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Abstract
Within the framework of the circular economy, the waste litchi’s skins were
upgraded and transformed into electrocatalysts for oxygen reduction reaction
(ORR) and hydrogen evolution reaction (HER). The waste litchi’s skins were
pyrolyzed, activated, and then used as carbon support for fabricating metal–
nitrogen–carbons (M–N–Cs) which belong to a promising class of platinum
group metal-free electrocatalysts. The activated char was functionalized with
transition metal (Fe, Ni, and Co)- phthalocyanine (Pc) in monometallic and
bimetallic fashion by subjecting it to a thermal treatment at 600 and 900◦C.
The samples functionalized at 900◦C showed higher performance for HER due
to the formation of metal nanoparticles, whereas the samples functionalized at
600◦C showed higher performance for ORR. Particularly, sample Ni–Co 900 had
an overpotential of −0.38 V for HER, while the sample Fe 600 was the most
active electrocatalyst for ORR by demonstrating the onset potential of ∼0.9 V (a
half-wave potential of ∼0.81 V) with the least production of unwanted peroxide
anion.

KEYWORDS
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1 INTRODUCTION

One of the most serious problems for human life and
the environment these days is the greenhouse effect and
abnormal climate. A huge amount of greenhouse gases is
released into the atmosphere by the overuse of fossil and
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nonrenewable fuels, such as coal, gas, and oil causing a
violent upsurge in the global carbon footprint. As a result,
the loss of carbon balance in nature is leading to severe
damage to the ecosystem. This global issue is calling for
a paradigm shift in the way energy is produced, stored,
and used. A suitable option is the utilization of hydrogen
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as an energy vector. This fuel contains gravimetric chemi-
cal energy up to 142 MJ kg−1, which is nearly three times
higher than fossil fuels or other chemical fuels.1 Hydro-
gen as an energy vector with low environmental impact
will have a crucial role within the global decarbonization
plan set for 2050.2 Among different methods for produc-
ing hydrogen, the only real green and sustainable method
to satisfy the global demand is water electrolysis, powered
by renewable energy sources.3–5 Following the green route,
the utilization of H2 gas as an efficient fuel for produc-
ing electricity can occur in electrochemical devices named
fuel cells. Fuel cells can harvest electrical energy from the
chemical reaction of fuel (hydrogen) and oxygen, while
water is produced as an environmentally-safe byproduct.
Fuel cells offer high-energy conversion efficiencies at prac-
tically negligible carbon release, which can potentially
reduce the discrepancies between environmental concerns
and growing energy demands.6
However, there are major setbacks that prevent the

widespread applications of water electrolyzers and fuel
cells. Particularly, slow kinetics and significant overpo-
tentials offered by the cathode side reactions, that is,
hydrogen evolution reaction (HER) and oxygen reduction
reaction (ORR) in electrolyzers and fuel cells, respectively,
are the main restrictions in large-scale implementation of
both technologies, as these aforementioned electrochem-
ical reactions have a significant influence on the overall
performance.7–9 Therefore, great research effort is focused
on the improvement of the efficiency of both cathodic reac-
tions. Until now, noble metal-basedmaterials, represented
by platinum (Pt), are still the most effective electrocata-
lysts with very small overpotentials.10 Nevertheless, noble
-metals or platinum-group metals (PGMs) are rare, expen-
sive and are considered critical raw materials by the EU.11
Therefore, over the past few decades, a huge scientific
interest has been witnessed to limit the usage PGMs and
replace them with earth-abundant nonprecious (named
also as PGM-free) electrocatalysts.12
In such a situation, atomically dispersed first-row tran-

