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Electrochemical synthesis of hydrogen peroxide (H,O,) has been considered as an ideal alternative to
traditional anthraquinone techniques due to its convenient operation and environmental friendliness.
However, the development of catalysts with high activity, selectivity, and stability is still an important
challenge. In this study, waste polyethylene terephthalate (PET) was converted into a high-value carbon-
based catalyst for the electrochemical production of H,O,. Nitrogen—oxygen co-doped porous carbon
(NOPC) was obtained by pyrolysis of PET with addition of melamine as a nitrogen source and
magnesium oxide (MgO) as a templating agent. The cross-linking reaction during the pyrolysis process
tightly bound nitrogen (N) and oxygen (O) active sites via amide group formation. These groups were
uniformly distributed within the carbon matrix, accompanied by numerous defects, thereby enhancing
both activity and selectivity. The optimized PET-derived NOPC catalysts exhibited a H,O, selectivity of
approximately 85% with an electron transfer number close to 2.3, and demonstrated long-term stability
for over 10 hours in acidic solution. The electrocatalytic H,O, yield in a custom-built cell reached
261.23 mmol gcatalys(l h~! with faradaic efficiency above 80%. This work presents an efficient synthesis
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method for 2-electron oxygen reduction reaction (2e~ ORR) electrocatalysts and provides a sustainable
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Introduction

Electrochemical synthesis of H,O0, by 2e~ oxygen reduction
reaction (ORR) is considered as an environmentally friendly
way for the development of green and sustainable chemistry."
The 4-electron ORR process generating water is the main
competitive reaction in the electrocatalytic preparation of
H,0,.> Consequently, electrocatalysts with high activity and
selectivity for 2e~ ORR have gained increasing attention in
recent years.? Precious metal (Pt, Pd, Au) alloy catalysts such as
Pt-Hg, Pd-Hg, and Ag-Hg for H,0, production have been
reported,”® which exhibit excellent catalytic properties due to
the weakened binding energy of the intermediates (*OOH).°
Unfortunately, the high cost and scarcity of precious metals limit
their wide application on a large scale.” On the other hand, carbon-
based materials are more promising electrocatalysts for 2~ ORR
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strategy for recycling waste plastics into valuable carbon materials.

due to their advantages of low cost, abundant resources, good
conductivity, and stability.® To date, various carbon materials have
been explored for the electrochemical production of H,0,.>'
It has been reported that the microstructure and composition of
carbon will affect the catalytic activity and selectivity.""'> The
defect structures, oxygen-containing functional groups, and het-
eroatomic doping could increase the catalytic activity of carbon
materials.>"*"*

Generally, the modification of the pore structure of carbon
materials is an effective strategy for enhancing their electro-
chemical performance. The mesoporous structures improve
mass transfer and optimize electron transfer pathways, promot-
ing H,0, production during the 2e~ ORR." However, precise
regulation of the pore structure remains challenging due to
factors such as synthesis methods, heat treatment processes,
and material properties.”*®"'” Effective pore-making strategies,
including templating, activation, and modifications of synthesis
conditions, have been developed to address these difficulties.*®**°

Additionally, heterogeneous atom doping (N,*° P,*! S,** etc.)
has been found to adjust the microstructure of carbon materials,
thereby modifying the electronic structure of active sites and
improving catalytic performance. Kinetic analysis and theoretical
calculation revealed that the synergistic interaction between
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nitrogen and oxygen active sites facilitated the conversion of
*OOH to H,0, by reducing *OOH adsorption and retaining O-O
bonds.>* Currently, most attention has been paid to carbon-based
electrocatalysts for electrosynthesis of H,0, in alkaline media.
However, H,0, is more stable under acid conditions than in
bases, and is more widely used in acid media with stronger
oxidation ability. Consequently, the development of carbon-
based catalysts for H,O, production under acid conditions is of
great importance.

