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Waste PET plastic is the main solid waste to deteriorate the environment. Herein, we have utilized waste
PET plastic to synthesize nitrogen doped mesoporous carbon functionalized zinc oxide (ZnO@NMC)
nanocomposite through MOF-5 construction by low temperature solvothermal method for the first time.
As per current energy needs, sustainable hydrogen production through water splitting is the modern
appealing solution across the globe. The existence of carbon and nitrogen in ZnO@NMC nanocomposite
were confirmed by several analytical techniques i.e. XRD, FTIR, CHN, and XPS. High specific surface area
of (939 m2/g) and meso-porosity (pore radius ~25 Å) may offer large number of active sites and easy
charge relocation for hydrogen and oxygen evolution reactions via electro-catalysis. The prepared
ZnO@NMC nanocomposite exhibits enhanced electro-catalytic activity for HER and OER in 0.5 M KOH
solution. Tafel slope and over-potential (ƞ10) of ZnO@NMC nanocomposite were found to be ~108 mV/
dec and 0.39 mV, correspondingly, for HER in 0.5 M KOH. ZnO@NMC nanocomposite also shows efficient
OER electro-activity with Tafel slope and over-potential (ƞ10) of ~318 mV/dec and ~0.57 V respectively.
ZnO@NMC nanocomposite shows better electro-catalytic performance compared to the reported pure
ZnO nanostructures. Moreover, the constancy test was also checked through chrono-amperometry (CA)
at fixed potential.
� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The exhaustion of non-renewable fuels clues to the chase of
smart renewable energy resources of high efficiency. The electro-
catalysts made of noble metal oxides show wide range of electro-
catalytic activity for hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) (Ahmed and Mao, 2016; Cherevko et al.,
2016). However, noble metals cannot be used commercially due
to high cost. Economical, stable, efficient and active electro-
catalysts are essential to overcome the scarcity of desirable
electro-catalysts for HER and OER reactions. Among all energy
resources, hydrogen can be considered as the most hopeful clean
energy resource, because of high energy density and zero carbon
emission (Abe et al., 2019; Jain, 2009; Nojoumi et al., 2009).
Extraordinary combustion rate (1.4 � 108 J/kg, roughly 2788 times
that of methane) of hydrogen and nonhazardous combustion pro-
duct (H2O) makes it important. Water splitting through electro-
chemical process is a smart and promising approach to produce
hydrogen and oxygen (Elakkiya et al., 2019; Fester et al., 2018;
Peng et al., 2007; Zou and Zhang, 2015). Numerous attempts was
used to synthesize cheap transition metal oxides based electrocat-
alyst for HER and OER but it is still a challenge (Meyer et al., 2015;
Peng et al., 2019; Sun et al., n.d.). At present, low cost electrocata-
lysts based on transition metal compounds for instance oxide,
hydroxide, carbides, sulfides, borides, selenides, phosphide,
nitrides, oxyhydroxides, phosphates and alloys getting immense
attention (Carenco et al., 2013; Meyer et al., 2015; Read et al.,
2016; Suen et al., 2017; Zou and Zhang, 2015).

This is well recognized that ZnO is an adoptable/compatible
materials which hold high sensitivity, high electronic mobility,
extraordinary surface area, non-toxicity, chemical and thermal
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stability etc (Chen et al., 2012; Mohan et al., 2012; Qi et al., 2017;
SoYoon et al., 2014; Theerthagiri et al., 2018). The features of ZnO
materials can be tailored by changing the band gap for different
applications such as electronic, optoelectronic, sensors, catalysts
(Ahmad et al., 2020; Hwang et al., 2016; Khatoon et al., 2013;
Kumar et al., 2018; Lehr et al., 2012; Yoo et al., 2020), piezoelectric
(Nour et al., 2017), and energy harvesting (Kumar and Kim, 2012;
Rahman et al., 2018). The doped/undopped ZnO were also reported
as photo-catalysts for HER (Bera et al., 2018; Gao et al., 2013;
Hwang et al., 2016; Su et al., 2018). Few reports are available in lit-
erature on electrochemical HER and OER using pure ZnO and ZnO
composites (Desai et al., 2019; Hüner et al., 2018). In this article,
we report the fabrication of hetero atom (N) doped mesoporous
carbon functionalized ZnO (ZnO@NMC) nanocomposite via MOF-
5 for electrochemical water splitting to HER and OER. The synthe-
sized nanocomposite was methodically characterized. The electro-
chemical measurements of ZnO@NMC nanocomposite for HER and
OER were investigated in details at room temperature.
2. Experimental