sition metals coordinated with nitrogen and embedded in
a carbon matrix (M–N–Cs, where M is Fe, Co, Mn, etc.)
are emerging as a reliable substitutes, capturing the atten-
tion of the scientific community.13–18 Some of these types
of electrocatalysts have been upscaled to near commer-
cial levels19, demonstrating reasonable kinetic activity and
stability under less corrosive alkaline conditions.16,20–22
Carbon is one of the most suitable support materials for
all types of electrocatalysts due to its electronic conduc-
tivity, stability, cost-efficiency, and flexible structure. The
carbonmatrix has a defect-rich structure and this property
guarantees a conducive platform for the electrocatalytic
performance.23,24 On the other hand, the transition metals
coordinated with nitrogen over the carbonmatrix generate

the electrochemically active sites.25 It is worth mention-
ing that iron coordinated with nitrogen (Fe–Nx with x as
2, 3, and 4) is a well-known active site responsible for
improving ORR activity.16,26,27 Recently, the synthesis of
Fe–phthalocyanines (Pc) supported over different carbon
matrixes was studied being an attractive iron source owing
to: a) its bulky conjugated molecular structure, b) the abil-
ity to donate electrons, c) characteristics centrosymmetric
arrangement and d) its ability to be a simultaneous source
of nitrogen.28–30 Meanwhile, Ni–Nx active sites and Ni
nanoparticles play an important role in the enhancement
of the HER electrocatalysis performance.31,32 The stable
Ni–Nx sigmabond in theNiPc electrocatalyst is responsible
for the efficient evolution of hydrogen.33 It is noteworthy
that, Ni belongs to the 10th group of the periodic table
and therefore shares very similar electronic structureswith
Pd and Pt which are very effective electrocatalysts for
the evolution of hydrogen. Importantly also Ni–Fe com-
plexes have shown important electroactivity toward HER
by bio-mimicking dehydrogenase enzymes in nature.34
In general, cathode electrocatalysts in both fuel cells

and water electrolyzers are based on active sites inte-
grated into the carbon skeleton, where the latter generally
corresponds to 90%–99% of the entire electrocatalyst com-
position. The carbonbackbone can be obtained by different
precursors other than the one derived from petrochem-
ical processes and in consequence can be derived from
cleaner and cost-effective pathways. In recent studies,
important development and progress in the synthesis of
PGM-free electrocatalysts derived by controlled pyrolysis
processes of carbonaceous waste for the electrocatalysis
paradigm can be observed.35–38 This process has the goal to
valorize the waste carbon-containing sources and to trans-
form them into conductive and high surface area char that
can serve as valuable carbon backbone for ORR and HER
electrocatalysts. After functionalizing the biochar with a
proper metal–nitrogen source and integrating the active
sites into the carbonaceous skeleton, the obtained pow-
der can be used as an efficient electrocatalyst. With this
method, the waste is transformed into a valuable product
that improves the resource recycling economy. Recently,
researches report the advancements done in this direction
for the synthesis of HER and ORR electrocatalysts.24,39,40
Different sorts of biochar have been made from different
wastes, such as algae, pistachio waste, and tea waste.39,41,42
Generally, biochars have chemical stability, optimum elec-
trical conductivity, and considerable mass transportability.
Moreover, due to their large surface area and good conduc-
tivity, they show high-power charge–discharge potential
and high reversible capacity.43,44
Herein, litchi’s skin was used as a carbon precursor to

produce valuable char. Litchi is a tropical to subtropical
fruit with a white gelatinous aril surrounded by a bright
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MIRSHOKRAEE et al. 3

red pericarp and it is cultivated in more than 20 countries
around the world. China and India are the first and second
producers of litchi, respectively. The worldwide litchi pro-
duction is between 2.6 and 2.8 million tons.45 Litchi pulp
is a good source of minerals, such as potassium, calcium,
magnesium, manganese, zinc, iron, and even copper.46
Moreover, studies have revealed the fact that anthocyanins
are responsible for the bright red color.47
In this study, the valuable, carbon-rich biochar produced