Polyethylene terephthalate (PET) is one of the most com-
monly used polymers for packaging and beverage containers in
our daily lives. However, owing to its superior stability, PET
waste resists biodegradation under natural conditions, which
leads to serious environmental and health issues. Recently, the
conversion of PET to high-value carbon materials for different
applications in the renewable energy field has been explored.
Early research on the synthesis of high surface area porous
carbon nanosheets through the catalytic carbonization of PET
and KOH activation showed that this carbon material served as
an ideal electrode for double-layer supercapacitors,>* exhibiting
excellent capacitive performance. Mohd Ubaidullah and co-
workers promoted this research by converting PET to metal-
organic frameworks (MOF-5), and then producing nitrogen-
doped mesoporous carbon for supercapacitor applications.*®
Nitrogen-doped microporous carbon produced by the controlled
carbonization of PET using molten salts also demonstrated
exceptional CO, adsorption capacity.'® Hard carbon anode mate-
rials with constructed closed-pore structures derived from PET
have been applied in sodium-ion batteries.> In addition, layered
porous nitrogen-doped carbon derived from PET has also been
applied as an efficient electrocatalytic carrier for hydrogen evolu-
tion reaction (HER) under alkaline conditions.'® These studies
demonstrate that the trash-to-treasure strategy of recycling plastic
waste into energy materials might be a promising way to resolve
the issue of white pollution. Although PET-derived carbon materi-
als have been applied in many fields, few studies have been
reported for the development of electrocatalysts, especially for
the electrosynthesis of hydrogen peroxide. Actually, the pyrolysis
of PET disrupts weak oxygen-containing bonds, leading to partial
collapse of the carbon skeleton and resulting in low-porosity, low-
activity carbon materials.'® Therefore, controlled carbonization of
PET to obtain carbon materials with high electrocatalytic activity
remains significantly challenging.

Herein, we propose a method to prepare nitrogen-oxygen
co-doped porous carbon (NOPC) by carbonization of PET with
melamine and MgO. It was found that melamine could react
with the intermediates during the PET pyrolysis process to
form a stable cross-linked structure. MgO was used as a
template agent to modulate the pore structure of the obtained
PET-derived carbon. N,O synergistic carbon catalysts with
mesoporous structures have been successfully synthesized.
The optimized catalyst demonstrated favourable 2e~ ORR
activity and excellent H,O, selectivity under acidic conditions.
Moreover, the catalyst maintained high selectivity for at least
10 hours in acidic electrolytes. This work provides a promis-
ing and sustainable method to convert waste PET to NOPC
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Scheme 1 Schematic illustration of the conversion process of PET to
NOPC for hydrogen peroxide production.

for the electrochemical production of hydrogen peroxide
(Scheme 1).

Results and discussion
Material synthesis and characterization

MgO was mixed with PET in different mass ratios, and the
mixture was then heated, in order to regulate the additive
amount of MgO. The obtained carbon materials after the
carbonization process were studied. Fig. S2 (ESIf) shows the
SEM images and EDS results of the samples of OPC1-800. After
acid leaching, irregular macroporous structures were clearly
observed on the surface of the samples (Fig. S2a-c, ESIf).
During heat treatment, PET initially fused and MgO nano-
particles dispersed within the melted PET, leading to molecular
rearrangement around the MgO particles. At the same time,
some MgO nanoparticles agglomerated and their particle size
increased. MgO particles initially encapsulated by carbonation
products were removed during HCI leaching, resulting in the
formation of a macroporous structure. The EDS result of OPC1-
800 exhibited a trace amount of Mg (0.84 at%) and Cl
(1.08 at%), indicating that most of MgO had been removed by
HCI leaching (Fig. S2d, ESIt). The XRD pattern of OPC1-800
showed a broad peak at 26 = 23.22° owing to the characteristic
diffraction peak of the graphite (002) plane, which suggested an
amorphous structure in the PET-derived carbon and confirmed
the effective removal of MgO again (Fig. S3, ESIt).

