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From waste plastics to layered porous nitrogen-
doped carbon materials with excellent HER
performance†

Chao Juan, Bing Lan, Chuanchuan Zhao, Hualong Zhang, Dan Li* and
Fan Zhang *

Herein, layered porous nitrogen-doped carbon sheets (LPNCS)

prepared from waste plastics are employed as an electrocatalytic

carrier for the HER under alkaline conditions. The N-doped coral-

like nanostructure with abundant meso- and macropores would

shorten the proton diffusion pathway, reduce the mass transfer

resistance and promote Ru dispersion. The prepared Ru/LPNCS

shows an excellent performance with an overpotential of 15 mV

at 10 mA cm�2, even lower than that of most reported Ru-based

catalysts and the commercial Pt/C catalyst (17 mV), which provides

a potential application for converting waste plastics into highly

efficient HER catalysts.

With the increasing serious energy and pollution crisis, people
are vigorously developing sustainable energy.1 Hydrogen, one
of the cleanest and eco-friendly fuels with the largest energy
density and zero-emission of carbonaceous species, is recog-
nized as the best alternative to fossil fuels and a promising
medium for storing energy from other sustainable resources
such as solar, wind, and hydroelectric power.2 Among the
current hydrogen production methods, the hydrogen evolution
reaction (HER), the half-reaction of water electrolysis, can
convert intermittent renewable energy into hydrogen energy.3

Noble metal catalysts are considered to be the most effective
HER catalysts due to their high activity and stability.4 To
maximize their utilization, they are usually fixed to a supporting
matrix to enhance dispersion and prevent aggregation during
synthesis and reaction. Carbon-based materials are considered
as excellent catalyst carriers due to the high conductivity of the
graphite skeleton and the large specific surface area and poros-
ity, which can not only facilitate the transfer of charge from the
carbon support to the catalyst surface, but also improve the

number of active sites and the transport rate of reactants and
products.5 Cheng et al.6 synthesized highly dispersed and fine
Ru nanoclusters on carbon black to improve the HER activity.
Barman et al.7 synthesized Ru nanocrystals on N-doped gra-
phene, where the electron transfer of Ru to carbon leads to
electron-deficient metal centers and thus improves HER activity.
However, the synthesis of carbon materials is often complicated
and requires the introduction of additional carbon sources.
Thus, fabricating advanced carbon supports from sustainable
carbon sources is significant for developing better HER catalysts.

On the other hand, the use of plastic provides excellent
convenience to life, and the consumption of plastic products is
sharply on the rise.8 Unfortunately, in addition to their versatile
properties, the stability of most plastic materials causes them
to degrade extremely slowly in nature, posing a severe threat to
the environment.9 If this plastic waste problem cannot be well
treated, the greenhouse gas emissions from plastics synthesis
and incineration would reach 650 million tons of carbon
dioxide equivalent by 2050, accounting for 15% of the global
carbon budget.10 In order to avoid the resulting environmental
pollution and the waste of resources, chemical recycling and
upcycling strategies have rapidly developed in recent years.11–14

Plastics, which contain rich carbon elements, could be viewed
as one of the best sources to prepare high-value carbon
materials.15–22 Luong et al.20 converted mixed plastic waste into
gram-scale flash graphene (FG) in one second by flash Joule
heating (FJH), with a power cost of only 7.2 kJ g�1. Liu et al.21

efficiently carbonized waste polypropylene into carbon
nanosheets for the active material in a working electrode with
a specific capacitance of up to 349 F g�1. Min et al.22 carbonized
mixed plastics to prepare three-dimensional hollow carbon
spheres, which achieved 802 mA h g�1 after 500 cycles at
0.5 A g�1 in lithium-ion batteries. Although various applica-
tions of carbon materials from waste plastic are reported, their
uses in the hydrogen evolution reaction are rarely covered.

Herein, we developed a facile method to transform waste
plastics into layered porous nitrogen-doped carbon sheets
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(LPNCS) as an electrocatalytic carrier, which were applied to
produce green hydrogen in the HER under alkaline conditions.
The prepared Ru/LPNCS showed an excellent performance in
the HER with an overpotential of 15 mV at 10 mA cm�2, even
lower than that of most reported Ru-based catalysts and
commercial Pt/C catalysts (17 mV). The layered porous structure
of the carbon material obtained not only promotes contact with
the electrolyte, but also changes Ru’s electronic structure and its
dispersion. We also used commercial plastics such as optical
discs made of polycarbonate (PC) and polyethylene terephthalate
(PET) masks to prepare carbon electrodes with an overpotential
of 15 mV and 23 mV, respectively. This work suggests the
potential applications of waste plastics as high-efficiency and
low-cost HER electrocatalysts.

