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HIGHLIGHTS

e Co and Cl co-doped NiS is an efficient bifunctional electrocatalyst for converting plastic waste into formate and hydrogen with high

efficiency and selectivity

e Dopants regulate the electronic property and accelerate structural reconstruction of NiS for the core ethylene glycol (PET monomer)

oxidation reaction

e PET hydrolysate electrolysis can produce hydrogen gas at an average rate of 50.26 mmol h™' at 1.7 V

ABSTRACT Electro-upcycling of plastic waste into value-added

chemicals/fuels is an attractive and sustainable way for plastic waste

[

management. Recently, electrocatalytically converting polyethylene

terephthalate (PET) into formate and hydrogen has aroused great
Hydrolysis

interest, while developing low-cost catalysts with high efficiency and Ethyle‘

.. . . Electro-upcycling
selectivity for the central ethylene glycol (PET monomer) oxidation

reaction (EGOR) remains a challenge. Herein, a high-performance Plastic waste (PET)

nickel sulfide catalyst for plastic waste electro-upcycling is designed "

by a cobalt and chloride co-doping strategy. Benefiting from the inter-

connected ultrathin nanosheet architecture, dual dopants induced up- | inisiiis strudiurerecongiudiibn
shifting d band centre and facilitated in situ structural reconstruction, '
the Co and Cl co-doped Ni;S, (Co, CI-NiS) outperforms the single- | GoiCico-doped Ni,S, Co-doped defective Ni,S,@Co-NiOOH

doped and undoped analogues for EGOR. The self-evolved sulfide@ ™

oxyhydroxide heterostructure catalyzes EG-to-formate conversion with

Cl, S co-etching

high Faradic efficiency (>92%) and selectivity (>91%) at high current densities (>400 mA cm™~2). Besides producing formate, the bifunc-
tional Co, Cl-NiS-assisted PET hydrolysate electrolyzer can achieve a high hydrogen production rate of 50.26 mmol h™! in 2 M KOH, at
1.7 V. This study not only demonstrates a dual-doping strategy to engineer cost-effective bifunctional catalysts for electrochemical conversion

processes, but also provides a green and sustainable way for plastic waste upcycling and simultaneous energy-saving hydrogen production.
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1 Introduction

Polyethylene terephthalate (PET) is an important engineer-
ing polymer, and it is one of the most widely used plastics
in the world [1]. Currently, ~ 70 million tons of PET are pro-
duced annually in the world, while most of them are land-
filled or incinerated directly, leading to severe environmental
pollution [2—4]. Handling PET waste is thus an important
mission, and thermal recycling methods are the most widely
used to convert PET into value-added products [5, 6]. At ele-
vated temperatures, the thermochemical approaches can con-
vert PET into carbon materials, chemicals, and fuels [7-10].
However, thermal conversion generally leads to high carbon
emissions, low product selectivity, and needs complicated
devices [11, 12], which makes it unsustainable for the clean
recycling of PET waste [13].

Alternatively, photochemical, photoelectrochemical,
and electrochemical upcycling of PET has been proposed
recently as mild methods to obtain value-added chemicals/
fuels with high purity [14-18]. Among these route, electro-
upcycling distinguishes itself for its high efficiency and
attracts growing interest [19]. In a typical electro-upcycling
process, PET is first hydrolyzed into ethylene glycol (EG)
and terephthalate (TPA) monomers, and EG in the hydro-
lysate can be further electrooxidized into glycolic acid, for-
mate, carbonate, etc. [20, 21]. The products of EG oxidation
reaction (EGOR) are highly related to the applied electro-
catalysts, and previous studies have shown that several low-
cost transitional metal (TM) -based catalysts (e.g., CuO
[22], NiCo,0, [23], Co-Ni;N [24], CuCoO, [11], CoNij ,sP
[25], Co-Ni,P [26]) can catalyze EGOR for selective for-
mate production. Nevertheless, the development of highly
electroactive, selective, earth-abundant, and stable EGOR
electrocatalysts remains a big challenge, and current work
mainly focuses on TM oxides, phosphides, and nitrides. TM
sulfides, with high earth abundance, good electronic/chemi-
cal properties, and environmental friendliness [27, 28], have
exhibited good electrochemical performance for diverse
reactions, such as urea oxidation reaction, carbon dioxide
reduction, batteries, oxygen evolution reaction (OER), and
hydrogen evolution reaction (HER) [29-36]. However,
the design of efficient TM sulfides for EGOR is largely
unexplored. To enhance the catalytic performance of TM
sulfides, strategies like elemental doping is widely used [37,
38]. The introduction of dopants can regulate TM sulfides’
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electronic structure and/or conductivity, thus enhancing the
catalytic performance [39]. Compared to conventional single
cation or anion doping, cation—anion dual doping emerges as
a powerful method to optimize TM sulfides’ multiple physic-
ochemical properties simultaneously [40]. Additionally, pre-
vious studies found that TM-based catalysts would undergo
structural reconstruction during the EGOR process, and
the in situ formed metal (oxy)hydroxides played a critical
role in determining the catalytic performance [25, 41-44].
In this regard, developing high-performance TM sulfides
with controllable structural reconstruction by efficient dop-
ing strategies would largely advance the EGOR process and
accelerate the recycling of PET. Moreover, uncovering the
conversion mechanism of EG over TM sulfides and revealing
the structure—activity relationship is of great significance for
designing next-generation catalysts for plastic utilization,
which remains untouched.

On the other hand, coupling a thermodynamically favour-
able oxidation reaction with HER holds the promise for
energy-saving hydrogen production compared with con-
ventional water electrolysis [45-47]. Recent reports have
proved that EGOR with a low theoretical oxidation potential
(0.57 V vs. reversible hydrogen electrode [RHE]) is a great
half-reaction to replace OER (theoretical oxidation poten-
tial of 1.23 V vs. RHE) [48]. To this end, exploring high-
performance TM sulfide catalysts with high electroactivity,
selectivity, and stability for EGOR is urgent for enhancing
the reaction efficiency and cutting the production cost for
chemicals and green hydrogen fuel.

Here, we develop an anion-cation co-doping strategy to
improve the catalytic performance of nickel sulfide for con-
verting real PET waste into hydrogen and formate. The Co
and Cl co-doped nickel sulfide (Co, CI-NiS) prepared by
a one-step hydrothermal route shows better performance
toward EGOR than the single-doped and undoped coun-
terparts. Co, CI-NiS only needs 1.346 V versus reversible
hydrogen electrode (RHE) to achieve 100 mA c¢cm™2 for
EGOR, and it can realize high efficiency and selectivity for
EG-to-formate conversion at high current densities. Further
analyses indicate the excellent catalytic properties of Co,
CI-NiS stem from the ultrathin nanosheet structure, and the
dopants regulated electronic structure and facilitated in situ
structure reconstruction. For the real PET waste hydrolysate
electrolysis in a membrane-electrode assembly (MEA) elec-
trolyzer, the bifunctional Co, CI-NiS can attain a high H,
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production rate. Generally, nickel sulfide-based low-cost
catalysts-mediated plastic upcycling technique would help
to address current pressing plastic pollution and innovate
further high-performance catalyst development.

2 Experimental Section
2.1 Synthesis of Catalysts

All nickel sulfide catalysts were fabricated by a facile hydro-
thermal method. For the preparation of Co, Cl co-doped
nickel sulfide catalyst (denoted as Co, CI-NiS), 0.5 mmol
thiourea, 0.01 mmol NaCl, and 0.01 mmol Co(NOs),-6H,0
were first added into a beaker containing 10 mL deionized
(DI) water. The mixture was then stirred for half an hour
at 400 rmp; it was then poured into a Teflon-lined stain-
less steel autoclave (25 mL). Then, a piece of acidic treated
nickel foam (NF, with a thickness of 2 mm) was totally
immersed in the homogeneous solution. The reactor was
put in a conventional oven and treated at 120 °C (12 h).
After cooling naturally, the as-prepared Co, CI-NiS mate-
rial was cleaned and dried. At last, the Co, CI-NiS catalyst
was obtained. The undoped nickel sulfide catalyst (NiS), Co-
doped nickel sulfide catalyst (Co-NiS), and Cl-doped nickel
sulfide catalyst (C1-NiS) were also synthesized via a similar
method described above for comparison.

2.2 Electro-Upcycling of Real Plastics

The electro-upcycling of PET waste contains two steps,
including the alkaline hydrolysis and the following PET
hydrolysate electrolysis.