2.1. Materials

The following analytical grade reagents were used in the syn-
thesis of nanocomposite without further refinement: Zn(NO3)2-
�6H2O, (98%, Aldrich), benzene-1,4-dicarboxylic acid (BDH, PET
plastic derived), N, N-methyl formamide (DMF, 99%, Acros Organ-
ics), triethyl amine (TEA, BHD chemicals), ethylene glycol (BDH,
chemicals), N-Methyl-2-pyrrolidone (NMP, Aldrich), Nafion
(Aldrich) and potassium hydroxide (KOH, �85%, BDH, chemicals).
2.2. Depolymerization of waste PET plastic to produce organic linker
(1, 4 benzene dicarboxylic acid/terephthalic acid/BDC)

Waste PET plastic were collected from the trash and washed
thoroughly using distilled water, and then cut into small pieces.
10 g of waste PET plastic chips were kept in a 500 ml Teflon
auto-clave reactor with 100 ml EG and 120 ml double distilled
water, and then treated at 180 �C for 5 hrs. Then, the reactor left
for cooling to room temperature (27 �C). Moreover, the resultant
products were centrifuged and washed twice with ethanol, then
dried at 100 �C for 20 hrs. FTIR analysis confirmed that the waste
PET plastic produced BDC illustrates the same characteristics peaks
at nearly similar IR bands of commercial purchased BDC (98%,
BDH) (Fig. S1). Characteristic peaks corresponding to aromatic
rings were observed at 730 cm�1 and 1680 cm�1, whereas peaks
corresponding to carboxylic groups were at 1290, 1420, 2542,
and 2657 cm�1. This suggests that the obtained product was
indeed BDC as proved by the resemblance of the spectrum when
compared to that of commercial BDC from BDH chemicals
company.
Scheme 1. Reaction scheme for solovo-thermal synthesis of ZnO@NMC nanocom-
posite for HER and OER activity.
2.3. Synthesis of MOF-5 by using waste PET plastic derived organic
linker (BDC)

MOF-5 was synthesized by solvothermal route using a Teflon-
lined high-pressure reactor. In a beaker, 12.0 mmol of Zn(NO3)2-
�6H2O and 4.0 mmol of 1,4-benzen dicarboxylic acid (BDC, waste
PET plastic derived) were mixed with 120 ml of dimethyl for-
mamide (DMF) and 2 ml of triethyl amine (TEA) under continuous
stirring and then transferred to Teflon reactor. The resulting mix-
ture was heated at 100 �C for 20 h under autogenous pressure.
Reactor was allowed to cool to 27 �C and the crystals of MOF-5
were collected via centrifugation process (8000 rpm for 20 min)
and washed 3 times with DMF and then dried at 80 �C for 12 h
in vacuum oven.

2.4. Carbonization of MOF-5

The resulting MOF-5 was carbonizedin the flow of nitrogen gas
at 600 �C for 4 h. ZnO was formed owing to the decomposition of
the MOF-5 framework between 250 and 520 �C as observed in
the TG measurement (Fig. S2) (Liu et al., 2008). It is well known
that at temperature higher than 800 �C, ZnO can reduce Zn (Liu
et al., 2008) and subsequently, Zn metal (boiling point 908 �C)
can be vaporized awayalong with the gas. Finally, the black colored
powder obtained (at 600 �C) and referred to as ZnO@NMC
(NMC = Nitrogen doped mesoporous carbon) nanocomposite.

2.5. Characterization techniques used

The obtained ZnO@NMC nanocomposite was further character-
ized using a variety of analytical techniques and then used by
means of the electro-catalysts in electrochemical water splitting
reactions for HER/OER (See. scheme 1). Morphology, surface tex-
ture and shape/size studies of the ZnO@NMC nanocomposite were
examined through FE-SEM (JEOL JSM-7600F), HR-TEM (JEOL JEM
1400). SAED was also accomplished for crystallographic electron
diffraction patterns of the materials. For HR-TEM study, ZnO@NMC
nanocomposite was sonicated in ethanol through probe sonicator.
Small quantity of the dispersed sample was put onto Cu-grid. The
elemental analysis was conducted with CHN instruments (ICP-
OES) to confirm the elements present in nanocomposite. P-XRD
technique was employed to analyze the phase purity and crys-
tallinity of the ZnO@NMC nanocomposite (Rigaku D/Max 2550
VB/PC). Furrier transform infra-redspectra of ZnO@NMC nanocom-
posite was captured through Bruker Tensor 27 FTIR instrument.
The detailed porosity and surface area analysis were checked
through Brunauer-Emmett-Teller (BET) (ASAP 2020, Micromeritics
USA) at 77 K in liquid nitrogen. To estimate the BET surface area in
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the (P/P0) range of 0.05 to 0.35, a multipoint BET equation used
while porosity were calculated via Barrett-Joyner-Halenda (BJH)
and Dubinin-Astakhov (DA) methods. CHI-660E electrochemical
work station was used to study the electrochemical activity of
ZnO@NMC nanocomposite for water splitting to HER and OER at
room temperature. The slurry for working electrode was made by
taking powder sample and PVDF in the weight ratio of 90:10 with
a small amount of (NMP) solution followed by stirring for 20 min.
The prepared slurry was pasted on the glassy carbon electrode (i.e.
working electrode). Pt-wire and Ag/AgCl electrodes were regarded
as counter and reference electrodes correspondingly. Cyclic
voltammetry (CV) and linear sweep voltammetry were accom-
Fig. 1. FE-SEM images of MOF-5 (a) Before