Nitrogen adsorption-desorption curves and pore size dis-
tribution for different PET-derived carbon materials are shown
in Fig. S4 (ESIT), which exhibits a typical type-IV isotherm. The
low adsorption capacity at a lower relative pressure (P/P, < 0.1)
indicated less microporous structure in the obtained carbon.
The significant hysteresis loops indicated that all materials had
mesoporous structures (Fig. S4a, ESIt). The specific surface
areas for all OPC samples were about 700 m* g~ as listed in
Table S1 (ESIt), which demonstrated that MgO played an
important role in forming the mesoporous structure. The pore
size distribution curves indicated that the pore size in the
carbon materials was in the range of 3-20 nm (Fig. S4b, ESIf).
Especially, the pore size at about 10-20 nm was in accordance
with the diameter of MgO nanoparticles. The mesopore volume
increased with the addition of MgO and reached the maximum
value of 1.22 cm® g~ ' when M/P was 1, and then dropped to
1.09 cm® g~ for OPC2-800 (Table S1, ESIY).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The linear scanning voltammogram (LSV) curves of different
OPC samples are shown in Fig. S5a (ESIt). It could be observed
that all the samples showed ORR catalytic activities, while only
OPC2-800 reached a diffusion-limited current plateau. The
H,0, selectivity trends and the number of transferred electrons
(n) derived from LSV are displayed in Fig. S5b and c (ESIY).
OPC1-800 demonstrated optimal hydrogen peroxide selectivity,
reaching 75% at 0 V (Fig. S5b, ESIt), with the number of
transferred electrons of about 2.5 (Fig. S5¢, ESIT). These results
confirmed that an optimal MgO content promoted a well-
developed mesoporous structure, facilitating mass transfer
and enhancing selective H,0, production.

To further understand the effect of temperature on the
electrochemical properties of carbon materials, the mixture of
MgO and PET with a mass ratio of 1:1 was carbonized at
different temperatures under a N, atmosphere. As shown in
Fig. S5(d)-(f) (ESIT), the LSV results indicated that the catalytic
activity was correlated with carbonization temperature. With
the increase of heat treatment temperature, the onset potential
(the potential at a current density of 0.01 mA cm™?) increased
from 0.1 V to 0.3 V (Fig. S5d, ESIt). Higher carbonization
temperature enhanced the activity of the materials. The sam-
ples heated at 800 °C showed the best hydrogen peroxide
selectivity with the electron transfer number being close to 2
(Fig. S5(e) and (f), ESIt). The present results verified that
carbonization of PET with MgO in an appropriate mass ratio
might be a promising strategy to prepare porous carbon mate-
rials for the electrosynthesis of H,0,. Based on the present
results, the mass ratio of MgO/PET was fixed at 1 and the heat
treatment temperature was 800 °C.

It has been reported that heteroatomic doping in carbon
materials could help to improve their selectivity and activity for
2e” ORR.>***” In order to further improve the electrochemical
activity of PET-derived carbon materials, nitrogen was intro-
duced using melamine as a nitrogen sources.*® At first, the
cross-linking reaction between melamine and PET was studied
at a lower heat temperature of 300 °C. Fig. 1(a) shows the
photographs of PET, melamine, and the PET-melamine mix-
ture before and after heat treatment. Obviously, PET trans-
formed from dispersed particles into an aggregated solid. Since
PET was a kind of thermoplastic resin, it melted when heated at
300 °C and then solidified at room temperature.***° However,
melamine exhibited no observable changes, indicating its
stability at 300 °C. Significantly, the PET-melamine mixture
turned dark brown after heat treatment, suggesting that cross-
linking reactions had occured.?® TGA results also confirmed the
interaction of melamine and PET during the process of pre-
treatment (Fig. S6, ESIT). As shown, PET exhibited rapid mass
loss between 400 and 520 °C, primarily due to ester bond
cleavage and chain rearrangement, while the weight loss of
melamine began at about 300 °C, indicating its lower carboni-
zation temperature than PET. The mixtures of PET and mela-
mine started to display significant mass loss at 300 °C, similar
to the case of melamine, suggesting accelerated degradation of
PET (Fig. S6a, ESIt). The differential thermal analysis (DTA)
also demonstrated that the mixture of PET and melamine

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Photographs of PET, melamine, and the PET—-melamine mixture
before and after heat treatment at 300 °C, (b) FT-IR spectra of PET-300,
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began to degrade at a lower temperature than PET, showing
two main endothermic peaks (Fig. S6b, ESIt). These results
indicated that melamine facilitated the breaking of ester bonds
and was beneficial for the cross-linking reactions with PET
chain segments.

To further verify the cross-linking process between PET and
melamine, Fourier-transform infrared (FT-IR) spectroscopy
was used to analyse the functional groups of the products
after heated at 300 °C (Fig. 1(b)).** In the infrared spectrum
of PET-300, the peak at 3435 cm ' represented the O-H
stretching vibration, and the peaks at 2968 cm™ ' and 2904 cm ™"
corresponded to the asymmetric and symmetric stretching vibra-
tions of C-H in H-C-H, respectively. The peak at 1728 cm "
indicated the stretching vibration of C—O0 in the carboxyl group.
Meanwhile, the peaks at 1573, 1508, 1469, and 1411 cm ™'
showed the vibration of the aromatic ring. The peak at
1240 cm ™' revealed the (C=0)-C stretching vibration, while
the peak at 1095 cm ™~ corresponded to the C-O vibration.