by blended, dried, and pyrolyzed litchi’s skins, was used
as PGM-free ORR and HER electrocatalyst in an alka-
line environment after proper functionalization. The char
was activated with KOH and then functionalized through
pyrolysis processes by adding the 30 wt% phthalocyanines
(Pc) of the metal of interest (FePc, NiPc, and CoPc). More-
over, the mix of these metal phthalocyanines (bimetallic)
was used in this project (15 wt% FePc—15wt%CoPc, 15 wt%
FePc—15 wt% NiPc, and 15 wt% NiPc—15 wt% CoPc).
The functionalizations were done under controlled pyrol-
ysis with two different temperatures of 600 and 900◦C.
The obtained electrocatalysts were tested in alkaline elec-
trolytes for the ORR and HER. The effects of synthesis
conditions on the overall electrochemical performance in
the alkaline conditions were closely analyzed. The results
are promising a new possibility of recycling the waste, and
a possible replacement of PGM-based electrocatalysts for
HER and ORR.

2 RESULT AND DISCUSSION

2.1 Characterization of litchi
electrocatalysts

Aseries ofmicroscopic and spectroscopicl techniqueswere
used to characterize the surface chemistry and morphol-
ogy of the synthesized electrocatalysts. Figure 1 reports the
comparison of the high-resolution transmission electron
microscopy (HRTEM) images of the iron samples function-
alized at 600 and 900◦C (Fe 600 andFe 900). Images clearly
show that at 600◦C no iron or iron oxide nanoparticles
are present in the sample (Figure 1A), whereas at 900◦C
nanoparticles are evident (Figure 1B). This is confirmed
by the observation with the STEM HAADF detector.
EDX mapping revealed that in the sample pyrolyzed at
600◦C iron is evenly distributed on the carbon support
(Figure 1A). In the sample functionalized at 900◦C iron
occurs mainly in the form of nanoparticles. A comparison
of the Fe Kα and the O Kα maps reveals a superimposi-
tion of iron and oxygen indicating that the nanoparticles
consist of iron oxides.
Figure 2 shows the morphology of the Ni–Co sam-

ples functionalized at 600 and 900◦C (Ni–Co 600 and

Ni–Co 900). Conversely to the case of iron, the HRTEM
investigation showed the presence of nanoparticles even
at 600◦C (Figure 2A), a finding that was confirmed by
the HAADF investigation. Remarkably, the compositional
maps obtained by EDX revealed that the Ni and Co sig-
nals superimpose in the particle region (Figure 2A). The O
and C K maps (Figure 2A) show no superimposition with
the Ni and Co patterns, indicating that the nanoparticles
consist of metallic alloys of Ni and Co. However, a careful
examination of the maps still shows the presence of cobalt
and nickel diffused background in the carbon support; this
observation suggest that not all the metallic centers intro-
duced in the sample have been converted to nanoparticles.
At 900◦C (Figure 2B) the HRTEM images show again the
presence of nanoparticles. The EDX maps analysis of the
nanoparticles is in-line with the analysis of the sample
functionalized at 600◦C. However, a close look at the Co
and Ni maps reveals that the signals of the two metals are
not detectable outside the particles in the 900◦C sample;
accordingly, we could conclude that the conversion of the
metallic centers into nanoparticles is complete.
Figure 3 shows the Raman spectra of the functionalized

samples, with a focus on two prominent carbon peaks at
ca. 1350 and ca. 1588 cm−1, namely, the G- and D band,
respectively. Usually, the G band represents the vibrational
mode of the movement in opposite directions of two car-
bon atoms in a graphite sheet. So G band is related to
the E2g vibrational mode of sp2 bonded carbon atoms in
graphene sheets where the D band emerges due to breath-
ing modes with A1g symmetry.48 The D band is attributed
to the defects and disorders in the carbon materials and
it is attributable to imperfections in sp2 carbon structures.
In general, the D and D* (which can be seen for Co 600
and Ni–Co 600 samples at about 1600 cm−1) bands are
defect-induced Raman features, and thus these bands can-
not be seen for highly crystalline graphite.49–53 The D*
band characteristically emerges due to intravalley double
resonance scattering, in which the defect-related disconti-
nuities offer the lost momentum needed to satisfy the res-
onant process.53–56 Where the graphitization is considered
favorable for the electron transfer during electrocatalysis,
defects and discontinuities within carbonaceous structure
act as electro-catalytically active moieties for ORR and
can also contribute toHER.25,39,57,58,59,60 The intensity ratio
ID/IG of the D andG band is widely used for characterizing
the defect quantity in graphitic materials.
With a comparison between functionalized samples at

