine production.

Photocatalytic conversion of gram-scale real-world PET plastic
and nitrate to glycine

The photocatalytic conversion of gram-scale real-world PET plastic and
nitrate to glycine was performed to validate the practical applicability.
Glycine yields were achieved with 101.3 mmol g.,* (PET powder),
71.1mmol g¢,.* (PET clothes), 89.4 mmol g, (PET bottle), 73.0 mmol
Zea ! (PET bag), 68.9 mmol g.,.' (PET box) and 43.7 mmol g.,* (PET
towel) using 10 g of real-world PET plastics as feedstock (Fig. 6a).
Furthermore, this photocatalytic strategy demonstrates versatility,
enabling its application to biomass-derived methanol and glycerol for
photocatalytic C-N coupling reactions (Fig. 6b). When methanol and
NO;™ are used as reactants, the system selectively produced for-
mamide. Conversely, when glycerol reacted with NO;3~, glycine was
successfully synthesized, possibly because glycerol can involve both
the C-C bond cleavage step and the C-N coupling reaction. This
finding further confirms the broad substrate applicability of this cat-
alytic system, ranging from plastics to biomass. Furthermore, con-
sidering practical application scenarios, the impact of other ions
commonly present in real environments on the reaction was evaluated.
The introduction of ionic salts (Na*, Ca*, CI", SO4*, HPO,?, etc.) and
wastewater exerted varying degrees of inhibitory effects on glycine
production. Despite this inhibition, the glycine yield remained above
33.2mmol g, in real-world wastewater (Fig. 6c), preliminarily
demonstrating the potential practical application of this system.
Nevertheless, the composition of real wastewater is often highly
complex and variable, and the application of the system necessitates
further in-depth and systematic investigation. Future research efforts
should focus on enhancing the resistance of the catalysts to inter-
ference and further optimizing reaction conditions to significantly
improve the glycine yield.

A solar-driven photocatalytic glycine synthesis experiment was
conducted by using a 30x30 cm? plastic Fresnel lens as an economical
and efficient solar concentrator (Fig. 6d). The results demonstrated
that after 6 h of daily sunlight exposure, the glycine yield consistently
remained between 10 and 20 mmol g, under different weather
conditions, with selectivity maintained at 100% (Fig. 6e and Supple-
mentary Fig. 24). Upon scaling up the reaction volume to 500 mL
(Supplementary Fig. 25), the glycine yields further increased to
32.3 mmol g, . These findings confirm the feasibility of efficiently
producing glycine using actual solar energy, laying a solid foundation
for practical applications. Furthermore, the environmental impact of
this catalytic system was also evaluated (Supplementary Fig. 26).
Compared to conventional landfilling or incineration, processing
50,000 tons of waste plastic annually could prevent the emission of
~104 kt of CO,. Moreover, effective treatment of NO5~ in industrial
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Fig. 6 | Photocatalytic C-N coupling of real-world post-consumer PET plastics
and nitrate at the gram-scale (10 g). a Photographs of real-world post-consumer
PET plastics samples and the corresponding glycine yields obtained within 24 h.
b Glycine yield produced through photocatalytic C-N coupling reactions between
methanol, EG and glycerol. ¢ Comparison of glycine yield over Pd SA/BCNXx in the
presence of various ionic salts (0.5 M) or real-world wastewater, including Na*

(-48.48 mM), Ca** (-5 mM), K' (-10.2 mM), CI" (- 14.08 mM), SO,* (- 5.21mM), NO3"
(-8.2mM) and HPO,* (- 2.11 mM). d Schematic diagram of the experimental setup
for photocatalytic glycine production utilizing real sunlight. e Corresponding gly-
cine yield and selectivity under different weather conditions and container sizes.
Error bars represent the standard deviation of the mean from at least three inde-
pendent replicate experiments.

wastewater could prevent the release of ~147 kt of NO5™ into ground-
water or oceans annually. Consequently, this photocatalytic system
not only holds significant potential for substantial commercial value
but also demonstrates the possibility of achieving zero emissions for
both CO, and NOj7, contributing significantly to environmental
sustainability.