In the spectrum of melamine-300, the peak at 3334 cm™
reflected the asymmetric stretching vibration of N-H, while the
peak at 3132 cm ™! corresponded to the symmetric stretching
vibration of N-H. The peak at 1651 cm ' represented the
C=N stretching vibration, the peaks at 1184 and 1024 cm ™"
corresponded to the C-N stretching vibration, and the peak
at 813 cm ' belonged to the N-H out-of-plane bending
vibration."®

For the spectrum of PET-melamine-300, the peak at 1674 cm™
represented the C—O bond of the amide group, the peak at
1381 cm ™ * represented the C-N bond of the amide group, and
the peak at 1261 cm ™" belonged to the stretching vibration of
amide I11.>*> The formation of amide groups indicated that the
carboxyl groups that existed in the degradation products of PET
had reacted with the amino groups in melamine through an
amide reaction.®® These results confirmed that melamine could

1

1
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Fig.2 (a) TEM and (b) HRTEM images of NOPC-0.1. (c) HAADEF-
STEM image and STEM-EDS mapping profiles for (d) C, (e) N, and (f) O
of NOPC-0.1.

introduce nitrogen into PET-derived carbon by cross-linking
with the PET degradation products.

XRD patterns of NOPC samples after HCI/HNO; washing
revealed two broad peaks at 20 = 23.22° and 43.8° (Fig. S3, ESIT),
corresponding to the (002) and (100) diffraction planes of
graphitic carbon, respectively.** TEM analysis was conducted
to investigate the micromorphology of NOPC. Fig. 2(a) and (b),
and Fig. S7 (ESIT) show the obvious porous structure of PET-
derived carbon. Moreover, the carbon exhibited a low degree of
graphitization. High-angle annular dark field-scanning trans-
mission microscopy (HAADF-STEM) and EDS analysis con-
firmed the plenty of pores and the uniform distribution of C,
N, and O elements within the materials (Fig. 2(c)—(f)). N,
adsorption—desorption isotherms for NOPC samples are shown
in Fig. 3(a). NOPC-0.05 and NOPC-0.1 displayed similar curve
shapes to those without melamine addition (OPC), showing
hysteresis loops at a relative pressure of 0.4 < P/P, < 1.0
(Fig. 3(a)). On the other hand, with the increase of melamine,
NOPC-0.3 and NOPC-0.5 exhibited a larger N, uptake at a low
relative pressure (P/P, < 0.1) and almost no hysteresis loops,
which indicated the presence of more micropores and fewer
mesopores. The pore size distribution curves confirmed this
change (Fig. 3b). More pores with a size of 3-5 nm formed in
the samples of NOPC-0.3 and NOPC-0.5, while there were
almost no pores in the range of 10-30 nm in these samples.
The reason for this might be that more melamine decomposed
without cross-linking with PET degradation products when a
higher mass ratio of melamine was applied. Moreover, the
specific surface areas of NOPC-0.3 and NOPC-0.5 in Table S1
(ESIT) were 718.8 m® ¢~ and 696.5 m” g~ ', respectively, which
were much higher than those of NOPC-0.05 (409.26 m” g~ ') and
NOPC-0.1 (389.77 m*> g '), confirming more microporous
structures again. The average pore size concluded in Table S1
(ESIT) indicated that in the absence of melamine, the pyrolysis
of PET with MgO resulted in molecular chain breakage and
rearrangement, with pore formation primarily attributed to the
removal of MgO. Consequently, OPCs exhibited a relatively
stable average pore size. However, with the addition of a small

2848 | Mater. Adv., 2025, 6, 2845-2853

View Article Online

Materials Advances

—=—NOPC-0.05
—+—NOPC-0.1
——NOPC-0.3

~—NOPC-0.5

—=— NOPC-0.05
——NOPC-0.1
——NOPC-0.3

+—NOPC-0.5

E3

00

EN

&
o o

©
o
S
5

Quantity Adsorbed (cm?/g STP)

0.8 1.0 1

0 02 0.4 0.6 2 3 45 10 20 3040 60 100
(C) Relative Pressure (P/Po) ( d)

Pore Diameter (nm)

N
NOPC-0.5

%

. NOPC-0.5

as
Ip/1g=12 /

Iy/lg=137 NOPC-03
Io/lg=145 NOPC-0.1

I exer S
Iy/lg=141 NOPC-0.05 <7 NOPC00S AN 1

! 1 I}

L

L i
500 1000 2000 2500 4000 3600 3200 2800 2400 2000 1600 1200 800 400
‘Wavenumber (cm™)

Intensity (a.u.)