Fig. 2. HR-TEM Studies of ZnO@NMC composite (a) TEM micrograph (b) HR-TEM
plished at various scan rates for HER and OER in 0.5 M KOH versus
Ag/AgCl. For stability test, chrono-amperometry (CA) measure-
ments were also conducted at fixed potentials (i.e. at 0.7 and
0.8 V) for 300 s. Before preparatory the electrochemical measure-
ments, the electrolyte was refined through a nitrogen purge for
5 min to eliminate the dissolved air from the electrolyte.
3. Results and discussion

SEM studies of MOF-5 (before and after carbonization) were
depicted in Fig. 1. A well-defined smooth surface with cubic dense
carbonization (b) After carbonization.

micrograph (c) Spatial distribution at high resolution and (d) SAED patterns.
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structure of MOF-5 was observed before carbonization. A careful
visualization of SEM studies reveals that it composed of agglomer-
ated cube shaped particles as shown in Fig. 1a.

Whereas; after carbonization of MOF-5, the big and dense cube
collapsed with mesoporous nanocomposite materials (Fig. 1b)
(Yang et al., 2018). TEM studies of the nanocomposite also reveal
the agglomeration of cube shaped particles with small extent
(Fig. 2a). Fig. 2b represents the HR-TEM study of the nanocompos-
ite, which clearly shows the development of lattice fringes of ZnO
nanoparticles as well confirmed by XRD studies. These fringes were
closely observed at high resolution and indexed with h1 0 1i plane
of ZnO crystal lattice with d-spacing of 0.242 nm (Fig. 2c). The ana-
lyzed results are in good agreement with JCPDS#75–1526 having
hexagonal wurtzite crystal structure of ZnO. The red circles marked
in Fig. 2b showed the mesoporous nature of the materials. Fig. 2d
shows the SAED pattern of the nanocomposite which was indexed
to (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), and (1 0 3) planes of ZnO
phase and corroborated well with the XRD diffraction pattern of
ZnO@NMC nanocomposite.