Alkaline hydrolysis of PET bottles. The collected PET
waste was first cleaned and cut into tiny pieces (< 1 mm) for
the hydrolysis treatment. Per 10 g of dried plastic particles
were dispersed in 100 mL of 2 M KOH solution in a flask.
Then, the flask was sealed with a rubber stopper and heated
on a hotplate at 80 °C with stirring (800 rpm) for 12 h.
Afterward, the hydrolysate was collected for electrolysis.

PET hydrolysate electrolysis. The PET hydrolysate
electrolysis and conventional water electrolysis were con-
ducted with a home-made MEA electrolyzer for 24 h. Each
side of the MEA electrolyzer has a volume of ~20 mL.
The as-prepared self-supported Co, CI-NiS (mass loading
of ~0.9 mg cm™2) with a size of 2.5x2.5 cm? was directly
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used as the anode and the cathode. An anion exchange mem-
brane (AEM, Sustainion X37-50, Dioxide Materials) with a
thickness of 50 pm was used between the cathode and anode
sections. The NF-based electrode itself works as a diffusion
layer, and the gasket thickness was adjusted according to
the NF thickness employed. The measurements were per-
formed at room temperature, and 2 M KOH aqueous solution
and 2 M KOH/20 g L~! PET hydrolysate were separately
added into the cathode and anode sides with a flow rate of
0.2 mL min~! with a peristaltic pump. The gas and liquid
products were collected and analyzed by gas chromatogra-
phy (GC) and nuclear magnetic resonance (NMR) spectros-
copy respectively. For the Co, CI-NiS assisted conventional
water electrolysis tests, 2 M KOH solution was used as the
electrolyte in both cathode and anode sides, with a flow rate
of 0.2 mL min~".

Details about the chemicals, electrochemical tests, catalyst
characterizations, and computational details are presented in
the Supporting Information.

3 Results and Discussion
3.1 Catalyst Characterization

All nickel sulfide catalysts were developed by a one-step
hydrothermal process. As shown in the X-ray diffraction
(XRD) patterns (Fig. 1a), all characteristic diffraction peaks
of the bare nickel sulfide (NiS) catalyst can be ascribed to
the Ni;S, phase (JCPDS no. 44-1418), except two strong
peaks of the NF substrate (Ni, JCPDS no. 04-0850). Com-
pared to the undoped NiS sample, the XRD patterns of Co-
or Cl- doped NiS and the Co, Cl co-doped NiS catalysts
show no new peaks, suggesting the doping of Co and/or
ClI does not alter the main Ni,;S, phase. The morphology
structure of the as-obtained Co, CI-NiS sample was checked
with scanning electron microscopy (SEM) and transition
electron microscopy (TEM). In Fig. 1b, ¢, abundant verti-
cal nanosheets evenly grown on the three-dimensional (3D)
NF can be observed, with an average lateral length of about
2 microns and thickness of 20 nm. These interconnected
ultrathin nanosheets would provide rich active sites for
electrochemical reactions [49]. Furthermore, TEM images
support the generation of sheet-like nanostructure of Co,
CI-NiS (Fig. 1d, e). In addition, three distinct lattice fringes
with interplanar distances of 0.3, and 0.4 nm in Fig. 1f can
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be indexed to the (110) and (101) planes of Ni,;S,, respec-
tively. Furthermore, high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and cor-
responding elemental mapping images in Fig. 1g show an
even spatial distribution of S (yellow), CI (red), Co (purple),
and Ni (green) elements in the Co, CI-NiS sample, indicat-
ing the successful introduction of Co and Cl elements.

The surface compositions and chemical states of Co, Cl-
NiS and undoped NiS were investigated by X-ray photoelec-
tron spectroscopy (XPS). Figure S1 suggests the co-occur-
rence of S, Ni, Co, and Cl elements in Co, CI-NiS and the
co-presence of Ni and S elements in undoped NiS. In the Ni
2p spectrum of undoped NiS, two distinct peaks at §54.9 and
872.2 eV can be ascribed to 2p;,, and 2p,, states of Ni**,
respectively [50, 51] (Fig. 2a). Peaks at 856.1 and 873.4 eV

= Ni,S,
+ Nickel foam

Intensity (a.u.)

40 50
20 (degree)

are assigned to Ni** 2p,,, and Ni** 2p, , respectively, with
two satellite peaks at 861.2 and 878.5 eV [52]. Compared to
bare Ni$, the binding energies of Ni** 2p5,, (855.3 eV) and
Ni*t 2p;, (856.3 V) in Co, CI-NiS show a positive shift,
indicating a reduced electron density around Ni atoms after
the Co, Cl co-doping. The reason should be that CI dopant
with a high electronegativity could extract electrons from
surrounding Ni atoms and thereby decrease the electronic
density around Ni atoms [53, 54]. Of note, the Ni sites of
Co, CI-NiS show a reduced electron density and a higher
Ni**/Ni?* ratio than NiS (0.47 of Co, CI-NiS vs. 0.39 of
NiS). In Fig. 2b, the S 2p spectrum of bare NiS is fitted with
six peaks. Two peaks at 162.2 and 163.4 eV correspond to
2ps, and 2p,, states of S2-, and two peaks located at 164.1
and 165.3 eV are assigned to S 2p,,, and S 2p,,, of S, %",

Fig.1 a XRD patterns of catalysts. b, ¢ SEM images of Co, CI-NiS. d, e TEM images of Co, CI-NiS. f HRTEM images of Co, CI-NiS. g
HAADEF-STEM and corresponding elemental mapping images of Co, CI-NiS
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respectively. Two other peaks at the higher energy region
are referred to 2ps, (167.5 eV) and 2p,,, (168.6 eV) states
of SO,* [55, 56]. All peaks of S*-, S >, and SO,* in the
S 2p spectrum of Co, CI-NiS show positive shifts relative
to those in the spectrum of undoped NiS, implying a low-
ered electron density around S atoms with Co and CI co-
doping. The reason should be that the Cl dopant which has
the strongest electronegativity than Ni/Co and S can attract
electrons from Ni/Co and S, and thus reduce the electron
density on the S sites [57]. The Co 2p spectrum of Co, Cl-
NiS in Fig. 2c contains six peaks, including 2p;, (778.6 €V)
and 2p,,, (793.6 eV) states of Co>*, 2p,,, (781.4 eV) and
2p.,p (796.4 V) states of Co>™, and two satellite peaks at
786 and 801 eV [58]. The presence of high-valence Ni’t,
Co’", and SO,*" is mainly due to the superficial oxidation of
catalysts in the air [59, 60]. Moreover, in the Cl spectrum of

Co, CI-NiS (Fig. 2d), two characteristic peaks at 198.3 and
199.9 eV can be found, which are indexed as Cl 2p5;, and CI
2p, . respectively [61]. Spectra of Co and Cl validate that
both Co and Cl elements have been incorporated into NiS
successfully, and the Co, Cl co-doping significantly regu-
lates the electronic property of NiS.

3.2 EGOR Performance of Catalysts

The electrochemical performance of catalysts towards OER
and EGOR was investigated with a H-type cell. Aside from
prepared nickel sulfide catalysts, the RuO, electrocatalyst,
and pure NF were also studied. The OER performance was
tested in 1 M KOH electrolyte. As shown in linear sweep
voltammetry (LSV) curves (Fig. 3a), the nickel sulfide-based
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Fig.2 aNi2p, b S 2p, ¢ Co 2p, and d Cl 2p XPS spectra of Co, CI-NiS and NiS
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catalysts exhibit better OER performance than the RuO,
catalyst and NF, and the Co and Cl co-doped sample out-
performs the Co or Cl single-doped and undoped counter-
parts. At an overpotential (17) of 400 mV, Co, CI-NiS attains
a higher current density (182 mA cm™2) towards OER
than Co-NiS (85 mA cm™2), CI-NiS (76 mA cm~?), NiS
(60 mA cm™?), NF (4.5 mA cm™2), and the benchmark RuO,
catalyst (55 mA cm~2). Apparently, the current density of
the NF support is quite low, indicating that the electrocata-
lytic activity of as-prepared electrodes mainly comes from
the nickel sulfide phase. Of note, the 5 at 10 mA cm ™2 "10)
of Co, CI-NiS (241 mV) is lower than state-of-the-art TM-
based OER catalysts, such as FeCoNiMo high-entropy alloy
(250 mV) [62] and Ti-CoS, (249 mV) [63], and Table S1
presents more comparisons.

