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ABSTRACT: Postconsumer plastics are generally perceived as
valueless with only a small portion of plastic waste being closed-
loop recycled into similar products while most of them are
discarded in landfills. Depositing plastic waste in landfills not only
harms the environment but also signifies a substantial economic
loss. Alternatively, constructing value-added chemical feedstocks
via mining the waste-derived intermediate species as a carbon (C)
source under mild electrochemical conditions is a sustainable
strategy to realize the circular economy. This proof-of-concept
work provides an attractive “turning trash to treasure” strategy by
integrating electrocatalytic polyethylene terephthalate (PET)
plastic upcycling with a chemical C—S coupling reaction to
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synthesize organosulfur compounds, hydroxymethanesulfonate (HMS). HMS can be produced efficiently (Faradaic efficiency, FE of
~70%) via deliberately capturing electrophilic intermediates generated in the PET monomer (ethylene glycol, EG) upcycling
process, followed by coupling them with nucleophilic sulfur (S) species (i.e., SO;*~ and HSO;™). Unlike many previous studies
conducted under alkaline conditions, PET upcycling was performed over an amorphous MnO, catalyst under near-neutral
conditions, allowing for the stabilization of electrophilic intermediates. The compatibility of this strategy was further investigated by
employing biomass-derived compounds as substrates. Moreover, comparable HMS yields can be achieved with real-world PET
plastics, showing its enormous potential in practical application. Lastly, Density function theory (DFT) calculation reveals that the
C—C cleavage step of EG is the rate-determining step (RDS), and amorphous MnO, significantly decreases the energy barriers for
both RDS and C—S coupling when compared to the crystalline counterpart.

Bl INTRODUCTION

Plastics, being chemically stable, structurally customizable, and
easily transportable, have become a remarkable category of
materials that revolutionized human lives over the past 150
years."” The amount of plastics being used is increasing
exponentially, with a projection that 25 billion tons of plastic
waste will be generated by 2050.” Most of the plastic waste ends
up being put into our earth’s crust, with just 2% of plastic waste
being recycled via conventional mechanical recycling methods.*
It is important to note that the vast majority of plastics (~70%)
are synthesized from a petroleum-derived chemical process.”
Thus, postconsumer plastics are essential “trapped” hydro-
carbon fossil fuels that have been drilled, purified, processed, and
used only briefly. Therefore, harvesting carbon and energy
resources from these plastic waste streams will put the untapped
carbon resources back into their economic cycle.
Transforming plastic waste into value-added chemicals
through electrocatalysis is a promising and green approach to
mitigate environmental issues raised by postconsumer plastics.
Polyethylene terephthalate (PET), commonly found in pack-
aging and textiles with an annual production of over 70 million
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tons, is utilized here as a model plastic waste.’ Prior to
electrocatalytic upcycling, PET usually undergoes a base-
catalyzed hydrolysis reaction to produce ethylene glycol (EG)
and terephthalate (TPA) monomers (Figure 1a). Subsequently,
the hydrolysate is utilized directly for electrolysis. During this
process, EG is oxidized at the anode, whereas the TPA remains
unchanged. Protons at the cathode are transformed into green
hydrogen gas. Compared to conventional water electrolysis,
replacing anodic oxygen evolution reaction (OER) with PET
upcycling will not only solve environmental concerns caused by
plastic waste but also enable the retrieval of chemical energy
stored within plastic waste.

Inspired by recent developments in CO, conversion, carbon—
heteroatom (C—X, X = N, S) bond formation can proceed by
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Figure 1. (a) Base-catalyzed PET plastic hydrolysis reaction to produce EG and TPA. (b) Previous work on EG electrooxidation for C, and C,
products formation under alkaline conditions. (c) This work: Electrocatalytic C—S coupling reaction by capturing electrophile intermediates in EGOR
and coupling them with sulfur oxides under near-neutral conditions. (d) Coupling electrocatalytic upcycling of PET plastic wastes with sulfur oxides
derived from industrial wastewater for an all-encompassing “waste to value” strategy.

capturing the active electrophilic intermediate species (i.e.,

*CH,OH, *CHOH, *COH) and then chemically reacting them
with nucleophiles containing N or $.°”° Electrocatalytic C—N
formation has been explored extensively in CO, reduction.”’
For instance, Saravanakumar et al. showed a TiO,—Nafion
nanocomposite electrode can achieve a 40% Faradaic efliciency
(FE) for urea production by simultaneously reducing CO, and
NO,™.* Later, Wang and co-workers demonstrated methyl-
amine can be synthesized through the coreduction of CO, and
NO;~ (with an optimal 13% FE), enabled by cobalt
phthalocyanine molecules supported on carbon nanotubes
(CoPc/CNT).'” Recently, the scope of C—X formation has
been expanded by Kornienko et al. via coupling the *CHOH
intermediate generated in CO, reduction with nucleophilic
SO;>” on a copper (Cu)-based catalyst to form sulfonates.
Sulfonates are important chemical feedstocks that have diverse
applications in organic synthesis, lubricants, and textile
industry."' ~'® Unfortunately, due to the poor selectivity of the
Cu catalyst to stabilize the intermediates, the FEs for the
sulfonates only range from 4.7% to 9.5%.” At the same time, we

18640

noticed that similar electrophilic intermediates, like form-
aldehyde (*CH,0), are well-recognized intermediates in EG
oxidation reaction (EGOR). Formaldehyde, being a reactive
electrophile, can be attacked by various nucleophiles (like NH,
and SO,*7), which provides a rational pathway to construct C—
X bonds.