Before carbonization of MOF-5, X-ray diffraction patterns was
recorded and establish a perfect match with the existing XRD data
of MOF-5 as depicted in Fig. S3. After carbonization of MOF-5, the
phase and crystal structure of the prepared ZnO@NMC nanocom-
posite have also been investigated by P-XRD studies (Fig. 3a). The
diffraction patterns were indexed at 2h of 31.9�. 34.7�,36.2�,
47.6�, 56.6�, 63.1�, 67.9� and 69.0�, which were well correlated
with the ZnO lattice planes of (1 0 0), (0 0 2), (1 0 1), (1 0 2),
(1 1 0), (1 0 3), (1 1 2) (2 0 0) and (2 0 1) (JCPDS#75–1526)
(Carenco et al., 2013). The XRD results are perfectly corroborated
with SAED studies. The characteristic carbon peak appeared at 2h
of 30� and the intense diffraction patterns indicate the high degree
Fig. 3. (a) P-XRD pattern, (b) FTIR spectra (d) TGA p
of crystallinity of the nanocomposite. Zero impurity phases were
detected, which support the formation of ZnO@NMC nanocompos-
ite. The chemical bonding and constituent element of ZnO@NMC
nanocomposite were examined by FTIR spectroscopy. The absorp-
tion peaks below 1000 cm�1 in finger print region confirm the for-
mation of metal oxides, which is because of inter atomic vibrations
(Matinise et al., 2017). The broad band appears at ~3290 cm�1-
which corresponds to the AOH stretching. The bands at ~1590,
~1385 and ~1100 cm�1 are due to the CAC, C@O and CAO stretch-
ing vibration (Balaji and Sathish, 2014). The bands appear at ~876
and ~752 cm�1 belong to C-N stretching (Balaji and Sathish, 2014)
as shown in Fig. 3b. The weak bands appear at ~670 and ~540 cm�1,
which were associated with Zn–O. TGA, was performed from 10 to
750 �C with heating rate 10 �C in N2 environment to examine the
thermal stability of MOF-5. Two weight losses were identified at
140 – 230 �C and 250 – 520 �C (Fig. S2). The first weight loss
(~32%) attributed to the loss of solvents (DMF, TEF) accommodated
in the cavities of MOF-5, though the second weight loss from 250
to 520 �C about (~58%) can be ascribed to the decomposition of
metal organic frameworks and construction of ZnO nanoparticles.
Therefore, calcination above 500 �C could be regarded to the
formation of stable ZnO nanoparticles and carbon. Raman studies
carried out to examine the degree of graphitization along with
the crystallinity of ZnO@NMC nanocomposite. The bands labelled
at ~1354 and ~1582 cm�1 belong D and G bands of ZnO@NMC
nanocomposite (Fig. 3c). The intensity ratio of ID/IG bands was
estimated ~1.12, which resemble to graphitic defects of D
and G Raman bands of ZnO@NMC nanocomposite. The bands
at ~573 and ~434 cm�1 belong to E1 and E2 mode of ZnO
and the band at 331 cm�1 links with A1 mode of ZnO (Callsen
et al., 2011).
lot (d) Raman spectra of ZnO@NMC composites.
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CHN and ICP-OES studies were carried out to compute the C
(35.15%), H (2.01%), N (8.73%), O (28.10%) and Zn (25.23%) in
ZnO@NMC nanocomposites as given in table 1. The decent amount
of nitrogen existing in C matrix, which also supports the electrical
conductivity and the creation of massive amount of defects. The N2

A-D isotherms studies were utilized to inspect the porosity and
specific surface area of the prepared ZnO@NMC nanocomposites
(Fig. 4a). ZnO@NMC nanocomposite exposes type-IV hysteresis
loop, signifying the occurrence of mesoporous structure. The speci-
fic surface area 939 m2/g was achieved (Fig. 4b), which is 75 times
higher than that of the reported surface area of pure ZnO nanopar-
ticles (12.4 m2 g�1) (Lonkar et al., 2016). The detailed BET results
are composed in Table-S1. A BET table comprises of surface area
and high surface area of ZnO@NMC nanocomposite produces the
more surface-active sites directly related to the high performance
of electro-catalytic activity in water splitting reactions. The BJH
and DA studies was employed to examine the pore size parameters
which found to be ~24–25 Å (Fig. 4c and 4d) respectively. The
detailed information related to surface area of ZnO@NMC
nanocomposite has been given in table 2.

Fig. S4 depicts the XPS survey of ZnO@NMC nanocomposite. The
major peaks of Zn, O, N and C confirm the formation of nitrogen
doped carbon supported ZnO (i.e. ZnO@NMC) nanocomposite.
The deconvolution of Zn-2p bands indicate two symmetric peaks
Table 1
CHN and ICP-OES analysis of ZnO@NMC nanocomposite.

Weight Percentage (%)

Compound C H N O Zn

ZnO@NMC 35.15 2.01 8.73 28.10 25.23
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Fig. 4. Surface area porosity investigation (BET) of ZnO@NMC nanocomposite (a)
at 1026.42 and 1049.42 eV corroborated to Zn2p1/2 and Zn2p3/2

as shown in Fig. 5a. The O-1 s high resolution spectrum demon-
strates three bands at 528.02, 531.31 and 535.35 eV (Fig. 5b).
The peaks at 401.65, 403.53 and 405.14 eV can be ascribed to
N1s (Fig. 5c). C-1 s spectrumat high resolution which can be fitted
to three peaks with binding energies of 283.20, 284.42, and
285.88 eV as depicted in Fig. 5d. Finally we can conclude that the
provided characterization results of the prepared materials
strongly confirmed the formation of ZnO@NMC nanocomposite.

Electrochemical studies of ZnO@NMC were carried out for HER
and OER using 0.5 M KOH electrolyte. Fig. 6a shows CV plot of
ZnO@NMC in the potential window range from –2 to + 1 V versus
Ag/AgCl in 0.5 M KOH at 50 mV/s. CV plot of ZnO@NMC shows
bifunctional activity for HER and OER in cathodic and anodic
regions, respectively. LSV plots of ZnO@NMC for HER at different
scan rates are shown in Fig. 6b.