EGOR performance of catalysts was measured in 1 M
KOH with the addition of 0.1 M EG. LSV curves in Fig. 3b
suggest that the EGOR activity trend of electrocatalysts fol-
lows the OER activity. Compared with undoped, single Co
or Cl doped nickel sulfide catalysts, Co, CI-NiS exhibit better
EGOR activities. Potentials at 100 mA cm~2 for Co, CI-NiS,
Co-NiS, CI-NiS, NiS and the RuO, catalyst are about 1.34,
1.38, 1.41, 1.44, and 1.60 V vs. RHE respectively. The dop-
ing levels of Cl and Co were optimized based on the catalytic
performance, and detailed information is shown in Fig. S2.
The best activity is obtained when the amounts of C1™ and
Co?* precursors are both 0.01 mol. Compared to OER, NiS-
based electrocatalysts achieve a higher current density for
EGOR at a given potential. Especially, a large potential dif-
ference of 220 mV is observed for Co, CI-NiS for EGOR
and OER, at 300 mA cm ™2 (Fig. S3). In this case, the OER
may compete with EGOR at high potentials and reduce
the reaction efficiency of EGOR. Additionally, Co, CI-NiS
exhibits better EGOR activities than state-of-the-art transi-
tion metal-based catalysts (Fig. 3c and Table S2), suggesting
the huge potential of TM sulfides for the EGOR application.
The electrochemical kinetics for EGOR of all tested electro-
catalysts were further probed through Tafel plots (Fig. 3d).
Co, CI-NiS showcases a low Tafel slope of 30 mV dec™!,
better than NF (101 mV dec™}), the RuO, catalyst (91 mV
dec™"), NiS (61 mV dec™"), CI-NiS (52 mV dec™"), and Co-
NiS (43 mV dec‘l). In this context, Co, CI-NiS has optimal
thermodynamic and kinetic EGOR performance.

Electrochemically active surface area (ECSA) is a criti-
cal electrochemical property of catalysts, which can help
to quantify the number of catalysts’ active sites. Based on

© The authors

the electrochemical double-layer capacitances (Cg)) results
(Fig. S4-S5), Co, CI-NiS has a larger Cg; value (4.31 mF
cm™~2) over Co-NiS$ (3.37 mF cm™2), CI-Ni$ (2.25 mF cm™>),
NiS (1.97 mF cm™), as well as NF (0.54 mF cm™2). With
a larger ECSA (107 cm?), Co, CI-NiS thus can offer more
catalytically active area for electrochemical reactions than
its counterparts. Furthermore, the EGOR LSV curves were
normalized with ECSA to exclude the impact of ECSA on
understanding the intrinsic catalytic activity. Co, CI-NiS
only needs a potential of 1.40 V vs. RHE to gain a jgcga of
2 mA cm™2 (Fig. 3e), lower than Co-NiS (1.41 V vs. RHE),
CI-NiS (1.42 V vs. RHE), NiS (1.44 V vs. RHE), and NF
(1.56 V vs. RHE). These features (large ECSA, high intrinsic
activity) of Co, CI-NiS contribute to its excellent EGOR per-
formance. Moreover, the Co or Cl single doping can upgrade
the ECSA and intrinsic activity of bare nickel sulfide, which
is further enhanced by the co-presence of Co and Cl dopants.

The charge transfer properties (charge-transfer resistance
(R,)) of catalysts during the EGOR process were studied
with electrochemical impedance spectroscopy (EILS). shows
The Nyquist plots in Fig. 3f were fitted with an equivalent
circuit model (Fig. S6), and the results are displayed as
Table S3. Co, CI-NiS has a largely smaller R, (3.7 Q) than
NF (123 Q), NiS (19.5 @), CI-NiS (8.4 Q), and Co-NiS (6.1
Q). Accordingly, the Co, CI-NiS catalyst endows an efficient
charge transfer feature is during EGOR, when using. Both
Co and CI doping can enhance the charge transfer kinetics
of nickel sulfide, which is further improved by the Co and Cl
co-doping. Besides high activities, Co, CI-NiS also has high
stability for EGOR. Figure S7 illustrates that the catalytic
activity can maintain at about 86% in the 12 h chronoamper-
ometry (CA) test. Additionally, the LSV curve of Co, CI-NiS
after the CA test in the pristine | M KOH+ 0.1 M EG solu-
tion is almost the same as the one before the CA test. Hence,
the main reason for the decreased current density should be
the reduced EG concentration [42].

To figure out the conversion process of EG, 'H and '*C
nuclear magnetic resonance (NMR) spectroscopy was used
to confirm EG electro-oxidation products, qualitatively and
quantitatively. As presented in Fig. 3g, the main product is
formate, with ~90% of faradic efficiency (FE) in the poten-
tial region of 1.3-1.7 V versus RHE, suggesting a high
selectivity of EG conversion over Co, CI-NiS. The highest
FE (93.5%) and selectivity (93.9%, Fig. S8) of formate was
attained at 1.5 V vs. RHE, and further higher potentials lead
to slightly reduced FE. This should be the deep oxidation
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Fig.3 a OER LSV curves of electrocatalysts. b EGOR LSV curves of catalysts. ¢ Comparison of Co, CI-NiS with state-of-the-art noble metal-
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of formate or water oxidation at high potentials [22]. The
formate yield was also calculated, which roughly shows a
positive correlation with the applied potential. A formate
yield of 4.26 mmol cm~2 h™! is obtained at 1.7 V vs. RHE.
To gain insights into the dynamic conversion of EG during
the oxidation process, input charge-dependent NMR spectra
were recorded. As the electro-oxidation proceeds, the con-
centration of EG decreases gradually and the concentration
of formate shows a continuous increase (Fig. 3h). With an
input charge of 4000 C, all EG has been oxidized and only
a low proportion of glycolate (GA) is formed during the
oxidation process, and formate is obtained with good FE
(93.5%) and high carbon balance (>94%, Fig. S9). The EG

SHANGHAI JIAO TONG UNIVERSITY PRESS

conversion process is further evidenced by the 'H and *C
NMR spectra (Figs. 3i and S10). In the '"H NMR spectra,
the peak of EG gradually weakens until disappears, and
the peak of formate becomes stronger, with the continu-
ous electro-oxidation process. An enlarged part of the 'H
NMR spectra in Fig. S11 shows the evolution of GA. It can
be seen that a small peak in the chemical shift region of
3.80-3.85 ppm which can be indexed to GA generates first
and then disappears. Therefore, a little amount of GA was
generated from EG oxidation, and it was further converted
to other chemicals as the oxidation process proceeded. The
13C NMR spectra of the post-EGOR electrolyte also suggest
the production of formate and a small amount of carbonate.

@ Springer
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Combining the "H NMR and *C spectra, it can be concluded
that the GA intermediate converts into formate and carbon-
ate. Based on the NMR results and previous studies [11,
15, 25, 64], a possible pathway of the Co, CI-NiS-mediated
EGOR is suggested. First, EG is oxidized to glycolic alde-
hyde which is subsequently instantly converted into GA
and glyoxal. Second, the cleavage of C—C bonds in glyoxal
generates formate, the cleavage of C—C bonds in GA forms
carbonate and formate. Notably, only a little amount of GA
and carbonate species were detected during the oxidation of
EG, implying that GA is a minor reaction intermediate in the
EG-to-formate conversion process (Fig. S12).

3.3 Origin of the Excellent EGOR Performance of Co,
CI-NiS

Aside from the interconnected ultrathin nanosheets structure
of Co, CI-NiS that can provide rich electroactive sites and
promote charge/mass transfer, post-EGOR characterizations
were thoroughly performed with spectroscopic, microscopic,
and analytical tools to study the structure-performance
correlation of Co, CI-NiS. The Raman spectra were first
recorded, and the results are shown in Fig. 4a. For the as-
prepared Co, CI-NiS, the Raman shifts at 185, 197, 223,
305, 326 and 350 cm™! are in line with the vibrations of
Ni;S, [65, 66]. Maintaining the characteristic peak of Ni,S,,
post-EGOR Co, CI-NiS shows two new strong peaks at ~478
and~556 cm™! which are indexed to the Ni-O bending and
stretching vibrations of y-NiOOH phase [67, 68]. Accord-
ingly, the Co, CI-NiS has undergone structure reconstruction
during the EGOR process, and the co-existing Ni;S, and
NiOOH phases account for the high EGOR activity. The
structure evolution is further confirmed by the TEM images.
In Fig. 4b, the regions with clear lattice fringes are sur-
rounded by dense amorphous NiOOH layers with depth of
over 10 nm. The HRTEM images in Fig. 4c indicate that the
lattice fringes are ascribed to Ni;S,, in line with the Raman
spectra. Therefore, metal oxyhydroxide (Co-doped NiOOH)
is generated on sulfide surface under the EGOR condition.
XPS spectra of post-EGOR Co, CI-NiS were also col-
lected to analyze the variations in surface chemical prop-
erties. In the high-resolution Ni 2p spectra, the Ni**/Ni**
ratio decreases from 2.13 (pristine Co, CI-NiS) to 0.41 (post-
EGOR Co, CI-NiS) (Fig. 4d), suggesting the dominant Ni
species in the post-EGOR Co, CI-NiS are the high-valence