600 and 900◦C, it can be simply observed that all the peaks
in 600◦C samples Raman spectra reduced to two main
peaks of D and G in 900◦C samples. By increasing the
functionalized temperature from 600 to 900◦C, the inten-
sity ratio ID/IG was reduced for the Fe–Co sample and
remained at the same level for Fe samples. However, for
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4 MIRSHOKRAEE et al.

F IGURE 1 (A) High-resolution transmission electron microscopy (HRTEM), HAADF, and EDX maps at the C, O, and Fe K X-ray K of
the Fe sample functionalized at 600◦C (Fe 600) and (B) HRTEM, HAADF, and EDX maps at the C, O, and Fe X-ray K emissions of the sample
functionalized at 900◦C (Fe 900).

F IGURE 2 (A) High-resolution transmission electron microscopy (HRTEM), HAADF, and EDX maps at the C, O, Co, and Ni X-ray K
emissions of the Ni–Co sample functionalized at 600◦C (Ni–Co 600) and (B) HRTEM, HAADF, and EDXmaps at the C, O, Co, and Ni K X-ray
K emissions of the sample functionalized at 900◦C (Ni–Co 900).
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MIRSHOKRAEE et al. 5

F IGURE 3 Raman spectra of litchi-derived electrocatalysts with two different functionalization temperatures of 900 and 600◦C for: (A)
Fe–Co, (B) Fe, (C) Ni, (D) Ni–Co, and (E) Ni–Fe samples.

the samples which include Ni, at 600◦C mode, the D*
peak emerged. The existence of the D* band specifies the
occurrence of a large number of different defects, such
as destructive grain boundaries and edges, in-plane het-
eroatom substitution, and atomic vacancies.54–56,61,62 By
comparing the samples containing Ni, with two function-
alization temperatures, it can be observed that the G peak
intensity increases and overwhelm theD* peakswhen goes
from600 to 900◦C. In these samples, contrary to Fe andFe–
Co, the intensity ratio ID/IG increases proportionally with
the increase of the functionalization temperatures. These
outcomes may explain why samples containing Ni have
better performance for HER.
To study the crystal structure and phases present, X-ray

diffraction (XRD) measurements were launched and the
achieved diffraction patterns are demonstrated in Figure 4.
At first, the results show the presence of two broad peaks
centering nearly at 24◦ and 44◦ which belong to the amor-
phous carbon.63 The samples functionalized at 600◦C dur-
ing the functionalization step mainly showed the broader
peaks belonging to carbon (Figure 4A–D,F), whereas the
samples functionalized at 900◦C additionally showed a
few peaks related to metallic species present inside the as-
synthesized electrocatalysts. It confirmed that some metal
clusters were formed when the metal precursor was func-
tionalized at 900◦C.At such temperatures, themetal atoms
have sufficient mobility to aggregate into small clusters
and nanoparticles.64,65 However, in Figure 4E, where the
XRD patterns of Ni–Co bimetallic samples are presented,
there are peaks related to the metallic phase of Ni and Co
in Ni–Co 600 XRD patterns. It confirmed the results that
were reported in the HRTEM and Raman analysis, that is,
the existence of metallic nanoparticles for Ni–Co samples
even with 600◦C functionalization temperature.
X-ray photoelectron spectroscopy (XPS) data were