Sulfur is the fifth most abundant element on Earth and
organosulfur compounds have a wide application in organic
synthesis, pharmaceuticals, and advanced materials.'’ >’
However, traditional organic C—S formation methods suffer
from complex synthetic procedures, the utilization of toxic
precursors and solvents, and the generation of toxic byproducts,
limiting their sustainable large-scale applications.zz_25 Renew-
able energy-driven strategies, such as electrochemical and
photochemical routes, have been explored. For example, carbon
nitride can act as a charge storage material and radical anion for
direct C—H thiolation using elemental S as the S source under
visible light irradiation.”® In addition, Pan and co-workers
demonstrated the oxysulfenylation of styrene derivatives can be
achieved under mild electrochemical conditions by selectively
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Figure 2. (a) Synthesis scheme of Amo-MnO, and L-Cry-MnO, on CFP. Although the structures of manganese oxides are complicated,
nonstoichiometric oxides often contain additional metal cations, physisorbed water, and structural vacancies. In this work, we simply denote these
materials as “Mn0O,”. SEM images of (b) Amo-MnO, and (c) L-Cry-MnO, with different magnitudes. Bright-field STEM images of (d) Amo-MnO,
and (e) L-Cry-MnO, with different magnitudes. (f) A high-angle annular dark-field STEM image of Amo-MnO, and the corresponding C, Mn, O

elemental mappings.

oxidizing thiols/thiophenols into sulfur radicals.”” Despite these
great achievements, the direct coupling of C—S utilizing plastic
wastes and sulfur oxides (SO5>7, HSO,") in an aqueous solution
at room temperature has yet to be accomplished.

One fundamental challenge to accomplish the aforemen-
tioned C—S coupling reaction is the instability of the
formaldehyde intermediates under strongly alkaline conditions.
Under alkaline conditions, formaldehyde could be rapidly
oxidized to formate or undergo a Cannizzaro reaction,”®
disproportionating into formate and methanol. Unfortunately,
many of the electrocatalysts created for PET upcycling work best
in alkaline environments. For instance, transition metals, such as
Ni-*’ Co-,’® and Cu*'-based catalysts, achieved high selectivity
for converting EG monomer into C, products, such as formate.
In these studies, EG was initially oxidized to glycolaldehyde,
then oxidized to either glycolic acid or glyoxal, and underwent
C—C bond cleavage to produce formate.”>*” On the other side,
noble metal doped electrocatalysts, such as Pd/Ni(OH),** and
Pt/y-NiOOH/NF,”* show a great potential to oxidize EG to C,
products, such as glycolate, under alkaline conditions (Figure
1b). To stabilize the formaldehyde intermediate, it is necessary
to identify an electrocatalyst capable of oxidizing EG under near-
neutral (or acidic) conditions. Nevertheless, most transition
metal-based electrocatalysts such as oxides, hydroxides, and
oxyhydroxides suffer from stability issues under near-neutral (or
acidic) conditions.***” Fortunately, MnO, has recently gained
recognition as a superior catalyst with Ionglasting stability for
alcohol oxidation in acidic environments.”

Inspired by these pioneering works, we developed a plastic
waste upcycling strategy via coupling electrocatalytic PET
plastic waste conversion with C—S bond formation to synthesize
hydroxymethanesulfonate (HMS) over an amorphous MnO,
(Amo-MnO,) (Figure 1c). When Amo-MnO, was employed,
up to ~55% FE of EG to formate conversion could be achieved.
In addition, HMS was efficiently synthesized with a superior FE

(up to ~70%) when EGOR was integrated with C—S coupling.
Subsequently, real-world plastic wastes were applied as
substrates for HMS synthesis. Crude TPA could be first
recovered from commercial PET plastic wastes via hydrolysis,
acidification, and separation. Further, an impressive selectivity
(~65% FE) for HMS production can be accomplished within
just 2 h electrolysis of PET hydrolysate with the presence of
sulfoxides (SO5>~ and HSO; ™). It is worth noting that SO,>~ and
HSO;™ are common species in industrial wastewater. Therefore,
this approach not only aids in upcycling plastic wastes but also
contributes to wastewater treatment, ultimately forming an all-
encompassing “waste to value” strategy (Figure 1d).