© The authors

Ni**. Similarly, the Co 2p spectrum of the post-EGOR Co,
CI-NiS in Fig. S13a also exhibits a higher proportion of
high-valence Co’", with the Co?*/Co’" ratio reduced from
1.55 (pristine Co, CI-NiS) to 0.53 (post-EGOR Co, CI-NiS).
These stable high-valence metal species can contribute to
high catalytic performance towards EGOR. The oxidation
of metal species is accompanied by the oxidation of sulfur.
In Fig. 4e, the S*7/S,>7/SO,*" ratio of pristine Co, CI-NiS
is 1/0.32/0.67, which is changed to 1/0.66/2.29 of the post-
EGOR sample. Aside from the growth in the high-valence S
species, it is obvious that the content of S element is signifi-
cantly decreased. Also, the XPS spectra of CI shows that the
signal of Cl element is almost not detected in the post-EGOR
Co, CI-NiS (Fig. S13b). The significant reduction of S and
Cl elements in the post-EGOR Co, CI-NiS is due to the
in situ electrochemical etching during the electro-oxidation
process. In the O 1s spectra (Fig. S13c¢), the peak belongs to
lattice oxygen species of post-EGOR Co, CI-NiS (530.4 eV)
increase considerably than the pristine catalyst, further veri-
fying the generation of metal oxyhydroxides.

Additionally, inductively coupled plasma mass spectrom-
etry (ICP-MS) was employed to investigate the chemical
composition change of catalysts during EGOR. In Fig. 4f,
the electrochemical etching ratios of metals are quite low
(~0.2%), suggesting the high stability of the catalyst frame-
work. However, both S and Cl show high etching ratios.
The Co, CI-NiS shows a higher S etching ratio of 71.68%
than CI-NiS (69.23%), Co-NiS (60.34%), and NiS (60.05%).
It can be seen that the Cl dopant has an obvious effect on
facilitating the dissolution of S during the EGOR process,
which may be due to the doping-induced more high-valence
S species in the Co, CI-NiS. In addition, the dissolved Cl
amounts of CI-NiS and Co, CI-NiS are 98.42% and 98.68%
respectively, which implies the complete etching of Cl ele-
ments. The high electrochemical dissolution of CI also has
been suggested in previous studies on OER [69, 70]. From
a water security point of view, the Cl ions with potential
toxic effects in the post-reaction solution can be removed
by capacitive deionization [71]. The high etching ratio of
the Co, CI-NiS is also evidenced by the elemental mapping
images in Fig. S14. The prominent co-etching of sacrificial
Cl dopants contributes to rich S-site vacancies and facili-
tates the structure reconstruction for the formation of elec-
troactive Co-doped NiOOH phase on the surface of sulfide
nanosheets (Fig. 4g).
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Illustration of the self-reconstruction process of Co, CI-NiS

Density functional theory (DFT) calculations were also
performed to illustrate the high catalytic activity of Co,
CI-NiS. The aforementioned characterizations indicate the
structure reconstruction of pristine nickel sulfide-based
catalysts into nickel sulfide @oxyhydroxide. To illustrate
the effect of Co and Cl co-doping on the intrinsic activ-
ity of catalyst, Ni;S,@NiOOH (abbreviated as NiS@
NiOOH), Co-doped Ni;S,@Co-doped NiOOH (Co-NiS@
Co-NiOOH), and Co-doped defective Ni;S,@Co-doped
NiOOH (Co-NiSy @Co-NiOOH) models were constructed
to represent the real electroactive phases of NiS, Co-NiS,
and Co, CI-NiS (Fig. S15), respectively. Figure 5a—c shows
the impact of dopants on the electronic properties of the
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NiS@NiOOH derived from the bare NiS catalyst. The pres-
ence of the Co atom in the Co-NiS@Co-NiOOH and Co-
NiSy@Co-NiOOH models leads to increased charge of the
nearest Ni atoms, which should be due to the lower elec-
tronegativity of Co than Ni. Since the Cl and S etching-
induced vacancies are in the inner Ni,;S, lattice, the impact
of vacancy on the electronic property of surrounding Ni
atoms is weak. Nevertheless, the calculated density of states
(DOS) of the three systems imply that the Co-NiSy,@Co-
NiOOH model has an obviously higher d-band centre of
-2.43 eV than Co-NiS@Co-NiOOH (- 2.62 eV) and NiS@
NiOOH (- 2.90 eV) (Fig. 5d). Thus, the Co-NiS;,@Co-
NiOOH would have more empty antibonding states for the
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adsorption of reaction intermediates and improve the reac-
tion process [11, 72]. Furthermore, the EGOR free-energy
profiles were computed, and the results are shown in Fig. Se.
It is clear that all elemental steps show a down-hill feature
in the EG-to-formate conversion process, suggesting that
the EGOR process is thermodynamically favourable over
the three catalyst surface. For NiS@NiOOH, the first step
(formation of *glycolaldehyde) is the potential-determining
step (PDS) with a high AGugycolaigenyde O -0.95 €V [73, 74],
and the conversion of *glyoxal to *formate is an easier step.
Differently, the introduction of Co dopants in Co-NiS @Co-
NiOOH and Co-NiS,,@Co-NiOOH shifts the PDS to the
second step, namely the formation of *glyoxal. Compared to
Co-NiS @Co-NiOOH, Co-NiS,,@Co-NiOOH releases more
energy at the PDS (-1.15 eV vs. -1.06 eV), indicating the
conversion of *glycolaldehyde to *glyoxal over Co-NiSy @
Co-NiOOH are more favourable than Co-NiS @Co-NiOOH
[75]. These findings are in line with the experimental
improved EGOR performance of Co, CI-NiS. Hence, both
Co dopant and the Cl dopant-induced vacancy contribute to

the excellent catalytic performance of the self-evolved Co-
NiS; @Co-NiOOH.

3.4 Co, CI-NiS Driven Real Plastic Electro-Upcycling

Considering the good EGOR performance of Co, CI-NiS, a
further attempt was conducted to demonstrate the energy-
saving hydrogen production by real plastics electro-upcy-
cling. First, the HER performance of catalysts was tested,
and the LSV curves are depicted in Fig. 6a. Surprisingly,
Co, CI-NiS shows a good HER activity, with 77,,=98 mV.
Although inferior to the Pt/C catalyst, Co, CI-NiS outper-
forms the single-doped and undoped nickel sulfides (Fig.
S16), as well as state-of-the-art HER electrocatalysts for
alkaline HER (Table S4). In addition, the HER kinetics is
analyzed by Tafel plots, Co, CI-NiS shows a similar Tafel
slope (62 mV dec™) to the Pt/C catalyst (58 mV dec™)
(Fig. S17), suggesting the favourable HER kinetics of Co,
CI-NiS. The stability of Co, CI-NiS for HER was also tested
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Fig. 5 a—c Electron density differences of NiS@NiOOH, Co-NiS@Co-NiOOH, and Co-NiS, @Co-NiOOH (red and blue colours illustrate elec-
tron accumulation and depletion, respectively). d DOS of NiS@NiOOH, Co-NiS@Co-NiOOH, and Co-NiS,@Co-NiOOH. e Gibbs free energy
diagrams for EGOR over the surfaces of NiS@NiOOH, Co-NiS@Co-NiOOH, and Co-NiS,@Co-NiOOH at zero potential (insert shows the
molecular configuration of the elemental steps over Co-NiS, @ Co-NiOOH)
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via recording the chronoamperometric curve for 24 h. Co,
CI-NiS can keep the high current density for the stability
test, with only 0.6% activity loss (Fig. S18). Overall, Co, Cl-
NiS is a high-performance bifunctional catalyst for EGOR
and HER, which holds great promise for the real plastic
electrolysis.