We observed that the ZnO@NMC generate high current density
of ~90 mA/cm2 at 50 mV/s with over-potential of 0.39 V at 10 mA/
cm2 in 0.5 M KOH. The over-potential of pure ZnO nanostructured
materials at 10 mA/cm2 was reported of ~0.80 V in alkaline med-
ium for HER (Kwak et al., 2017). Fig. 6c shows Tafel plots of
ZnO@NMC electro-catalysts for HER. Tafel slope is found to be
~108 mV/dec for HER. The Tafel slope of pure ZnO nanostructured
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Table 2
Surface area porosity investigation (BET) of ZnO@NMC nanocomposite.

Surface Area and Porosity Investigation

Compound Specific surface
area (m2/g)

BJH Pore Size (Å) DA Pore Size (Å)

ZnO@NMC 939 24 24.5



Fig. 6. (a) CV, (b) LSV for HER and (c) Tafel plots for HER of ZnO@NMC in 0.5 M KOH Vs. Ag/AgCl.
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Fig. 7. (a) LSV for OER, (b) Tafel for OER, and (c) CA for stability test and (d) Impedance graph of ZnO@NMC in 0.5 M KOH Vs. Ag/AgCl.
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materials was reported of ~210 mV/dec for HER in alkaline med-
ium (Kwak et al., 2017).

In recent times, transition metal oxide nanorods are reported as
superior electro-catalysts for HER with the Tafel slope value of
~135 mV/dec in 0.5 M KOH (Ahmed et al., 2019). Fig. 7a shows
LSV plots of ZnO@NMC for OER using various scan rates. This is
notable that the ZnO@NMC electro-catalysts also generate good
current in anodic region with respect to the OER activity. The cur-
rent density of ZnO@NMC electro-catalysts was observed to be
~48 mA/cm2 at 50 mV/s. The over-potential of electrode materials
was found to be ~0.570 V at 10 mA/cm2 in 0.5 M KOH. Zinc based
oxide nanobricks were reported as efficient electro-catalysts and
the over-potential was reported of ~0.475 V at 10 mA/cm2 using
high concentration of alkaline electrolyte i.e. 1.0 M KOH
(Alshehri et al., 2018). The over-potentials of transition metal oxi-
des nanoparticles were also reported in the range from 0.35 to
0.97 V for the OER (Alajmi et al., 2018; AlShehri et al., 2017; Ling
et al., 2014). IrO2-ZnO and RuO2-ZnO nanohybrids were reported
as efficient OER electro-catalysts with over-potentials of ~0.5 V
and 0.47 V, respectively, using 0.1 M KOH electrolyte (Kwak
et al., 2017). Tafel plots of ZnO@NMC electro-catalysts for OER
were shown in Fig. 7b. Tafel slope value of ZnO@NMC electro-
catalysts for OER was found to be ~318 mV/dec. Fig. 7c shows CA
plots of ZnO@NMC electrode materials for stability at fixed poten-
tial of 0.7 and 0.8 V for 300 s in 0.5 M KOH. A Nyquist plot of the as-
prepared nanocomposite electrode is presented in Fig. 7d. A small-
est real axis intercept (i.e., 0.60 X), indicating that is possesses the
lowest charge transfer resistance, facilitating rapid charge trans-
portation through electrode the material based on its unique mor-
phology, which facilitate easy percolation of electrolyte ions for
enhanced OER and HER activity. The greater charge transfers resis-
tance values and lower charge mobility of and may not allow elec-
trolytes ions to remain in chemical contact with electrode material
surfaces, resulting in reduced catalytic activity. The stable nature of
the electrode materials is one of the important parameters for elec-
trolysis of water. CA results confirm that the ZnO@NMC
electrodes generate stable current density with time at the fixed
potentials. Based on the electrochemical results, we can suggest
that the prepared ZnO@NMC electro-catalysis could be an alterna-
tive of efficient electro-catalysts in electrolysis of water for HER
and OER.
4. Conclusion

Waste PET plastic (a major solid waste to environment) was uti-
lized to synthesize novel high surface area containing ZnO@NMC
nanocomposite through MOF-5 via simple solvothermal route for
the first time. The prepared ZnO@NMC nanocomposite was
characterized systematically using analytical techniques including
electron microscopy, XRD, FTIR CHN, and XPS. ZnO@NMC
nanocomposite exhibit 75 times higher surface area (939 m2/g)
compared to reported pure ZnO nanoparticles. ZnO@NMC
nanocomposite demonstrates higher electro-catalytic activity for
HER and OER with low Tafel slope and over-potential (ƞ10) values
in alkaline medium than reported pure ZnO nanoparticles.
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