Transmittance (%)
z
o
=
]
S
b

1500
Raman Shift (cm™)

Fig. 3 (a) N, adsorption—desorption isotherms, (b) pore size distribution,
(c) Raman spectra, (d) FT-IR spectra corresponding to different NOPC
samples.

amount of melamine, the average pore size increased, likely
due to melamine acting as a chain extender, thereby altering
the cleavage and rearrangement of PET molecular chains.
With the further increase of melamine content, the pore size
decreased. The reason for this might be that more micropores
formed, making the average pore size decrease. Additionally,
the denser crosslinked network reduced the average pore size.

In Raman spectroscopy (Fig. 3(c)), the peaks at 1350 cm ™"
and 1576 cm ' corresponded to the D-band and G-band,
respectively.'®*® The D-band was associated with the introduc-
tion of sp>-C bonds and structural defects at edges or basal
planes. The G-band was related to graphitic carbon.?® The
intensity ratio of the D-band to the G-band (Ip/Ig) was usually
used to describe the relative defect content in carbon
materials.'® The Ip/I; values for NOPC-0.05, NOPC-0.1, NOPC-
0.3, and NOPC-0.5 were 1.41, 1.45, 1.37, and 1.2, respectively,
indicating that the defect content dropped with the increase of
melamine. These abundant defects were associated with sp>-C
and edge sites in mesoporous carbon materials,” which could
act as active sites for the adsorption or reaction during the
electrocatalytic process.

The infrared spectrum analysis (FT-IR) showed the peak at
1571 em ! in NOPC-0.1, which was attributed to the N-H
stretching vibration of the amide group (Fig. 3(d)). The peak
at 1205 cm™ ' was assigned to the amide III band, while the
peak at 1095 cm ™~ corresponded to the C-O stretching vibration
of the amide group. The peaks at 1396 cm ™' and 3426 cm™ ' were
associated with C-N-C symmetric stretching and N-H asym-
metric stretching, respectively. These functional groups clearly
demonstrated the presence of amide groups in the melamine-
doped carbonized products. The appearance of amide groups
further suggested that the N and O active sites were tightly
bonded in the PET-derived carbon materials.?”

XPS was used to characterize the surface elements and
functional groups, which showed the presence of C, N, and O

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 High-resolution N 1s XPS spectra of different NOPC samples:
(a) NOPC-0.05, (b) NOPC-0.1, (c) NOPC-0.3, and (d) NOPC-0.5.

elements in all NOPC samples (Fig. S8, ESIt). The content of
nitrogen increased with the increase of melamine addition
(Table S2, ESIT), demonstrating that nitrogen originated from
melamine and the effective cross-linking reaction between
melamine and PET. The N 1s spectra of the NOPC samples
were deconvoluted into four peaks (Fig. 4): pyridinic N
(398.48 eV), pyrrolic N (400.11 eV), graphitic N (401.03 eV),
and oxidized N (403.53 eV),*®*? and their relative atomic
percentages are concluded in Table S3 (ESIf). NOPC-0.1
exhibited a high percent of pyrrolic N, which was reported
to be responsible for the optimal selectivity for 2e~ ORR.*°
Generally, more nitrogen doping would contribute to the 4e™
ORR process.*"*> Compared to OPC1-800, the oxygen content
also increased for NOPC samples, resulting from the acid
leaching with HNOj;. The high-resolution C 1s spectra of the
NOPC samples shown in Fig. S9 (ESIt) could be divided
into four distinct peaks: graphite carbon (284.80 eV), C=N
(286.00 eV), C=0 (288.13 eV), and ©= — 7* (290.73 eV).'**°
NOPC-0.1 was found to contain the highest amount of C=0
(Table S4, ESIt). It has been reported that C—O bonds from
carboxyl and carbonyl groups were considered as the key
active sites for 2e” ORR.*’ In addition, the high electronega-
tivity of nitrogen atoms caused charge redistribution, which
changed the adsorption strength of intermediates on carbon
atoms and ultimately affected 2e~ ORR performance.%**43