Initially, the PET waste (plastic water bottles, Fig. S19)
was hydrolyzed in KOH solution at 80 °C, and the PET
hydrolysate was used as the electrolyte. As suggested by
previous studies, the EG monomer of PET can be selectively
oxidized into formate while the TPA monomer will maintain
in the solution [25]. The PET hydrolysate electrolysis was
conducted in a home-made MEA flow reactor, as illustrated
in Fig. 6b and S20. The bifunctional Co, CI-NiS-assisted
PET hydrolysate electrolysis only takes low potentials of
1.17,1.51, and 1.55 V to achieve 10, 100 and 200 mA cm ™2
respectively, which are 419, 290, and 397 mV lower than
those of the conventional water electrolysis in 2 M KOH
(Fig. 6¢, d). The hydrogen production rate was further com-
pared at a given potential of 1.7 V. The PET hydrolysate
electrolyzer can produce hydrogen gas at an average rate
of 50.26 mmol h™! (Fig. 6e). In addition, the anode product

yields were also calculated, and the PET hydrolysate elec-
trolyzer can generate ~ 17.6 mmol formate per hour while
the water electrolyzer can generate 0.46 mmol oxygen gas in
the same period. Moreover, the PET electrolyte was treated
with H,SO, solution after electrolysis to regenerate white-
coloured pure TPA (Fig. S21). Overall, the PET hydrolysate
electrolyzer can not only realize energy-saving hydrogen
production compared to conventional water electrolyzer but
also produce value-added chemicals (formate and TPA) and
contribute to the closed-loop utilization of plastic wastes.

4 Conclusions

In summary, we demonstrate a dual-doping strategy to engi-
neer high-performance Co, CI-NiS electrocatalyst for PET
upcycling. The hydrothermally synthesized Co, CI-NiS
shows an interconnected ultrathin nanosheet architecture,
and the presence of Co and Cl dopants regulates the elec-
tronic structure of catalyst by upshifting the d band centre
and facilitates the in situ structure reconstruction during the
EGOR process. Compared with single doped and bare NiS,
Co, CI-NiS shows a better activity towards EGOR and only
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Fig. 6 a LSV curves for HER of catalysts. b The MEA setup for PET hydrolysate electrolysis. ¢ LSV curves of PET hydrolysate electrolysis and
conventional water electrolysis (2 M KOH). d Applied potentials at different current densities for PET hydrolysate and alkaline water electrolysis
systems. e Hydrogen production rate and anode product yield for PET hydrolysate electrolysis system
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acquires 1.34 V versus RHE at a high current density of
100 mA cm™2. Also, Co, CI-NiS can realize high efficiency
and selectivity (> 90%) for EG-to-formate conversion at high
current densities. At 1.7 V, the bifunctional Co, CI1-NiS-
assisted real PET waste hydrolysate electrolysis can achieve
a high H, production rate (50.26 mmol h™"). This work paves
the way for developing highly efficient bifunctional cata-
lysts for plastic waste electro-upcycling, and would guide
the development of advanced techniques for sustainable
hydrogen production.

Acknowledgements This work is supported by the Australian
Research Council (ARC) Discovery Project (DP220101139). Dr.
Wei Wei acknowledges the support of the Australian Research
Council (ARC) through Project DE220100530.

Declarations

Conflict of interest The authors declare no interest conflict. They
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s40820-023-01181-8.

References

1. J. Chu, Y. Cai, C. Li, X. Wang, Q. Liu et al., Dynamic flows
of polyethylene terephthalate (PET) plastic in China. Waste
Manag. 124, 273-282 (2021). https://doi.org/10.1016/j.was-
man.2021.01.035

2. M. MacLeod, H.P.H. Arp, M.B. Tekman, A. Jahnke, The
global threat from plastic pollution. Science 373, 61-65
(2021). https://doi.org/10.1126/science.abg5433

3. V. Tournier, C.M. Topham, A. Gilles, B. David, C. Folgoas
et al., An engineered PET depolymerase to break down and

© The authors

10.

11.

12.

13.

14.

15.

recycle plastic bottles. Nature 580, 216-219 (2020). https://
doi.org/10.1038/541586-020-2149-4

J. Chen, J. Wu, P.C. Sherrell, J. Chen, H. Wang et al., How
to build a microplastics-free environment: strategies for
microplastics degradation and plastics recycling. Adv. Sci. 9,
2103764 (2022). https://doi.org/10.1002/advs.202103764

. J.Ma, P.A. Tominac, H.A. Aguirre-Villegas, O.0. Olafasakin,

M.M. Wright et al., Economic evaluation of infrastructures
for thermochemical upcycling of post-consumer plastic waste.
Green Chem. 25, 1032-1044 (2023). https://doi.org/10.1039/
D2GC04005K

U. Arena, F. Ardolino, Technical and environmental per-
formances of alternative treatments for challenging plastics
waste. Resour. Conserv. Recycl. 183, 106379 (2022). https://
doi.org/10.1016/j.resconrec.2022.106379

D. Civancik-Uslu, T.T. Nhu, B. Van Gorp, U. Kresovic, M.
Larrain et al., Moving from linear to circular household plastic
packaging in Belgium: Prospective life cycle assessment of
mechanical and thermochemical recycling. Resour. Conserv.
Recycl. 171, 105633 (2021). https://doi.org/10.1016/j.resco
nrec.2021.105633

V.K. Soni, G. Singh, B.K. Vijayan, A. Chopra, G.S. Kapur
et al., Thermochemical recycling of waste plastics by pyroly-
sis: a review. Energy Fuels 35(16), 12763-12808 (2021).
https://doi.org/10.1021/acs.energyfuels.1c01292

C. Jia, S. Xie, W. Zhang, N.N. Intan, J. Sampath et al., Decon-
struction of high-density polyethylene into liquid hydrocarbon
fuels and lubricants by hydrogenolysis over Ru catalyst. Chem.
Catal. 1, 437-455 (2021). https://doi.org/10.1016/j.checat.
2021.04.002

Z. Chen, W. Wei, B.-J. Ni, H. Chen, Plastic wastes derived car-
bon materials for green energy and sustainable environmental
applications. Environ. Funct. Mater. 1, 34—48 (2022). https://
doi.org/10.1016/j.efmat.2022.05.005

F. Liu, X. Gao, R. Shi, C. Edmund, Y. Chen, A general elec-
trochemical strategy for upcycling polyester plastics into
added-value chemicals by a CuCo,O, catalyst. Green Chem.
24, 6571-6577 (2022). https://doi.org/10.1039/D2GC02049A

C.Li, Y. Sun, Q. Li, L. Zhang, S. Zhang et al., Effects of vola-
tiles on properties of char during sequential pyrolysis of PET
and cellulose. Renew. Energy 189, 139-151 (2022). https://
doi.org/10.1016/j.renene.2022.02.091

N. Evode, S.A. Qamar, M. Bilal, D. Barcel6, H.M.N. Igbal,
Plastic waste and its management strategies for environmen-
tal sustainability. Case Stud. Chem. Environ. Eng. 4, 100142
(2021). https://doi.org/10.1016/j.cscee.2021.100142

S. Behera, S. Dinda, R. Saha, B. Mondal, Quantitative electro-
catalytic upcycling of polyethylene terephthalate plastic and
its oligomer with a cobalt-based one-dimensional coordination
polymer having open metal sites along with coproduction of
Hydrogen. ACS Catal. 13(1), 469-474 (2022). https://doi.org/
10.1021/acscatal.2c05270

B. Zhang, H. Zhang, Y. Pan, J. Shao, X. Wang et al., Photo-
electrochemical conversion of plastic waste into high-value
chemicals coupling hydrogen production. Chem. Eng. J. 462,
142247 (2023). https://doi.org/10.1016/j.cej.2023.142247

https://doi.org/10.1007/s40820-023-01181-8


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-023-01181-8
https://doi.org/10.1007/s40820-023-01181-8
https://doi.org/10.1016/j.wasman.2021.01.035
https://doi.org/10.1016/j.wasman.2021.01.035
https://doi.org/10.1126/science.abg5433
https://doi.org/10.1038/s41586-020-2149-4
https://doi.org/10.1038/s41586-020-2149-4
https://doi.org/10.1002/advs.202103764
https://doi.org/10.1039/D2GC04005K
https://doi.org/10.1039/D2GC04005K
https://doi.org/10.1016/j.resconrec.2022.106379
https://doi.org/10.1016/j.resconrec.2022.106379
https://doi.org/10.1016/j.resconrec.2021.105633
https://doi.org/10.1016/j.resconrec.2021.105633
https://doi.org/10.1021/acs.energyfuels.1c01292
https://doi.org/10.1016/j.checat.2021.04.002
https://doi.org/10.1016/j.checat.2021.04.002
https://doi.org/10.1016/j.efmat.2022.05.005
https://doi.org/10.1016/j.efmat.2022.05.005
https://doi.org/10.1039/D2GC02049A
https://doi.org/10.1016/j.renene.2022.02.091
https://doi.org/10.1016/j.renene.2022.02.091
https://doi.org/10.1016/j.cscee.2021.100142
https://doi.org/10.1021/acscatal.2c05270
https://doi.org/10.1021/acscatal.2c05270
https://doi.org/10.1016/j.cej.2023.142247

Nano-Micro Lett.