B RESULTS AND DISCUSSION

Catalyst Characterization. The amorphous MnO, (Amo-
MnO,) electrocatalyst was synthesized on carbon fiber paper
(CFP) via electrodeposition (see Supporting Information (SI)
for more information) (Figure S1). As a control, a low-
crystalline MnO, (L-Cry-MnO,) was synthesized by annealing
Amo-MnO, at 300 °C (Figure 2a). Amo-MnO, reveals a
uniform and dense coverage of MnO, nanosheet by scanning
electron microscopy (SEM) and scanning transmission electron
microscopy (STEM) (Figure 2b, 2d, and Figures S2, S3). After
annealing, L-Cry-MnO, displays a similar nanosheet morphol-
ogy to that of Amo-MnO,, indicating that the annealing process
plays a minor role in altering the morphology of MnO, (Figure
2¢, 2e, and Figures S2, S4). In contrast to Amo-MnO,, which
lacks any crystalline characteristics, a lattice space of 0.34 nm was
identified in L-CL?I-MnO2 (Figure 2e), indexed to the (002)
plane of 6-MnO,””*" (Figure 2d and Figure SS, Figure S6).
These findings suggest that the crystallinity of Amo-MnO, was
enhanced through annealing. The STEM-EDS (Figure 2f and
Figures S3, S4) images display a uniform distribution of Mn and
O throughout both samples, and the Mn/O atomic ratio was
increased from 0.88 to 1.35 after annealing. This phenomenon
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can be explained by the evaporation of adsorbed water in the
annealing process.

The structure of MnO, electrocatalysts was further
characterized by X-ray diffraction (XRD). As shown in Figure
3a, besides the characteristic peaks of graphite carbon from the

——L-Cry-MnO, b Mn 3s AE
—— Amo-MnO,

Intensity (a.u.)
Intensity (a.u.)

20 30 40 50 60 70 80 76 78 80 82 84 86 88 90 92 94
2 theta (degree) Binding energy (eV)
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Binding energy (eV) Raman shift (cm'*)

Figure 3. (a) X-ray diffraction patterns, (b) Mn 3s XPS spectra, (c) O
1s XPS spectra, and (d) Raman spectra of Amo-MnO, and L-Cry-
MnO,.

CFP substrate (26.4°, 54.5°, etc., labeled with 4), the broad
diffraction peaks (labeled with @) from Amo-MnO,"" were
identified, manifesting its amorphous nature. In comparison,
new diffraction peaks with low intensity (labeled with *) were
observed from L-Cry-MnO,, showcasing its improved crystal-
linity, consistent with the STEM results. Furthermore, the
oxidation states of Mn in Amo-MnO, and L-Cry-MnO, were
revealed by X-ray photoelectron spectroscopy (XPS). The
average oxidation state (AOS) of Mn was calculated based on
the splitting energy of Mn 3s peaks (Figure 3b and eq 2 in
SI).**** Amo-MnO, exhibits an AOS of 3.6, whereas L-Cry-
MnO, shows a lower AOS of 3.3 (Table S1). The Mn 2p spectra
further confirmed the AOS differences between Amo-MnO, and
L-Cry-MnO,. In the Mn 2p spectrum, the distance (AE 2p ;)
between Mn 2p,,, (~653 eV) and the corresponding satellite
peak (670 to 659 eV) has been employed to identify Mn
oxidation states.”** A decreased AE 2p, /2 value in L-Cry-MnO,
suggests a lower Mn oxidation state. In Amo-MnO,, the AE
2py/, value was 11.5 eV, while it was 11.0 eV in L-Cry-MnO,,
aligning well with the Mn 3s results (Figure S7 and Table S1).
Moreover, the O 1s spectrum of Amo-MnO, (Figure 3c) was
deconvoluted into three peaks: Mn—O—Mn (530.1 eV) from
tetravalent MnO,, Mn—OH (531.4 eV) from trivalent
MnOOH, and adsorbed water (H—O—H bond, 532.8 eV).*
Compared to Amo-MnO,, the Mn—O—Mn to Mn—OH ratio
decreased from 3.98 to 3.16 in L-Cry-MnO, as shown in Table
S2. This difference sheds light on the cause behind the decreased
Mn AOS in L-Cry-MnO,.

The structures of Amo-MnO, and L-Cry-MnO, were further
examined by Raman spectroscopy. The Raman bands of Amo-
MnO, and L-Cry-MnO, can be divided into two areas: the
intrinsic vibration modes (200—700 cm™) and the overtone
vibrational modes (800—1400 cm™') (Figure $8).*° Three

a FA HMS
m ) EG + SO.* electrolysis 1 A
l EG electrolysis 1 A
] EG + SO,* without potential N J L n
2
% SO, electrolysis 1
HMS standard 1 A
T T T - T T T
8 7 6 4 3 2 1
4 (ppm)
b 100 d
—K,80,
K,SO, + SO,
80{——K,S0, + EG 110.98
——K,SO, + EG + SO,* —_ *
—~ S
& d
e 60 s
15} >
< £
£ 401 e 80.97
= £ 102.95
20 112.98
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1 } HL 1 " 1