The overall synthesis route of the carbon materials from
waste plastics is shown in Scheme 1. Firstly, waste plastics such
as PC powders, optical discs, or PET masks are evenly mixed
with magnesium oxide (MgO) in a mortar at room temperature.
MgO has been selected as a template for preparing nanomaterials
through plastic carbonization due to its low cost, adjustable
morphology and easy removal.23,24 In addition, by a control
experiment, we speculate that MgO can also enhance the disper-
sion of waste plastic powder, which is crucial for forming a more
uniform carbon material (Fig. S1, ESI†). Urea is chosen as the
nitrogen source of N-doping and added in the first mixing step
before calcination. Then, the mixed sample is placed in a tubular
furnace and calcinated at 700 1C under a nitrogen atmosphere.
After carbonization, the LPNCS is obtained after removing the
MgO template by pickling. Finally, the Ru/LPNCS catalyst is
prepared by conventional impregnation.

The carbonization process was analyzed by thermogravimetric
analysis (TGA) (Fig. 1a and Fig. S2, ESI†). It showed a ca. 10%
weight loss due to urea decomposition before 200 1C and a further
30% weight loss corresponding to the PC carbonation between
250 and 650 1C. No weight loss was observed after 700 1C. To
investigate its surface area and pore structure, N2 adsorption–
desorption analysis was carried out. As shown in Fig. 1b and
Table S1 (ESI†), the prepared sample exhibited a surface area
of 666.5 m2 g�1 and a pore volume of 0.355 cm3 g�1, and showed
a type IV isotherm associated with a mesoporous structure. The
Barrett–Joyner–Halenda (BJH) pore size distribution of the sample

is shown in the inset of Fig. 1b. There were abundant micropores,
mesopores and macropores in the sample, and the average pore
size was calculated as 11.1 nm. The structure and morphology of
the prepared carbon materials were further analyzed by scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM). It shows a porous network like coral with interconnected
carbon nanosheets (Fig. 1c). The TEM confirmed that the carbon
nanosheets were like one or a few layers of graphene, wrinkled
and overlapped to form coral-like nano-structures (Fig. 1d).

After Ru loading, the morphology of Ru/LPNCS still maintained
a layered porous structure, as shown in Fig. 2a, indicating that
the loading and reduction process did not damage the coral
structure of the carrier. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images
(Fig. 2b) showed that the nanoparticles were uniformly dis-
persed on the carbon skeleton with an average particle size of
3.2 nm. Energy dispersive X-ray spectroscopy (EDS) also showed
that Ru was uniformly dispersed on LPNCS (Fig. S3, ESI† and
Table S2, ESI†). Ru/LPNCS was tested by inductively coupled
plasma-optical emission spectrometer (ICP-OES), and the Ru
content was 2.13 wt%. In order to study the effect of different
carbon materials on the dispersion of Ru, the same amount of
Ru was loaded on activated carbon (Ru/AC) and undoped
layered porous material (Ru/LPCS), respectively. The average
particle sizes were increased to 12.4 nm for Ru/AC and 6.8 nm
for Ru/LPCS (Fig. S4 and S5, ESI†), respectively. It can be seen
that compared with Ru/AC and Ru/LPCS, Ru/LPNCS has higher
metal dispersion and smaller Ru grain size, which may be due
to N-doping and carbon sheet structure. This result was further
confirmed by XRD (Fig. S6, ESI†) that Ru/LPNCS had a weaker
and broader metal diffraction peak at 441.25 The surface area
and pore structure of the catalysts are shown in Fig. 2c and
Table S3 (ESI†). All of the catalysts had a type IV isothermal line,
indicating a mesoporous structure. The BET surface areas of Ru/
AC, Ru/LPCS and Ru/LPNCS were 1023.3, 868.5, and 736.3 m2 g�1,
respectively. The BJH pore size distribution of the catalysts is

Scheme 1 Schematic of the synthesis route of LPNCS and Ru/LPNCS
samples.

Fig. 1 (a) TG (black), DSC (red), and DTG (blue) curves of PC/MgO/Urea
under a nitrogen atmosphere; (b) nitrogen adsorption/desorption iso-
therms and pore size distributions of LPNCS; (c) SEM and (d) TEM images
of LPNCS.
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shown in Fig. S7 (ESI†). There were abundant micropores and
mesopores in all catalysts. In particular, Ru/LPCS and Ru/LPNCS
had more macropores larger than 50 nm. Raman spectra of
different catalysts (Fig. 2d) showed that the IG/ID ratios of Ru/
LPNCS and Ru/LPCS were higher than in Ru/AC, indicating that
the degree of graphitization was higher than in Ru/AC.