(2023) 15:210

Page 130of 15 210

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

J. Su, T. Li, W. Xie, C. Wang, L. Yin et al., Emerging tech-
nologies for waste plastic treatment. ACS Sustain. Chem.
Eng. 11(22), 8176-8192 (2023). https://doi.org/10.1021/acssu
schemeng.2c07462

T. Uekert, H. Kasap, E. Reisner, Photoreforming of nonre-
cyclable plastic waste over a carbon nitride/nickel phosphide
catalyst. J. Am. Chem. Soc. 141(38), 15201-15210 (2019).
https://doi.org/10.1021/jacs.9b06872

S. Chu, B. Zhang, X. Zhao, H.S. Soo, F. Wang et al., Photo-
catalytic conversion of plastic waste: from photodegradation
to photosynthesis. Adv. Energy Mater. 12, 2200435 (2022).
https://doi.org/10.1002/aenm.202200435

M. Du, Y. Zhang, S. Kang, C. Xu, Y. Ma et al., Electrochemi-
cal production of glycolate fuelled by polyethylene terephtha-
late plastics with improved techno-economics. Small (2023).
https://doi.org/10.1002/smll.202303693

Y. Yan, H. Zhou, S.-M. Xu, J. Yang, P. Hao et al., Electrocata-
lytic upcycling of biomass and plastic wastes to biodegradable
polymer monomers and hydrogen fuel at high current densi-
ties. J. Am. Chem. Soc. 145(11), 6144-6155 (2023). https://
doi.org/10.1021/jacs.2c11861

J. Wang, X. Li, T. Zhang, X. Qian, T. Wang et al., Rational
design of photo-/electro-catalytic systems for the trans-
formation of plastic wastes. Appl. Catal. B Environ. 332,
122744 (2023). https://doi.org/10.1016/j.apcatb.2023.
122744

J. Wang, X. Li, T. Zhang, Y. Chen, T. Wang et al., Electro-
reforming polyethylene terephthalate plastic to co-produce
valued chemicals and green hydrogen. J. Phys. Chem. Lett.
13, 622-627 (2022). https://doi.org/10.1021/acs.jpclett.1c036
58

J. Wang, X. Li, M. Wang, T. Zhang, X. Chai et al., Electrocata-
lytic valorization of poly (ethylene terephthalate) plastic and
CO, for simultaneous production of formic acid. ACS Catal.
12, 6722-6728 (2022). https://doi.org/10.1021/acscatal.2c011
28

X. Liu, Z. Fang, D. Xiong, S. Gong, Y. Niu et al., Upcycling
PET in parallel with energy-saving H, production via bifunc-
tional nickel-cobalt nitride nanosheets. Nano Res. 16, 4625—
4633 (2023). https://doi.org/10.1007/s12274-022-5085-9

H. Zhou, Y. Ren, Z. Li, M. Xu, Y. Wang et al., Electrocatalytic
upcycling of polyethylene terephthalate to commodity chemi-
cals and H, fuel. Nat. Commun. 12, 4679 (2021). https://doi.
org/10.1038/s41467-021-25048-x

Y. Li, L.Q. Lee, Z.G. Yu, H. Zhao, Y.-W. Zhang et al., Cou-
pling of PET waste electroreforming with green hydrogen gen-
eration using bifunctional catalyst. Sustainable Energy Fuels
6, 4916-4924 (2022). https://doi.org/10.1039/D2SE01007K

R. Zheng, J. Li, R. Zhu, R. Wang, X. Feng et al., Enhanced
Cr(VI) reduction on natural chalcopyrite mineral modulated
by degradation intermediates of RhB. J. Hazard. Mater. 423,
127206 (2021). https://doi.org/10.1016/j.jhazmat.2021.127206

R. Wang, S. Luo, R. Zheng, Y. Shangguan, X. Feng et al.,
Interfacial coordination bonding-assisted redox mechanism-
driven highly selective precious metal recovery on cova-
lent-functionalized ultrathin 1T-MoS,. ACS Appl. Mater.

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Interfaces 15, 9331-9340 (2023). https://doi.org/10.1021/
acsami.2c20802

Z.Chen, S. Yun, L. Wu, J. Zhang, X. Shi et al., Waste-derived
catalysts for water electrolysis: circular economy-driven

sustainable green hydrogen energy. Nano-Micro Lett. 15, 4
(2023). https://doi.org/10.1007/s40820-022-00974-7

Y. Kuang, M.J. Kenney, Y. Meng, W.H. Hung, Y. Liu et al.,
Solar-driven, highly sustained splitting of seawater into hydro-
gen and oxygen fuels. Proc. Natl. Acad. Sci. U.S.A. 116,
6624-6629 (2019). https://doi.org/10.1073/pnas.190055611

P. Wang, Y. Luo, G. Zhang, Z. Chen, H. Ranganathan et al.,
Interface engineering of Ni,S,@MnO,H, nanorods to effi-
ciently enhance overall-water-splitting activity and stability.
Nano-Micro Lett. 14, 120 (2022). https://doi.org/10.1007/
$40820-022-00860-2

Z. Chen, R. Zheng, W. Wei, W. Wei, B.-J. Ni et al., Unlock-
ing the electrocatalytic activity of natural chalcopyrite using
mechanochemistry. J. Energy Chem. 68, 275-283 (2022).
https://doi.org/10.1016/j.jechem.2021.11.005

J. Li, S.U. Abbas, H. Wang, Z. Zhang, W. Hu, Recent
advances in interface engineering for electrocatalytic CO,
reduction reaction. Nano-Micro Lett. 13, 216 (2021). https://
doi.org/10.1007/540820-021-00738-9

Y. Liu, P. Vijayakumar, Q. Liu, T. Sakthivel, F. Chen et al.,
Shining light on anion-mixed nanocatalysts for efficient
water electrolysis: fundamentals, progress, and perspec-
tives. Nano-Micro Lett. 14, 43 (2022). https://doi.org/10.
1007/s40820-021-00785-2

M.-X. Shi, M. Wu, S.-S. Xiao, S.-P. Liu, R.-Q. Yao et al.,
Amorphous NiMo;Ss/nickel foam integrated anode for
lithium-ion batteries. Tungsten (2023). https://doi.org/10.
1007/s42864-022-00201-1

Y.-Y. Zhou, Z.-Y. Zhang, H.-Z. Zhang, Y. Li, Y. Weng, Pro-
gress and perspective of vanadium-based cathode materi-
als for lithium ion batteries. Tungsten 3, 279-288 (2021).
https://doi.org/10.1007/s42864-021-00101-w

Z.Jing, Q. Zhao, D. Zheng, L. Sun, J. Geng et al., Nickel-
doped pyrrhotite iron sulfide nanosheets as a highly effi-
cient electrocatalyst for water splitting. J. Mater. Chem. A 8,
20323-20330 (2020). https://doi.org/10.1039/DOTA07624D

Z. Chen, W. Wei, B.-J. Ni, Transition metal chalcogenides as
emerging electrocatalysts for urea electrolysis. Curr. Opin.
Electrochem. 31, 100888 (2022). https://doi.org/10.1016/j.
coelec.2021.100888

X. Yu, Q. Lv, L. She, L. Hou, Y. Fautrelle et al., Controlled
moderative sulfidation-fabricated hierarchical heterogene-
ous nickel sulfides-based electrocatalyst with tripartite Mo
doping for efficient oxygen evolution. J. Energy Chem. 68,
780-788 (2022). https://doi.org/10.1016/j.jechem.2021.12.
010

H. Song, J. Wang, Z. Zhang, X. Shai, Y. Guo, Synergistic bal-
ancing hydrogen and hydroxyl adsorption/desorption of nickel
sulfide via cation and anion dual-doping for boosting alka-
line hydrogen evolution. Chem. Eng. J. 420, 129842 (2021).
https://doi.org/10.1016/j.cej.2021.129842