Discussion

This work presents an attractive “waste-to-wealth” strategy for the
photosynthesis of glycine via C-N coupling between waste PET-
derived EG and NOj3, utilizing a Pd-B diatomic site catalyst. The
optimized Pd-B diatomic catalyst exhibits a glycine generation rate of
2.9 mmol g, ' h™ with selectivity exceeding 92%. During the photo-
catalysis, EG is selectively photo-oxidized to glycolaldehyde, while
NOj is photo-reduced to NH,/NHs. Subsequently, glycolaldehyde and
NH,'/NH; engage in C-N coupling to generate glycine. The Pd-B dia-
tomic site demonstrates advantages in stabilizing and facilitating the
progression of glycolaldehyde along the C-N coupling pathway, and
suppressing its over-oxidation into organic acids, thereby achieving

high selectivity for glycine. This process can be extended to the
transformation of g-scale real-world PET plastic and biomass-derived
polyols into glycine under real sunlight. Future research will focus on
the design and optimization of reactors, aiming to fully unlock the
substantial potential of this “win-win” system for large-scale
applications.

Methods

Materials

Titanium dioxide (anatase TiO,, particle size < 25 nm), zinc oxide (ZnO,
particle size <50 nm), tungsten trioxide (WO;, particle size <50 nm),
molybdenum disulfide (MoS,) and cadmium sulfide (CdS) were pur-
chased from Shanghai Aladdin Biochemical Technology Co., Ltd., and
characterized (Supplementary Fig. 27). Melamine, sodium hydroxide
(NaOH), sodium cyanoborohydride (NaBH;-CN), glyoxylic acid, etha-
nolamine and glycine were obtained from Shanghai Aladdin Bio-
chemical Technology Co., Ltd. Palladium(ll) chloride (PdCl,), ethylene
glycol (EG), glycolic acid (GA), methanol, glycerol, nitrobenzene,
phenol, 5,5-dimethyl-1-pyrroline N-oxide (DMPO), ammonium chloride

Nature Communications | (2026)17:1887

10


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-68666-z

(NH4CI), hexadecyl trimethyl ammonium bromide (CTAB) and acti-
vated carbon were purchased from Tianjin Xiensi Biochemical Tech-
nology Co., Ltd. Potassium nitrate (KNOs), sulfuric acid (H,SO,) and
ammonium hydroxide (NH;-H,O) were acquired from Tianjin Damao
Chemical Reagent Factory. Deuterium oxide (D,0, 99.90 at.% D) was
purchased from Shanghai Meiruier Biochemical Technology Co., Ltd.
All chemicals were used as received without further purification.

Synthesis of BCNx and CN catalysts

The cyano-group-enriched and boron-doped BCNx nanotubes were
synthesized via thermal condensation of a supramolecular precursor
consisting of melamine-cyanuric acid modified with sodium
cyanoborohydride” . Typically, melamine (C3HgNg, 6.0 g, 47.57 mmol)
was dissolved in 60 mL of distilled water and magnetically stirred for
30 min. The resultant suspension underwent hydrothermal treatment
at a temperature of 180 °C for a duration of 24 h in a 100 mL Teflon-
lined stainless-steel autoclave. Subsequently, the mixture was allowed
to cool to ambient temperature and then isolated through centrifuga-
tion, followed by thorough washing and vacuum drying overnight at
60 °C. Thereafter, 100 mg of sodium cyanoborohydride (NaBH3CN) was
dispersed in 6 mL of distilled water, along with 2.0g of the dried
supramolecular precursor, and the mixture was stirred continuously for
a period of 2 h. The final mixture was then subjected to vacuum drying
overnight at 60 °C°®. The obtained powder was uniformly spread in a
50 mL covered corundum porcelain boat and subjected to calcination
under an Ar atmosphere with a heating rate of 5°C min™ to reach
550 °C, where the temperature was maintained for 4 h. The final mate-
rial obtained was designated as BCNx. As a control experiment, a cyano-
group-free and boron-free carbon nitride (CN) material was synthesized
by directly calcining the supramolecular precursor without the addition
of NaBH5-CN.