04— T r T r r T
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m/z (Da)

Figure 4. (a) Scheme of EGOR and C—S$ coupling reactions on MnO, anode in an undivided cell. (b) LSV curves at a scan rate of 10 mV s™' in an
undivided cell with Amo-MnO,, platinum (Pt), and Ag/AgCl, as working, counter, and reference electrodes, respectively, with the addition of 150 mM
EG and/or 15 mM Na,SO5. (c) "H NMR spectra of control experiments after electrolysis at 1.30 V vs Ag/AgCl for 2 h, with the addition of 150 mM
EG and/or 15 mM Na,SO;. (d) ESI-MS spectrum of the electrolyte after electrolysis at 1.25 V vs Ag/AgCl for 18 h. The characteristic peaks of HMS

are indicated by *.
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Table 1. List of Control Experiments”
Entry C-source S-source Electrolyte E/V vs Ag/AgCl HMS FE (%) HMS yield rate (mmol cm™h™")

1 EG NeXa 0.1 M K,S0, 13 58.8 0.22

2 EG x 0.1 M K,S0, 1.3 x X

3 X SO;*~ 0.1 M K,SO, 1.3 X X

4 EG S0, 0.1 M K,S0, X X X

s EG HSO,~ 0.1 M K,S0, 13 58.1 0.16

6 MeOH NeXa 0.1 M K,S0, 13 29.9 0.025

7 Gly NeXa 0.1 M K,SO, 13 47.9 023

8 EG SO~ 0.1 M Na,SO, 13 53.1 0.19

9 EG SO*~ 0.25 M K,SO, 1.3 47.8 0.19

10 EG NeXe 0.05 M K,S0, 13 54.8 0.19

“X indicates the missing of one source/bias or that no HMS is produced. The reaction mechanisms of HMS formation with SO~ and HSO;™ as

nucleophiles were demonstrated in Figure S25.

dominant peaks, v, to v3, can be identified in the range of 200—
700 cm™" (Figure 3d). To elaborate, the frequency range of v,
(620 cm™" to 650 cm™") is linked to Mn—O stretching vibrations
that are perpendicular to the sheet of MnOy octahedra and
symmetric stretching of the Mn—O bond within the MnOgq
octahedra unit, while v, (570 and 590 cm™) signifies the Mn—O
stretching vibration occurring within the plane of MnOg
octahedra.”*™*’ Compared to the previously reported Raman
spectra of fine-crystalline MnO,, such as a-MnO,,*° y-MnO,,”"
and 6-MnO,," a significant blue shift of the v, band is observed
in both Amo-MnO, and L-Cry-MnO,. This shift is attributed to
the structural distortions in both samples, verifying their
amorphous characteristics.

Electrocatalytic EGOR and C—S Formation. In a typical
electrocatalytic PET upcycling process, PET usually undergoes a
base-catalyzed hydrolysis to release EG and terephthalate
(TPA) monomers. Subsequently, EG will be electrochemically
oxidized while TPA remains unchanged. Hydrolysis usually
happens under strong alkaline conditions, such as 1.0 M KOH.
Therefore, the C—S coupling reaction was first conducted in 1.0
M KOH As shown in Figure S9, after 2 h coelectrolysis of EG (C
source) and SO,*~ (S source) with Amo-MnO,, HMS was not
produced while only formic acid (FA) and glycolic acid were
generated. To exclude the likelihood that Amo-MnO, might not
be an optimal catalyst under alkaline conditions, a Cu-deposited
Ni Foam (NiCug,/NF), which has been recently reported as an
efficient EGOR catalyst under highly alkaline conditions,” was
employed for the C—S coupling. Similarly, with the NiCug,,/NF
catalyst, only FA and methanol (MeOH) were detected as the
C—S coupling products (Figure S10). These results indicate that
the EGOR to the formic acid pathway under alkaline
environments is more advantageous, whereas the C—S coupling
is completely suppressed (Figure S11). Alternatively, near-
neutral conditions (0.1 M K,SO,, pH, 5.65) were employed to
accomplish the C—S bond formation.

Before directly upcycling PET plastics, linear sweep
voltammetry (LSV) of Amo-MnO, catalyst in 0.1 M K,SO,
solution was evaluated toward OER, EGOR, and the C-S
coupling (Figure 4a and 4b). Compared to OER, with an
addition of 150 mM EG, a potential reduction of 185 mV (to
reach 20 mA cm™2) was observed (Figure 4b), indicating that
Amo-MnO, is more selective toward EGOR than OER. With
the addition of Na,SO;, the LSV only shifts slightly, indicating
Na,SO, is stable under electrochemical conditions, and the C—S
coupling might be a chemical reaction. As a control, L-Cry-
MnO, exhibits a similar potential reduction comparable to Amo-

MnO, across OER, EGOR, and C—S coupling reactions (Figure
S12).