@ Springer


https://doi.org/10.1021/acssuschemeng.2c07462
https://doi.org/10.1021/acssuschemeng.2c07462
https://doi.org/10.1021/jacs.9b06872
https://doi.org/10.1002/aenm.202200435
https://doi.org/10.1002/smll.202303693
https://doi.org/10.1021/jacs.2c11861
https://doi.org/10.1021/jacs.2c11861
https://doi.org/10.1016/j.apcatb.2023.122744
https://doi.org/10.1016/j.apcatb.2023.122744
https://doi.org/10.1021/acs.jpclett.1c03658
https://doi.org/10.1021/acs.jpclett.1c03658
https://doi.org/10.1021/acscatal.2c01128
https://doi.org/10.1021/acscatal.2c01128
https://doi.org/10.1007/s12274-022-5085-9
https://doi.org/10.1038/s41467-021-25048-x
https://doi.org/10.1038/s41467-021-25048-x
https://doi.org/10.1039/D2SE01007K
https://doi.org/10.1016/j.jhazmat.2021.127206
https://doi.org/10.1021/acsami.2c20802
https://doi.org/10.1021/acsami.2c20802
https://doi.org/10.1007/s40820-022-00974-7
https://doi.org/10.1073/pnas.190055611
https://doi.org/10.1007/s40820-022-00860-2
https://doi.org/10.1007/s40820-022-00860-2
https://doi.org/10.1016/j.jechem.2021.11.005
https://doi.org/10.1007/s40820-021-00738-9
https://doi.org/10.1007/s40820-021-00738-9
https://doi.org/10.1007/s40820-021-00785-2
https://doi.org/10.1007/s40820-021-00785-2
https://doi.org/10.1007/s42864-022-00201-1
https://doi.org/10.1007/s42864-022-00201-1
https://doi.org/10.1007/s42864-021-00101-w
https://doi.org/10.1039/D0TA07624D
https://doi.org/10.1016/j.coelec.2021.100888
https://doi.org/10.1016/j.coelec.2021.100888
https://doi.org/10.1016/j.jechem.2021.12.010
https://doi.org/10.1016/j.jechem.2021.12.010
https://doi.org/10.1016/j.cej.2021.129842

210

Page 14 of 15

Nano-Micro Lett. (2023) 15:210

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Z. Chen, W. Wei, W. Zou, J. Li, R. Zheng et al., Integrating
electrodeposition with electrolysis for closing loop resource
utilization of battery industrial wastewater. Green Chem. 44,
3208-3217 (2022). https://doi.org/10.1039/D1GC04891K
N. Wang, X. Li, M.-K. Hu, W. Wei, S.-H. Zhou et al., Ordered
macroporous superstructure of bifunctional cobalt phosphide
with heteroatomic modification for paired hydrogen produc-
tion and polyethylene terephthalate plastic recycling. Appl.
Catal. B Environ. 316, 121667 (2022). https://doi.org/10.
1016/j.apcatb.2022.121667

Z. Chen, R. Zheng, M. Gras, W. Wei, G. Lota et al., Tuning
electronic property and surface reconstruction of amorphous
iron borides via W-P co-doping for highly efficient oxygen
evolution. Appl. Catal. B Environ. 288, 120037 (2021). https://
doi.org/10.1016/j.apcatb.2021.120037

C. Kou, J. Han, H. Wang, M. Han, H. Liang, Unveiling the role
of Zn dopants in NiFe phosphide nanosheet for oxygen evolu-
tion reaction. Prog. Nat. Sci. Mater. Int. 33, 74-82 (2023).
https://doi.org/10.1016/j.pnsc.2023.03.001

X. Zhao, B. Boruah, K.F. Chin, M. boki¢, J.M. Modak et al.,
Upcycling to sustainably reuse plastics. Adv. Mater. 34,
2100843 (2022). https://doi.org/10.1002/adma.202100843

J. Du, D. Xiang, K. Zhou, L. Wang, J. Yu et al., Electro-
chemical hydrogen production coupled with oxygen evolu-
tion, organic synthesis, and waste reforming. Nano Energy
104, 107875 (2022). https://doi.org/10.1016/j.nanoen.2022.
107875

Z. Chen, N. Han, R. Zheng, Z. Ren, W. Wei et al., Design of
earth-abundant amorphous transition metal-based catalysts for
electrooxidation of small molecules: advances and perspec-
tives. SusMat 3, 290-319 (2023). https://doi.org/10.1002/sus2.
131

D. Si, B. Xiong, L. Chen, J. Shi, Highly selective and efficient
electrocatalytic synthesis of glycolic acid in coupling with
hydrogen evolution. Chem Catal. 1, 941-955 (2021). https://
doi.org/10.1016/j.checat.2021.08.001

H. Jiang, J. Gu, X. Zheng, M. Liu, X. Qiu et al., Defect-rich
and ultrathin N doped carbon nanosheets as advanced trifunc-
tional metal-free electrocatalysts for the ORR, OER and HER.
Energy Environ. Sci. 12, 322-333 (2019). https://doi.org/10.
1039/C8EE03276A

J.Li,J. Li, J. Ren, H. Hong, D. Liu et al., Electric-field-treated
Ni/Co;0, film as high-performance bifunctional electrocata-
lysts for efficient overall water splitting. Nano-Micro Lett. 14,
148 (2022). https://doi.org/10.1007/s40820-022-00889-3

Z. Chen, R. Zheng, W. Zou, W. Wei, J. Li et al., Integrating
high-efficiency oxygen evolution catalysts featuring acceler-
ated surface reconstruction from waste printed circuit boards
via a boriding recycling strategy. Appl. Catal. B Environ. 298,
120583 (2021). https://doi.org/10.1016/j.apcatb.2021.120583
X. Yin, X. Dai, F. Nie, Z. Ren, Z. Yang et al., Electronic modu-
lation and proton transfer by iron and borate co-doping for
synergistically triggering the oxygen evolution reaction on a
hollow NiO bipyramidal prism. Nanoscale 13, 14156-14165
(2021). https://doi.org/10.1039/DINR03500B

© The authors

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

W. He, L. Han, Q. Hao, X. Zheng, Y. Li et al., Fluorine-anion-
modulated electron structure of nickel sulfide nanosheet arrays
for alkaline hydrogen evolution. ACS Energy Lett. 4(12),
2905-2912 (2019). https://doi.org/10.1021/acsenergylett.
9b02316

W. He, H. Liu, J. Cheng, Y. Li, C. Liu et al., Modulating the
electronic structure of nickel sulfide electrocatalysts by chlo-
rine doping toward highly efficient alkaline hydrogen evolu-
tion. ACS Appl. Mater. Interfaces 14(5), 6869-6875 (2022).
https://doi.org/10.1021/acsami.1c23251

W. Li, M. Yue, H. Guo, Z. Yuan, Y. Liu et al., Rational design
of MnS nanoparticles anchored on N, S-codoped carbon
matrix as anode for lithium-ion batteries. Prog. Nat. Sci.
Mater. Int. 31, 649-655 (2021). https://doi.org/10.1016/j.pnsc.
2021.09.002

Z. Chen, R. Zheng, S. Deng, W. Wei, W. Wei et al., Modular
design of an efficient heterostructured FeS,/TiO, oxygen evo-
lution electrocatalyst via sulfidation of natural ilmenites. J.
Mater. Chem. A 9, 25032-25041 (2021). https://doi.org/10.
1039/D1TA08168C

Y. Xing, D. Li, L. Li, H. Tong, D. Jiang et al., Accelerating
water dissociation kinetic in CoySg electrocatalyst by mn/N
Co-doping toward efficient alkaline hydrogen evolution. Int.
J. Hydrog. Energy 46, 7989-8001 (2021). https://doi.org/10.
1016/j.ijhydene.2020.12.037

J. Li, M. Guo, X. Yang, J. Wang, K. Wang et al., Dual elemen-
tal modulation in cationic and anionic sites of the multi-metal
Prussian blue analogue pre-catalysts for promoted oxygen evo-
lution reaction. Prog. Nat. Sci. Mater. Int. 32, 705-714 (2022).
https://doi.org/10.1016/j.pnsc.2022.12.001

S. Yang, N. Lei, L. Wang, Y. Gong, Controlled synthesis of
Mn;0,/CoyS¢-Ni;S, on nickel foam as efficient electrocata-
lyst for oxygen evolution reaction. Int. J. Hydrog. Energy 48,
7737-7746 (2023). https://doi.org/10.1016/j.ijhydene.2022.11.
161

S. Song, Y. Wang, W. Li, P. Tian, S. Zhou et al., Amorphous
MoS, coated Ni;S, nanosheets as bifunctional electrocatalysts
for high-efficiency overall water splitting. Electrochim. Acta
332, 135454 (2020). https://doi.org/10.1016/j.electacta.2019.
135454