X-ray photoelectron spectroscopy (XPS) results are displayed
in Fig. 2e and f, Fig. S8, and Table S4 (ESI†). The Ru 3p XPS
revealed that the peaks at 462.1 and 484.1 eV for both Ru/AC
and Ru/LPCS corresponded to metallic Ru species. The remain-
ing two peaks at 466.0 and 488.0 eV correspond to Run+

species.26 The peak for metallic Ru in Ru/LPNCS shifted
0.9 eV toward higher binding energy compared to Ru/AC and
Ru/LPCS due to N doping. The N 1s spectrum of LPNCS could
be deconvoluted into four individual types of N species, which
belonged to pyridinic N (398.4 eV), pyrrolic N (400.4 eV), graphitic
N (401.7 eV) and oxidized N (405.8 eV), respectively.27 Importantly,
after loading Ru, the content of pyrrole N was reduced due to the
presence of Ru–N (19.64%). The XPS results indicate the transfer
of electrons in the Ru nanoparticles to the interfacial Ru–N,
confirming the presence of a strong electronic coupling effect
on the surface.25,27,28

The HER electrocatalytic activity of the catalysts was mea-
sured in 1.0 M KOH by a typical three-electrode system. The
activity of Ru/LPNCS was compared with pure LPNCS and other
Ru catalysts by linear sweep voltammetry (LSV) curves (Fig. 3a
and Fig. S9, ESI†). The overpotential at 10 mA cm�2 (Z10) of Ru/
LPNCS was only 15 mV, which was significantly lower than that

of Ru/LPCS (21 mV), Ru/AC (27 mV) and commercial 5 wt% Ru/
C (37 mV). Notably, Ru/LPNCS even showed lower overpotential
than 20 wt% Pt/C (17 mV). Ru/LPNCS prepared by optical discs
(PC) and masks (PET) from real plastic carbon sources also
showed excellent HER performance. When Ru/LPNCS-optical
discs and Ru/LPNCS-mask were used as cathode catalysts
(Fig. S10 and Table S5, ESI†), the Z10 values were only 15 mV
and 23 mV, respectively. Mass activity (MA) is an important
component in evaluating precious metal catalysts’ economic
benefits.27 As shown in Fig. S11 (ESI†), Ru/LPNCS had the
highest activity (MA15mV = 0.47 A mg�1), which was 10 times
higher than that of Pt/C (MA15mV = 0.044 A mg�1), and it had
good economic value. The corresponding Tafel slopes of the
three catalysts calculated from LSV curves are summarized in
Fig. 3b. The Tafel slope of Ru/LPNCS was 34 mV dec�1, less
than the slope of commercial Pt/C (51 mV dec�1). The results
showed that the HER pathway for Ru/LPNCS was controlled by
H* desorption through a typical Volmer–Tafel mechanism and
had good reaction kinetics.29 This may be due to the abundant
meso- and macro-pores, which would shorten the proton
diffusion pathway and reduce the mass transfer resistance.30

Meanwhile, the higher degree of graphitization and the strong
interaction between Ru nanoparticles and LPNCS also pro-
motes electron transfer. This was further confirmed by the
Nyquist diagram results (Fig. 3c), which showed that Ru/LPNCS
had the smallest charge transfer resistance, so the electron/
proton transfer rate was the fastest.31 The double-layer capaci-
tance (Cdl) was obtained by cyclic voltammograms (Fig. S12,
ESI†). Ru/LPNCS had the highest Cdl, superior to Ru/AC and Ru/

Fig. 2 (a) SEM and TEM images of Ru/LPNCS; (b) HAADF-STEM image and
size distribution of Ru/LPNCS nanoparticles; (c) nitrogen adsorption/
desorption isotherms and pore size distributions; (d) Raman spectra and
(e) Ru 3p XPS spectra of the Ru/AC, Ru/LPCS, Ru/LPNCS; (f) N 1s XPS
spectra of the LPNCS and Ru/LPNCS.

Fig. 3 (a) LSV curves, (b) Tafel plots and (c) Nyquist plots of commercial
5 wt% Ru/C, Ru/AC, Ru/LPCS, Ru/LPNCS and 20 wt% Pt/C in 1.0 M KOH;
(d) i–t curve for Ru/LPNCS; (e) the comparison of the overpotentials
for Ru/LPNCS with other recently reported HER electrocatalysts at
10 mA cm�2 in 1 M KOH.
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LPCS. Since electrochemical surface area (ECSA) was propor-
tional to Cdl, Ru/LPNCS had the largest ECSA value. It indicated
a larger number of exposed active sites on Ru/LPNCS,27,32

consistent with the higher Ru dispersion by TEM and XRD
results. The catalyst stability was evaluated by the i–t curve
(Fig. 3d), indicating that Ru/LPNCS had good durability. Inter-
estingly, Ru/LPNCS (Fig. 3e and Table S6, ESI†) showed excel-
lent HER electrocatalytic activity compared with catalysts
reported in the previous literature. The above results show that
the carbon material from waste plastics is an excellent carrier in
the electrocatalytic reaction.

In summary, we have employed a simple method to trans-
form waste plastics into coral-like layered porous nitrogen-doped
carbon materials. Due to its higher degree of graphitization and
abundant meso- and macro-pores, after Ru loading, the prepared
Ru/LPNCS had an excellent HER performance, with the over-
potential of only 15 mV at 10 mA cm�2. It provides a viable path
to dispose of waste plastics into functional carbon materials for
electrocatalytic applications.
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