Electrochemical characterization

To investigate the electrochemical activity of the catalysts, cyclic
voltammetry (CV) curves were measured under N, and O,
atmospheres.*® No significant peaks were observed under N,-
saturated conditions for all catalysts. However, distinct
reduction peaks were observed in the O,-saturated electrolyte,
indicating the active oxygen reduction capabilities of all cata-
lysts (Fig. S10, ESIf). The ORR catalytic activities of different

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Electrochemical test of the catalysts in 0.5 M H,SO,4. (a) RRDE
polarization curves of different catalysts. (b) H,O selectivity and (c) electron
transfer number of different catalysts. (d) Tafel slope of different catalysts.
(e) Capacitive current density at 0.59 V as a function of scan rate. (f) Stability
test of NOPC-0.1 at a fixed disk potential of 0.3 V (vs. RHE).

catalysts were evaluated using linear sweep voltammetry (LSV).
As displayed in Fig. 5(a), the LSV curves for all NOPC samples
shifted positively to higher potential compared to that of OPC1-
800, indicating that the nitrogen doping in carbon materials
facilitated enhancement of the ORR catalytic activity. With the
increase of melamine amount, an increased oxygen reduction
current was observed and the onset potential shifted to higher
potentials. The onset potential of OPC1-800 was measured to be
0.259 V, while that of NOPC-0.05, 0.1, 0.3, and 0.5 was deter-
mined to be 0.396 V, 0.401 V, 0.444 V, and 0.472 V, respectively.
These results indicated that the activities of the NOPC catalysts
were significantly enhanced after doping with a small amount
of nitrogen.’

The H,0, selectivity of different samples is shown in
Fig. 5(b). As shown, within the potential range of 0-0.3 V, the
H,0, selectivity of NOPC samples was higher than that of
OPC1-800. This demonstrated that nitrogen incorporation
resulted in an enhanced oxygen reduction activity coupled with
improved H,O, selectivity. Among the NOPC catalysts, NOPC-
0.1 exhibited the highest H,O, selectivity of 80-84.7% in the
potential range of 0-0.3 V. Moreover, the NOPC-0.1 catalyst
showed a lower electron transfer number of about 2.3, which
was also confirmed by the results calculated from the K-L
equation (Fig. 5(c) and Fig. S11(a) and (b), ESIt). Catalysts with
higher melamine doping (NOPC-0.3, NOPC-0.5) exhibited lower
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H,0, selectivity compared to NOPC-0.1. This suggested that
moderate N doping helped to improve the H,O, selectivity, but
excessive N content facilitated the ORR by the 4e™ pathway with
the formation of water. As reported, excessive N doping led to
the aggregation of isolated active sites, which contributed
to the breaking of the O-O bond and favoured the 4e” ORR
pathway. However, appropriate N doping limited the number of
active sites, favouring the 2e~ ORR.’

Notably, there was no significant positive relationship
between H,0, selectivity and specific surface area. For NOPC-
0.1, it had a large average pore size (13.77 nm) and the lowest
specific surface area (389.77 m”> g~ '), but it exhibited the
highest selectivity (84.77%). However, a positive correlation
between defect levels and selectivity was found. NOPC-0.1 with
the highest Ip/I; value showed the best electrocatalytic activity
for H,0, production, since the formation of defects provided active
sites for adsorption or reactions, facilitating OOH* accumulation
and increasing H,0, selectivity.*® Consequently, for PET-derived
N,O-doped carbon materials, comprehensive effects of microstruc-
ture and composition on the catalytic activity and selectivity for the
2e~ ORR catalysts should be considered.

The Tafel slopes of the catalysts are shown in Fig. 5(d).*” The
Tafel slopes of NOPC-0.05, NOPC-0.1, NOPC-0.3, and NOPC-0.5
were 200.04 mV dec™?, 189.26 mV dec™*, 248.32 mV dec™ !, and
286.13 mV dec™ ', respectively. It was noteworthy that NOPC-0.1
had the lowest Tafel slope, indicating the optimum electrical
conductivity and the lowest charge transfer resistance.’"?