W. Liu, Y. Wang, K. Qi, Y. Wang, F. Wen et al., Superb photo-
catalytic activity of 2D/2D Cl doped g-C;N,, nanodisc/Bi, WO
nanosheet heterojunction: Exploration of photoinduced carrier
migration in S-scheme heterojunction. J. Alloys Compd. 933,
167789 (2023). https://doi.org/10.1016/j.jallcom.2022.167789
Y. Mei, Y. Feng, C. Zhang, Y. Zhang, Q. Qi et al., High-
entropy alloy with Mo-coordination as efficient electrocata-
lyst for oxygen evolution reaction. ACS Catal. 12(17), 10808—
10817 (2022). https://doi.org/10.1021/acscatal.2c02604

T. Bao, Y. Xia, J. Lu, C. Zhang, J. Wang et al., A pacman-
like titanium-doped cobalt sulfide hollow superstructure for
electrocatalytic oxygen evolution. Small 18, 2103106 (2022).
https://doi.org/10.1002/sml11.202103106

C.-Y. Lin, S.-C. Huang, Y.-G. Lin, L.-C. Hsu, C.-T. Yi, Elec-
trosynthesized Ni-P nanospheres with high activity and selec-
tivity towards photoelectrochemical plastics reforming. Appl.

https://doi.org/10.1007/s40820-023-01181-8


https://doi.org/10.1039/D1GC04891K
https://doi.org/10.1016/j.apcatb.2022.121667
https://doi.org/10.1016/j.apcatb.2022.121667
https://doi.org/10.1016/j.apcatb.2021.120037
https://doi.org/10.1016/j.apcatb.2021.120037
https://doi.org/10.1016/j.pnsc.2023.03.001
https://doi.org/10.1002/adma.202100843
https://doi.org/10.1016/j.nanoen.2022.107875
https://doi.org/10.1016/j.nanoen.2022.107875
https://doi.org/10.1002/sus2.131
https://doi.org/10.1002/sus2.131
https://doi.org/10.1016/j.checat.2021.08.001
https://doi.org/10.1016/j.checat.2021.08.001
https://doi.org/10.1039/C8EE03276A
https://doi.org/10.1039/C8EE03276A
https://doi.org/10.1007/s40820-022-00889-3
https://doi.org/10.1016/j.apcatb.2021.120583
https://doi.org/10.1039/D1NR03500B
https://doi.org/10.1021/acsenergylett.9b02316
https://doi.org/10.1021/acsenergylett.9b02316
https://doi.org/10.1021/acsami.1c23251
https://doi.org/10.1016/j.pnsc.2021.09.002
https://doi.org/10.1016/j.pnsc.2021.09.002
https://doi.org/10.1039/D1TA08168C
https://doi.org/10.1039/D1TA08168C
https://doi.org/10.1016/j.ijhydene.2020.12.037
https://doi.org/10.1016/j.ijhydene.2020.12.037
https://doi.org/10.1016/j.pnsc.2022.12.001
https://doi.org/10.1016/j.ijhydene.2022.11.161
https://doi.org/10.1016/j.ijhydene.2022.11.161
https://doi.org/10.1016/j.electacta.2019.135454
https://doi.org/10.1016/j.electacta.2019.135454
https://doi.org/10.1016/j.jallcom.2022.167789
https://doi.org/10.1021/acscatal.2c02604
https://doi.org/10.1002/smll.202103106

Nano-Micro Lett.

(2023) 15:210

Page 150f 15 210

65.

66.

67.

68.

69.

70.

Catal. B: Environ. 296, 120351 (2021). https://doi.org/10.
1016/j.apcatb.2021.120351

Z. Cheng, H. Abernathy, M. Liu, Raman spectroscopy of
nickel sulfide Ni;S,. J. Phys. Chem. C 111(49), 17997-18000
(2007). https://doi.org/10.1021/jp0770209

Z. Wang, S. Shen, Z. Lin, W. Tao, Q. Zhang et al., Regulating
the local spin state and band structure in Ni;S, nanosheet for
improved oxygen evolution activity. Adv. Funct. Mater. 32,
2112832 (2022). https://doi.org/10.1002/adfm.202112832

Y. Jin, S. Huang, X. Yue, H. Du, P.K. Shen, Mo- and Fe-
modified Ni(OH),/NiOOH nanosheets as highly active and
stable electrocatalysts for oxygen evolution reaction. ACS
Catal. 8(3), 2359-2363 (2018). https://doi.org/10.1021/acsca
tal. 7604226

Z. Chen, R. Zheng, H. Zou, R. Wang, C. Huang et al., Amor-
phous iron-doped nickel boride with facilitated structural
reconstruction and dual active sites for efficient urea elec-
trooxidation. Chem. Eng. J. 465, 142684 (2023). https://doi.
org/10.1016/j.cej.2023.142684

Q. Zha, W. Xu, X. Li, Y. Ni, Chlorine-doped a-Co(OH), hol-
low nano-dodecahedrons prepared by a ZIF-67 self-sacrificing
template route and enhanced OER catalytic activity. Dalton
Trans. 48, 12127-12136 (2019). https://doi.org/10.1039/
CODTO02141H

P.F. Liu, S. Yang, L.R. Zheng, B. Zhang, H.G. Yang, Electro-
chemical etching of a-cobalt hydroxide for improvement of
oxygen evolution reaction. J. Mater. Chem. A 4, 9578-9584
(2016). https://doi.org/10.1039/C6TA04078K

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

1.

72.

73.

74.

75.

W. Wei, X. Feng, Z. Chen, R. Wang, H. Chen, Salt concen-
tration-regulated desalination mechanism evolution in battery
deionization for freshwater. ACS Sustain. Chem. Eng. 10(29),
9295-9302 (2022). https://doi.org/10.1021/acssuschemeng.
2c00815

Y. Qin, W. Zhang, F. Wang, J. Li, J. Ye et al., Extraordinary
p-d hybridization interaction in heterostructural Pd-PdSe
nanosheets boosts C-C bond cleavage of ethylene glycol elec-
trooxidation. Angew. Chem. Int. Ed. 134, 202200899 (2022).
https://doi.org/10.1002/anie.202200899

K. Ohashi, K. Iwase, T. Harada, S. Nakanishi, K. Kamiya,
Rational design of electrocatalysts comprising single-atom-
modified covalent organic frameworks for the N, reduction
reaction: a first-principles study. J. Phys. Chem. C 125(20),
10983-10990 (2021). https://doi.org/10.1021/acs.jpcc.1c028
32

Y. Yang, L. Zhang, Z. Hu, Y. Zheng, C. Tang et al., The crucial
role of charge accumulation and spin polarization in activating
carbon-based catalysts for electrocatalytic nitrogen reduction.
Angew. Chem. Int. Ed. 59, 4525-4531 (2020). https://doi.org/
10.1002/anie.201915001

S. Huang, S. Lu, H. Hu, F. Xu, H. Li et al., Hyper-dendritic
PdZn nanocrystals as highly stable and efficient bifunctional
electrocatalysts towards oxygen reduction and ethanol oxida-
tion. Chem. Eng. J. 420, 130503 (2021). https://doi.org/10.
1016/j.cej.2021.130503

@ Springer


https://doi.org/10.1016/j.apcatb.2021.120351
https://doi.org/10.1016/j.apcatb.2021.120351
https://doi.org/10.1021/jp0770209
https://doi.org/10.1002/adfm.202112832
https://doi.org/10.1021/acscatal.7b04226
https://doi.org/10.1021/acscatal.7b04226
https://doi.org/10.1016/j.cej.2023.142684
https://doi.org/10.1016/j.cej.2023.142684
https://doi.org/10.1039/C9DT02141H
https://doi.org/10.1039/C9DT02141H
https://doi.org/10.1039/C6TA04078K
https://doi.org/10.1021/acssuschemeng.2c00815
https://doi.org/10.1021/acssuschemeng.2c00815
https://doi.org/10.1002/anie.202200899
https://doi.org/10.1021/acs.jpcc.1c02832
https://doi.org/10.1021/acs.jpcc.1c02832
https://doi.org/10.1002/anie.201915001
https://doi.org/10.1002/anie.201915001
https://doi.org/10.1016/j.cej.2021.130503
https://doi.org/10.1016/j.cej.2021.130503

	Dual-Doped Nickel Sulfide for Electro-Upgrading Polyethylene Terephthalate into Valuable Chemicals and Hydrogen Fuel
	Highlights
	Abstract 

	1 Introduction
	2 Experimental Section
	2.1 Synthesis of Catalysts
	2.2 Electro-Upcycling of Real Plastics

	3 Results and Discussion
	3.1 Catalyst Characterization
	3.2 EGOR Performance of Catalysts
	3.3 Origin of the Excellent EGOR Performance of Co, Cl-NiS
	3.4 Co, Cl-NiS Driven Real Plastic Electro-Upcycling

	4 Conclusions
	Acknowledgements 
	Anchor 15
	References