Furthermore, the C—S coupling was performed through
coelectrolysis of EG (C source) and Na,SOj; (S source) under
chronoamperometry conditions (i—t) for 2 h. As shown in
Figure 4c, HMS was identified as the main C—S coupling
product from the "H NMR spectra. The formation of HMS was
further verified and validated through the ESI-MS analysis
(Figure 4d and Figure S13) and the control experiments (Figure
4cand Table 1). From the control experiments, HMS was absent
without the presence of EG, Na,SOj, or applied potential (Table
1). This result provides compelling proof that HMS is formed by
combining the intermediates generated in the EGOR with
SO;*". It is worth noting that HMS, industrially produced from
reacting formaldehyde with sodium bisulfite, is an important raw
material and intermediate widely used in organic synthesis,
pharmaceuticals, and agrochemicals.16 For instance, HMS has
been applied to prepare oil-soluble additives® to improve
lubricant oil’s anticorrosive, dispersant, and antioxygenic
properties. Meanwhile, HMS can be used as a textile stripping
agent, a fixing agent for keratin-containing fibers, and a
preservative in cosmetics.

Interestingly, in both EGOR and C—S coupling processes,
besides the common major products, formic acid (FA) and
HMS, a small amount of (~1.2% of FE at 1.40 V vs Ag/AgCl)
MeOH was identified as a minor product. In an undivided cell,
the anodic products, like formaldehyde, can easily diffuse from
the anode to the cathode for further reactions. Therefore, we
propose that MeOH could be produced thr0u§h two distinct
means: (1) the well-known Cannizzaro reaction”**~> in which
two formaldehyde molecules disproportionate to form MeOH
and formic acid, and (2) the cathodic reduction of EGOR
intermediates (i.e., formaldehyde) or its products (i.e., formic
acid) (Figure S14). It is worth noting that the Cannizzaro
reaction is base-catalyzed. Nevertheless, electrolysis reactions
were conducted under near-neutral conditions in this work. We
hypothesize that the Cannizzaro reaction took place at the
cathode, where the hydrogen evolution reaction (HER)
generates a localized alkaline environment close to the cathode
surface to initialize the diffused aldehyde disproportionation. A
similar phenomenon was first reported by Marc T. M. Koper’s
group for CO, reduction.” To investigate the origin of the small
amount of MeOH, EGOR and C—S coupling reactions were
carried out in a divided cell (Figure S14, see SI for more details).
When EGOR and C—S$ coupling reactions were respectively
conducted in the anodic chamber, MeOH was not observed in
both reactions (Figure S15). This result suggests that MeOH is
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Figure S. (a) Scheme of electrocatalytic EGOR. FEs and yields of products at potentials ranging from 1.1 to 1.4 V vs Ag/AgClwith (b) Amo-MnO, and
(c) L-Cry-MnO, as catalysts, respectively. Herein, only 150 mM EG was added into the electrolyte as the C source. (d) Scheme of electrocatalytic C—S
coupling reaction. FEs and yields of products at potentials ranging from 1.1 to 1.4 V vs Ag/AgCl with (e) Amo-MnO, and (f) L-Cry-MnO, as catalysts,
respectively. 150 mM EG and 15 mM Na,SO; were added into the electrolyte as the C and S sources, respectively.

generated from the EGOR intermediate species transitioning
from the anode to the cathode. In addition, to investigate
whether FA can be converted to MeOH on the cathode, pure FA
was introduced into the cathodic chamber in the divided cell.
However, no MeOH was produced after EGOR and C-S
coupling (Figure S16), indicating that converting FA into
MeOH is unfeasible. These results demonstrate that MeOH is
generated via the Cannizzaro reaction or reduction of diffused
intermediates on the cathode. Unfortunately, these two
reactions are indistinguishable from the experimental perspec-
tive.

Furthermore, the potential-dependent EGOR and C-S
coupling reactions were conducted, respectively. First, in
EGOR (Figure Sb to Sc), the FEs and yields of FA and
MeOH display an increased trend with an elevated bias on both
Amo-MnO, and L-Cry-MnO,. Furthermore, the product
selectivity toward FA (FE, 48.7% at 1.25 V vs Ag/AgCl) on
Amo-MnO, is comparable to that on L-Cry-MnO, (47.7% at
1.25 V vs Ag/AgCl). Nevertheless, L-Cry-MnO, shows a much
greater FA vyield, suggesting that L-Cry-MnO, assists in
converting EG to FA. For the C—S coupling reaction (Figure
S19), as shown in Figure Se to 5f, the FEs of FA and HMS both