Synthesis of Pd SA/BCNx and Pd SA/CN catalysts

Pd single-atom anchored BCNx and CN catalysts were synthesized via
impregnation and thermal anchoring strategies. Typically, 100 mg of
BCNx or CN was added to 10 mL of aqueous solution containing
chloropalladic acid (H,PdClg, 0.94 mM). The suspension was subjected
to ultrasonication for 1 h, followed by stirring at room temperature for
4 h. Subsequently, the suspension was freeze-dried to obtain a solid
powder. The resulting powder was uniformly spread in a 10 mL cov-
ered corundum porcelain boat and calcined under a N, atmosphere
with a heating rate of 5°C min™ to reach 200 °C, where the tempera-
ture was maintained for 1 h. The final products were designated as Pd
SA/BCNx and Pd SA/CN, with a Pd loading of 1 wt%. For comparison, Pt
SA/BCNx, Au SA/BCNXx, Ag SA/BCNx, Cu SA/BCNX, Co SA/BCNx and Fe
SA/BCNx with metal loadings of 1 wt% were also synthesized using the
same procedure.

Synthesis of Pd NP/BCNx catalysts

Pd nanoparticles were loaded onto BCNx by the chemical reduction
method, with a theoretical loading amount of 1.0 wt% Pd. The specific
process is as follows: 100 mg of BCNx was added to 10 mL of aqueous
solution of chloropalladic acid (H,PdCls, 0.94 mM). Subsequently,
under stirring conditions, a certain amount of NaBH, solution (1 mol/L)
was added at a Pd*": NaBH,, molar ratio of 1:5. After reduction for 3 h,
the precipitate was centrifuged and washed three times with deionized
water and ethanol. The product was then dried overnight at 60 °C to
obtain the Pd NP/BCNXx catalyst.

Hydrolysis of PET powder and collection of EG solution

The hydrolysis of commercial PET powder (-80 mesh) was carried out
in a 250 mL single-neck flask. First, 4.2 g of PET powder and 0.2 g of
cetyltrimethylammonium bromide (CTAB, as a phase-transfer catalyst,
0.55 mmol) were added to 200 mL of 0.1M NaOH aqueous solution.
The reaction system was stirred at 500 rpm and heated to 60 °C to

initiate the hydrolysis reaction. To maintain a constant pH in the
reaction system, NaOH was continuously added dropwise until the PET
was completely hydrolyzed, yielding equimolar amounts of ter-
ephthalic acid disodium salt (TPA-Na,) and EG monomers. After the
reaction, activated carbon was added to adsorb CTAB and other
impurities in the solution. The mixture was then acidified and filtered
to isolate the TPA monomer. After the filtrate was neutralized, the
resulting solution was the EG-rich aqueous solution.

Photocatalytic C—N coupling for glycine production
Photocatalytic C-N coupling experiments were conducted in a100 mL
sealed glass reactor at room temperature and atmospheric pressure
using a 300 W Xe lamp (MicroSolar300, Beijing Perfectlight Technol-
ogy Co., Ltd., Supplementary Fig. 28). Typically, a certain amount of
KNO3 was dissolved in the aforementioned EG aqueous solution to
prepare a mixed solution containing EG (C donor, 0.1 M) and KNO3 (N
donor, 0.5 M). The catalyst (20 mg) was dispersed in 50 mL of the EG/
KNO3; mixed solution. Prior to illumination, the reactor was purged
with Ar for 30 min to remove residual gases, and then irradiated from
the top of the reaction cell. After 24h of illumination (320 nm
<A <780nm, 20 A Xe lamp current), the liquid phase products were
analyzed via 'H NMR spectroscopy.