The electrochemical double-layer capacitance (Cq) was
often used to characterize the electrochemical specific surface
area.'® The Cyq, values for NOPC-0.05, NOPC-0.1, NOPC-0.3, and
NOPC-0.5 were measured from CV curves at different scanning
rates (Fig. $12, ESIT), which were 15.04 mF cm ™2, 42.17 mF cm 2,
26.44 mF cm %, and 14.44 mF cm >, respectively (Fig. 5(e)).
Generally, catalysts exhibiting high electrochemical double-layer
capacitance values possessed more active sites exposed for O,
adsorption, leading to enhancement of catalytic activity.*®
Electrochemical capacitance evaluation of NOPC indicated
a linear correlation between the double-layer capacitance and
the ring current at 0 V (Fig. S13, ESIf). This suggested that
NOPC-0.1 with a more mesoporous structure could favour more
active sites exposed to the electrolyte and facilitate the 2e™
oxygen reduction reaction for hydrogen peroxide generation.
The stability of the catalysts under acidic conditions was
evaluated by the amperometric i~¢ curve test.*’ The H,0, ring
current of NOPC-0.1 remained stable during 10 h of operation,
indicating its good electrochemical stability and promising
potential for practical application (Fig. 5(f)).

H,O0, production demonstration

The optimized PET-derived carbon materials, NOPC-0.1, were
evaluated for H,O, production at different applied potentials in
the bulk electrolyte. Based on the standard concentration curve
of Ce'" (Fig. S14, ESIf), the accumulated amount of H,O,
concentration normalized by catalyst loading amount versus
reaction time in O,-saturated 0.5 M H,SO, is shown in Fig. 6(a).
It could be observed that the H,0, production amount

2850 | Mater. Adv, 2025, 6, 2845-2853

View Article Online

Materials Advances

(a)900
g0 —=—03V (9.99mmolg'h")
—=— 0.1V (105.175Smmolg 'h"">
—4—-0.1 V (261.226mmolg'h™")

700

//

Faradaic efficiency (%
s
P

05 10 25 30 05 10 25 3.0

15 20 15 20
Time (h) Time (h)

Fig. 6 (a) H,O, production amount normalized by catalyst loading
amount over the reaction time at different voltages, (b) the corresponding
faradaic efficiencies (FE%).

increased as the potential shifted negatively in the potential
range of —0.1-0.3 V. The plots of accumulated H,0, concen-
tration reflected an almost linear relationship between H,O,
production amount and reaction time. At —0.1 V, the NOPC-0.1
electrocatalyst achieved a high H,0, generation rate of
261.23 MmOl geacatyse + h !, comparable with those catalysts
reported recently.” As shown in Fig. 6(b), the faradaic efficiency
of NOPC-0.1 was about 86.45% under a potential of —0.1 V,
higher than that under the potential of 0.1 and 0.3 V. The
faradaic efficiency decreased firstly and then stabilized rela-
tively at about 76.38% and 65.27% when the potential was 0.1 V
and 0.3 V, respectively. As anticipated, NOPC-0.1 exhibited a
favourable faradaic efficiency for H,O, production. As summar-
ized in Table S5 (ESIT), the present NOPC-0.1 exhibited compar-
able or even better performance than those previously reported
catalysts, further confirming the excellent electrochemical
properties of NOPC-0.1. The practical demonstration suggested
that the PET-derived porous carbon materials might be a
promising catalyst for the electrochemical synthesis of H,0,.

Conclusions

In conclusion, a N,0 co-doped porous carbon material was suc-
cessfully synthesized, which was achieved through the cross-
linking carbonization strategy of PET with melamine and MgO.
The prepared NOPC exhibited an abundant mesoporous structure
with N doping. The cross-linking carbonization process tightly
bound the active sites of the catalysts through the formation of a
large number of amide groups consisting of nitrogen and oxygen
elements. The well-developed NOPC-0.1 catalyst showed a high
H,0, selectivity of 84.77% and long-time stability of 10 hours.
Moreover, a high-yield electrosynthesis of H,O, was achieved, with
a production rate of 261.23 mmol gcatalysfl h™* and an acceptable
faradaic efficiency of 86.45%. Additionally, this study provided a
promising approach for converting low-cost waste polyester into
high-value carbon-based catalyst materials, as well advanced the
development of waste-to-value strategies.
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