18644

display strong potential-dependent relationships. With an
increased potential, the FE of FA shows an elevated trend; in
contrast, the FE of HMS was gradually reduced. This reversed
trend observed in FE between FA and HMS can be attributed to
the rapid oxidization of EG to FA at an elevated bias, leading to a
shorter lifespan of the formaldehyde intermediate and decreased
efficiency in the C—S coupling process. In contrast to Amo-
MnO,, L-Cry-MnO, demonstrates greater selectivity toward FA
production under identical reaction conditions. This aligns with
the results from the EGOR study, which shows that low-
crystalline MnO, promotes the production of FA while
suppressing the C—S coupling reaction. Therefore, the
selectivity of HMS on Amo-MnO, (i.e., FE of HMS, 67% at
1.2 Vvs Ag/AgCl) is typically higher compared to that on L-Cry-
MnO, (ie, FE of HMS, 44% at 1.2 V vs Ag/AgCl). It is
important to mention that the total selectivity of the C—S
coupling reaction (FE,,, 89.8% at 1.2 V vs Ag/AgCl) surpasses
that of the EGOR (FE,,, 49.4% at 1.2 V vs Ag/AgCl). This
result is rare compared to previous C—X coupling studies, where
the selectivity of electro-reduction/oxidation of C sources is
usually higher than that of the C—X coupling reaction. For
example, we have previously discussed how methylamine can be
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produced by coreducing CO, and NO;™. In the study, the
selectivity for CO, reduction (FE is ~70% for various products)
and NO;™ reduction (FE is ~30% for NH; production) were
significantly greater than the selectivity for producing C—N
product, methylamine (with an optimal 13% FE).'° In general,
this can be attributed to the strong electrostatic interaction
between SO;>~ and anode enriches SO;*~ nucleophiles, which
can rapidly intercept the EGOR intermediates and drive the
EGOR equilibrium forward to produce more stable inter-
mediates.

Moreover, the concentration effects of EG and Na,SO; were
investigated. With the fixed EG concentration (150 mM), the
HMS’s FE and yield were elevated with an increased Na,SO,
concentration (7.5 mM to 15 mM) (Figure S20 and Figure
S21). Meanwhile, at a constant concentration of Na,SO; (15
mM), an increased EG concentration (from 75 mM, 150 mM to
300 mM) induced an enhanced HMS yield. Interestingly, in
terms of HMS’s FE, there is no clear trend when the
concentration of EG is elevated. For instance, at 1.1 V, FE is
increased with an increased EG concentration (from 75 mM to
300 mM). However, at 1.2 V, an opposite FE trend is observed.
Herein, the best selectivity (FE = ~85%) for HMS production
was achieved at 1.1 V (with 300 mM EG and 15 mM SO,>7). As
we discussed earlier, capturing electrophilic C active inter-
mediates from CO, reduction to construct C—S bond
compounds via nucleophilic attack usually suffers from low
selectivity. In comparison, mining C resources from electro-
oxidative plastic upcycling is beneficial due to the following
reasons: First, oxidative coupling reaction can easily outperform
reductive coupling reaction since the SO;>~ anion tends to be
attracted to the anode. In contrast, the nucleophile will be
repelled by the negatively charged cathode. If the intermediates
are surface adsorbed, the selectivity and efficiency in generating a
C—S compound will be further reduced. Second, CO, needs to
be captured and concentrated in electrolyte before electro-
catalysis. Due to its limited solubility in the aqueous solution, a
gas-diffusion electrode needs to be employed. In comparison,
hydrolysis is a common chemical recycling approach for PET
plastic wastes, and a high concentration of PET monomers (C
source) can be efficiently obtained after the initial treatment.

To expand the substrate scope, MeOH (C,) (Figure S22) and
glycerol (C;) (Figure S23) were further employed for C—S$
coupling. When MeOH is employed as the C source, the FE and
yield of HMS are much lower than that of EG, with a maximum
FE of 31% and yield of 0.027 mmol cm™ h™' (Figure S22).
However, when glycerol is applied, the FE and yield of HMS are
comparable to that of EG (Figure $23). In addition, to expand
the nucleophile scope, NaHSO, was further employed as the S
source. In this case, similar to utilizing SO;*~, HMS was
identified as the primary C—S coupling product. However, the
FE and yield of HMS are slightly lower (Figure $24), possibly
due to the reduced nucleophilicity of HSO;™ as compared to
SO;*". As well, the electrolyte effects (cations and concen-
tration) were investigated (Figures S26 to S28 and Table 1).
Under various electrolytes (0.1 M Na,SO,, 0.05 M K,SO,, 0.1 M
K,S0,, and 0.25 M K,SO,) conditions, both FE and yield of
HMS exhibit comparable results. These results indicate the
resilience of the MnO, catalyst to various cations and
concentrations of electrolytes when catalyzing C—S bond
formation. Moreover, it is important to note that the EG
monomer can not only be extracted from wasted plastics but also
be sourced from biomass resources. Additionally, some other
alcohols derived from biomass, like MeOH, and glycerol can be

used as substrates for C—S coupling as well. Thus, the success of
this strategy can benefit not only plastic upcycling but also
biomass upconversion.