Photocatalytic C—N coupling of g-scale (10 g) real-world post-
consumer PET plastics

The photocatalytic C-N coupling of g-scale real-world post-consumer
PET plastics was also evaluated under the same conditions, except that
4.2 g of PET powder was replaced with 10 g of commercial PET mate-
rials, including PET clothes (PET content >85%), PET bottles (PET
content > 98%), PET bags (PET content > 90%), PET boxes (PET content
>85%) and PET towels (PET content > 60%). Furthermore, the photo-
catalytic C-N coupling reactions using different alcohols (methanol
and glycerol) as carbon sources were also assessed under the same
reaction conditions.

Characterization and analytical methods

The morphology and structure of the catalysts were characterized via
various techniques. Transmission electron microscopy (TEM) images
were acquired using a JEM-F200 field emission transmission electron
microscope. High-angle angular dark field-scanning transmission
electron microscopy (HAADF-STEM) images were acquired using a
JEM-ARM200F transmission electron microscope equipped with a
probe-corrector operating at 200 kV. X-ray absorption fine structure
(XAFS) analysis was performed at the Pd K-edge at the BL1I4W beamline
of the Shanghai Synchrotron Radiation Facility (SSRF). The X-ray beam
was monochromatized using a Si(311) crystal monochromator. Pd K-
edge extended X-ray absorption fine structure (EXAFS) spectra were
recorded in transmission mode. The EXAFS data was processed using
Athena to handle background corrections as well as to calibrate both
the pre-edge and post-edge features. Following this, Fourier transform
fitting was performed in Artemis. For the analysis of Pd SA/BCNXx, k*
weighting was utilized, with an R-range from 1 to 3 A and a k-range set
from 1.8 to 12 A2,

X-ray Diffraction (XRD) analysis was conducted using a SmartLab
X-ray diffractometer (3 kW) equipped with Cu-Ka radiation. Fourier
transform infrared spectroscopy (FT-IR) was conducted using a Nicolet
Magna 670 infrared spectrometer. X-ray photoelectron spectroscopy
(XPS) was conducted on a Thermo Scientific ESCALAB 250Xi. Solid-
state "B NMR spectra were recorded on an Agilent 600 M spectro-
meter. UV-vis diffuse reflectance spectra were obtained with a Varian
Cary 500 Scan UV-vis spectrophotometer, using BaSO, as the reflec-
tance standard. Photoluminescence (PL) and time-resolved photo-
luminescence (TR-PL) spectra were measured with an Edinburgh
FLS1000 spectrophotometer. Transient photocurrent responses (TPR)
and electrochemical impedance spectroscopy (EIS) were performed
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on an AutoLab-302N electrochemical workstation, utilizing a standard
three-electrode system, with the catalyst-coated FTO (1x1cm?), Ag/
AgCl, and Pt electrodes serving as the working, reference, and counter
electrodes, respectively. High-resolution gas chromatograph-mass
spectrometer (GC-MS) analysis was performed using a Thermo Fisher-
Q Exactive Plus system. In situ XPS spectra were acquired with a
Thermo Fisher-ESCALAB 250Xi. In situ electron spin resonance (ESR)
data was recorded using a Bruker-EmxPlus spectrometer. In situ atte-
nuated total reflection Fourier transform infrared spectroscopy (ATR-
FTIR) was performed with a Thermo Fisher-iS50 spectrometer. Fem-
tosecond transient absorption spectra of the photocatalysts were
acquired using a pump-probe system (Helios, ultrafast system)
equipped with a motorized optical delay line, allowing for time delays
up to approximately 8 ns under ambient conditions. 'H NMR spectra
were recorded on a 400 MHz Bruker spectrometer (AVANCE IIl HD
400) with D,O as the solvent and maleic acid (MA) as the internal
standard. Quantitative analysis was performed via the following Eq. (1),
and there are no products below the detection limit of the system.