In addition, the stability of Amo-MnO, was further evaluated.
From the SEM images (Figures S29 and S30), the dense
coverage of MnO, on CFP was observed after 2 h EGOR and
C—S coupling reactions. Even after an 18 h C—S reaction, no
drop-off or morphology changes of MnO, were found (Figure
S31). The XPS survey spectra (Figures $32 and S33) of Amo-
MnO, after reactions show identical patterns as those of original
Amo-MnO,. In addition, analysis of high-resolution XPS spectra
reveals that the oxidation states of Mn remained nearly
unchanged compared to those before electrolysis (Tables S3
and S4). Finally, the identical Raman spectra of Amo-MnO,
before and after electrolysis provide additional evidence for the
exceptional long-term stability of Amo-MnO, (Figure S34).

Mechanistic Investigation: In-Situ Raman for Identify-
ing Catalyst’s Active Sites. To identify active sites of Amo-
MnO, during electrocatalysis, in situ Raman was conducted for
OER, EGOR, and C—S coupling reactions, respectively (Figures
$35—37, in situ Raman section in SI). Under OER conditions
(in 0.1 M K,SO,) (Figure S38), the sharp peak located at 968
cm™ is ascribed to the binding of SO, to the catalyst surface.
The peaks in the region from 450 to 750 cm™" are assigned to the
stretching vibrations of MnOjg octahedra, labeled with v, to v;.
Herein, v, (559 cm™) and v; (495 cm™') peak positions
remained unchanged when the applied potentials were elevated
from 1.0 to 1.30 V as under the open circuit potential (OCP).
However, the v, vibration was gradually broadened with an
increased bias, which could be attributed to an increased degree
of Jahn—Teller distortion during the anodic process.*’

Further, the in-situ Raman experiment was conducted under
EGOR conditions. As shown in Figure 6a, the characteristic
stretching vibration peaks of MnOg octahedra were observed in
the region of 450 cm™ to 750 cm™. In comparison with the
OER condition, a blue shift of the v, band and a red shift of the v,
band were observed, implying that the adsorption of EG
molecules on the surface of MnO, led to alterations in the Mn—
O bond length. Meanwhile, with the further addition of SO5*~
for the C—S coupling reaction, a much lower v; band (at 615
cm™") was observed (Figure 6b). This phenomenon indicates
that the simultaneous adsorption of EG and SO;*~ on MnOy
octahedra modifies the Mn—O stretching vibration. In addition,
with an elevated anodic potential, the peak at 854 cm™, which
corresponds to the adsorbed EG molecules, decreased steadily
while the 1040 cm™" peak, reflecting the formation of carbonate
(CO4*),”” emerged. The disappearance of EG and the
appearance of CO;*” indicate that EG can be finally oxidized
to carbonate at the electrode’s surface.’® Overall, the above
results show that the original structure of Amo-MnO, is intact
under EROR and C—S§ coupling reactions.

Density Functional Theory Computations: Active
Intermediates Species Identification. Density functional
theory (DFT) calculation was further performed to investigate
the possible EGOR intermediates and C—S coupling reaction
mechanism. First, to test if the solution-based formaldehyde
(HCHO) intermediates react with SO,*~, formaldehyde was
directly added as the C-source into the Na,SOj; solution for the
C—S coupling reaction without MnO, catalyst or applying
potential. Nevertheless, HMS was not able to be identified after
a 21 h reaction under room temperature (Figure S39). This
result indicates that solution-based formaldehyde is inactive to
couple with SO,*~ for the formation of the C—S bond.
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Figure 6. In-situ Raman spectra of Amo-MnO, for (a) EG oxidation
and (b) C—S coupling reactions. (c) Energy diagram for the key
reaction pathways and intermediates during the C—S coupling reaction
on Amo-MnO,. The inset was the optimized intermediate adsorption
configurations on Amo-MnO,.

Therefore, the possible active intermediates are surface-
adsorbed electrophiles (*CH,OH, *CHOH, and *COH) that
are in situ generated from EGOR. Within the range of potential
intermediates, after the C—S coupling step, *CHOH and *COH
require hydrogenation steps to form HMS, which are
thermodynamically unfeasible under electrooxidation condi-
tions. Thus, only *CH,OH was calculated as an intermediate. In
terms of understanding the benefits of amorphous phase MnO,
for C—S coupling, the crystalline MnO, (100) slab was applied
as a control in DFT calculation. As shown in Figure 6¢, the EG
adsorption on crystal MnO, (100) and Amo-MnO, was
calculated to be exothermic. However, Amo-MnO, is more
beneficial than MnO, (100) for EG adsorption, indicated by a
smaller energy difference (AE, —0.63 eV) on MnO, (100). In
addition, the EG C—C bond cleavage process, generating the key
*CH,OH intermediate, was determined to be the rate-
determining step (RDS) for both catalysts (Figure S40).
Compared to MnO, (100) (AE of RDS, 1.82 eV), the AE of
RDS was significantly reduced (0.39 eV) on Amo-MnO,. This
result demonstrates that Amo-MnO, is more advantageous than
its crystalline form when it comes to generating the key
intermediate. Subsequently, the *CH,OH intermediate is
directly coupled with adsorbed sulfur species (*SO;) to form
the C—S bond. The AE for the C—S coupling step on Amo-
MnO, was calculated to be 0.29 eV, which is again lower than
that of MnO, (100) (0.51 eV). Moreover, DFT calculation
reveals the electron density differences between Amo-MnO, and
MnO, (100). As shown in Figure S41, when *CH,OH is
adsorbed on the Amo-MnO,, the valence state of C was
calculated to be —0.53 which is more negative than that of MnO,

(100) (—0.41), signifying that more electrons can be transferred
to the adsorbed species from Amo-MnO, than MnO, (100),
which is beneficial for activating EG. Simultaneously, a much
shorter Mn—C bond length on Amo-MnO, (1.992) manifests
stronger EG adsorption on Amo-MnO, in comparison with
MnO, (100) (Mn—C, 2.150). These results reveal the RDS step
in C—=S coupling and the benefits of amorphous MnO,
compared to the crystalline phase for C—S bond formation.
Electrocatalytic Real-World PET Plastic Wastes Upcy-
cling to HMS. To explore the practical application of this
method for real-world plastic waste upcycling, commercial PET
powder and water bottles were employed for HMS electrosyn-
thesis (Figure 7a). PET powder was first hydrolyzed in 2.0 M
KOH (Figure S42 and Figure S43). After hydrolysis, the
hydrolysate was adjusted to pH = 3.0 (Figure S45) to precipitate
TPA. Following the isolation of the precipitated TPA (Figure 7b
and Figure $46), the hydrolysate (Figure S47) pH was adjusted
to ~5.65 and directly employed for the C—S coupling reaction
(step 4 in Figure 7b). FA and HMS were detected as the main
products (Figure S49) after electrolysis. Just like EG as a
substrate, the FE of HMS was decreased as the potential
increased from 1.1 to 1.4 V with a maximum FE (~65%)
achieved at 1.1 V. Simultaneously, the yield of HMS was
enhanced with an increased bias (Figure 7d). Furthermore, a
commercial PET water bottle was pretreated in 2.0 M KOH
followed by TPA precipitation, separation, and pH adjustment
before the C—S coupling. Compared to commercial PET
powder, lower concentrations of monomers (EG and TPA)
were observed (Figures 7b, $43, S45, and S47). This result can
be explained by the fact that commercial PET bottles are usually
more resistant under hydrolysis conditions to meet industrial
requirements. When the PET bottle hydrolysate was directly
applied for the C—S coupling reaction, ~45%—65% FEs of HMS
were achieved after 2 h electrolysis (Figure 7e and Figure $49),
comparable to the efficiency and selectivity obtained from
directly employing EG or PET powder hydrolysate. An
examination of the technoeconomics (TEA, Figure S50) reveals
that greater profitability ($2568.2) per ton of HMS production
can be achieved through the electrocatalytic PET waste
upcycling approach, as opposed to the conventional HMS
manufacturing process (net profit = $1929.4). Additionally, the
profit stemming from PET waste upcycling to FA falls below the
levelized costs (net profit = —$5952), potentially due to the poor
selectivity and efficiency of Amo-MnO, in FA production.

B CONCLUSION

In this work, we developed a novel plastic waste upcycling
strategy to construct C—S compounds via coupling PET plastic
wastes with sulfur oxides in an aqueous solution. A cost-effective
amorphous MnO, (Amo-MnO,) was synthesized as a catalyst
through a facile electrodeposition method. The Amo-MnO, is
capable of oxidizing PET plastic-derived EG under near-neutral
conditions, which allows stabilization of the active C electrophile
intermediates during the PET upcycling process for the C—S
coupling reaction. Thus, HMS can be efliciently synthesized
with up to ~70% FE. In addition, this PET waste upcycling
method displays excellent substrate compatibility. HMS was
successfully produced with C, (MeOH) and C; (glycerol)
biomass-derived compounds. Moreover, this strategy was
applied to upcycling real-world plastic waste. With the addition
of sulfur oxides into PET waste hydrolysates, HMS was
selectively synthesized with FE up to ~65%. Lastly, DFT
calculations reveal that the C—C cleavage step of EG is the RDS,
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Figure 7. (a) Scheme of electrocatalytic PET plastic wastes to HMS. (b) Commercial PET powder and PET water bottle upcycling pathways, the inset
image represents the recovered TPA. 5 g of PET powder was hydrolyzed in 2.0 M KOH. After hydrolysis, the hydrolysate was adjusted to pH = 3.0 to
precipitate TPA. 4.3705 g of TPA (purity, 72.2%) was recovered and isolated, leaving 103.2 mM of EG after adjusting the filtrate pH to S5.65. The
remaining hydrolysate was directly employed with the addition of Na,SO; (15 mM) for the C—S coupling reaction. For the PET water bottle (13.8 g),
only 3.4920 g of TPA (purity, 58.9%) was recovered and the EG concentration was 74.5 mM. (c) LSV curves under OER, PET plastic waste
hydrolysates with and without the addition of SO,>~ (15 mM). Products FE and yield with (d) PET powder and (e) PET bottle hydrolysates as
substrates, respectively.
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