S 2
analyte x

— Mgtandard 4
analyre = g N X X 1)

M

n JRE—
standard 01

standard monomer

The conversion of EG was calculated via the following Eq. (2).

n
Conversion = %lyte x100% 2)
0

The integral areas of the peaks for the analyte and MA are denoted
as Sgnatyee AN Sgrandqrq, respectively. The number of hydrogen atoms in
the characteristic peak of the monomer used for quantitative analysis
is represented by N,,,.0mer- The mass and molar mass of MA are indi-
cated by M gnaara AN M gnaarar TESPECtively. V refers to the volume
(50mL) of the reaction mixture.ny and ng,q,. represent the initial
total molar amount and after-reaction molar amount of EG,
respectively.

Determination of NO3; RR products in C—N coupling reaction
The NO3RR products were identified and quantified using UV-vis
spectroscopy. The determination details of NO,™ and NH, " using UV-vis
are discussed as follows. (a) NO,: The testing solution was prepared by
combining 2 mL of the diluted reaction mixture with 1.0 mL of sulfa-
nilamide solution (0.01 g/L in 10% H3PO,) and 1.0 mL of N-(1-naphthyI)
ethylenediamine dihydrochloride solution (0.01g/L). The resulting
mixture was allowed to react at room temperature for 20 min before
being analyzed by UV-vis spectroscopy. Mechanism of NO,™ detection:
the reaction of NO,~ with sulfanilamide in a phosphate medium to form
a diazonium salt, which then undergoes coupling with N-(1-naphthyl)-
ethylenediamine dihydrochloride to generate a red dye. The absor-
bance is measured at a wavelength of 540 nm. (b) NH,": The quantifi-
cation of NH,* was performed using the indophenol blue method.
After completing the reaction, 2.0 mL of the diluted electrolyte was
mixed with a solution containing NaOH (1.0 M), salicylic acid
(5.0 wt.%), sodium citrate (2.0 mL, 5.0wt.%), and NaClO (1.0mL,
0.05 M), followed by the addition of 0.20 mL of sodium nitroprusside
solution (1.0 wt.%). The mixture was then allowed to stabilize for 2 h
before UV-vis analysis. Mechanism of NH," detection: under alkaline
conditions, NH,* first reacts with NaClO to form NO,~, which then
reacts with salicylic acid to produce C;HsN,O5". Finally, this compound
undergoes coupling with sodium citrate and sodium nitroprusside to
form an azo compound, which exhibits a specific absorbance peak
at 651 nm.

DFT calculations
Spin-polarized periodic DFT calculations were performed via the
Vienna ab initio simulation package (VASP, version 5.4.4)°*%*, The

electron-ion interaction was described via the projector augmented
wave (PAW)*¢, The electron exchange and correlation energies were
calculated based on the Perdew-Burke-Ernzerhof (PBE) functional®,
and the effects of van der Waals interactions were investigated based
on Grimme’s DFT-D3 method®®. A plane-wave cut-off energy of 400 eV
was applied for all DFT calculations.

For the model construction, a 2 x 2 anatase-TiO, (001) surface slab
was established with twelve atomic layers (four O-Ti-O layers). The Pd
single atom was embedded into the boron-doped C;N4 monolayer to
simulate the Pd SA/BCN sample (Supplementary Data 1). During
structure optimization, the six atomic layers on the bottom of the TiO,
slab were fixed, while other atoms, including the adsorbates, were
allowed to relax. For the Pd SA/BCN, relaxation was performed for all
the atoms in the system. The structural relaxation was continued until
the force on each atom was less than 0.02 eV/A. The adsorption energy
was defined as follows Eq. (3).

Eas= E% — Eqasorbate — Estan 3

where Eadorsace, E ggsorpacer aNd Egqp represent the total energies of the
slab

surface slab with the adsorbate, the isolated adsorbate species, and the
optimized slab, respectively.

Data availability

The data that support the findings of this study are available within the
article and Supplementary Information. Source data are provided
with this paper or available from the corresponding author upon
request.
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