interpreted by analyzing the results obtained in the

literature.66–73 The survey spectra of Fe, Fe–Co,Ni–Co, and
Ni–Fe-based electrocatalysts, treated at 600 or 900◦C, are
shown in (Figure S1A–C) chiefly indicating the presence
of carbon, nitrogen, oxygen, and metals. The unmarked
peaks at 315 and 560 eV are related to the shake-up lines
of C1s and N1s signals, respectively, whereas the other tiny
and narrowpeaks betweenC1s andN1s regions correspond
to a low amount (<0.3%) of potassium and calcium,mainly
addressed to litchi residuals. C1s is the predominant
species in all the compoundswith the atomic percentage of
about 80% for the catalysts treated at 600◦C and about 90%
for the catalysts treated at 900◦C, as reported in (Table S1).
Furthermore, the electrocatalysts treated at 600◦C display
atomic percentages of N1s (10.8% for Fe 600) and metals
(Fe or Co) larger than that achieved for the electrocatalysts
treated at 900◦C.
XPS spectra for N1s signals are shown in (Figure 5A–C).

As reported in the literature, 66,67,69,72 the deconvolution
can be obtained by considering six different N-species for
the Fe–N–C catalyst: imine (397.5 ± 0.1 eV), pyridinic-
N (398.2 ± 0.1 eV), Nx–Fe (399.5 ± 0.1 eV), pyrrolic-N
(400.8± 0.1 eV), graphitic-N (402.1± 0.1 eV), and oxidized
nitrogen species (>403 eV). The deconvoluted spectra
for Fe–Co–N–C were gathered considering pyridinic-N
(398.2 ± 0.2 eV), Nx–Fe (399.1 ± 0.1 eV), pyrrolic-N
(400.1 ± 0.1 eV), graphitic-N (401.1 ± 0.1 eV), and oxidized
nitrogen signals (>402.5 eV), as reported in the previ-
ous study concerning Fe–Co embedded in nitrogen and
carbonaceous species.68–71 For bimetallic Ni–Co 900 and
Ni–Fe 900, a deconvoluted fit was acquired by keeping
constant binding energy (BE) values of a Fe–N–C electro-
catalyst to extract the BE value of the N–M interaction. A
BE value of 399.0 ± 0.1 eV was achieved corresponding to
the same value reported in a few papers in the literature.74
By comparing the results in Figure 5A and summarized
in Table S2, the amount of pyridinic-N species, for the
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6 MIRSHOKRAEE et al.

F IGURE 4 X-ray diffraction (XRD) spectra of litchi electrocatalysts with two different functionalization temperatures of 900 and 600◦C
for: (A) Co, (B) Fe, (C) Fe–Co, (D) Ni, (E) Ni–Co, and (F) Ni–Fe samples.

F IGURE 5 Comparison of X-ray photoelectron spectroscopy (XPS) N1s signal for: (A) Fe 600 and Fe 900, (B) Fe–Co 600 and Fe–Co 900,
and (C) Ni–Co 900 and Ni–Fe 900.

Fe 600 catalyst, is larger than that achieved for Fe 900,
and the content of pyrrolic-N species increases with the
electrocatalyst treated at a higher temperature. The same
decrease of pyridinic species is achieved for FeCo-based
electrocatalysts with the higher temperature treatment

(Figure 5B) whereas, in this case, there is a clear increase
of graphitic-N moieties instead of pyrrolic-N. As described
in the literature, in an acid environment N-pyrrolic species
generate a major production of H2O2 in the ORR process
and a decrease in the overall activity.67 On the other hand,
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MIRSHOKRAEE et al. 7

F IGURE 6 Comparison of X-ray photoelectron spectroscopy (XPS) C1s signal for: (A) Fe 600 and Fe 900, (B) Fe–Co 600 and Fe–Co 900,
and (C) Ni–Co 900 and Ni–Fe 900.

pyridinic and graphitic nitrogen contribute to a higher
ORR activity. In an alkaline environment, there is not
a direct correlation between nitrogen moieties and ORR
activity for the different electron transfer reaction mech-
anism that is mainly promoted by the presence of hydroxyl
groups over the electrocatalyst surface.75,76 The most
important data, reported in Figure 5A–C and in Table S2,
is the strong interaction between N and metal atoms for
Fe 600 (66.3%) and Fe–Co 600 (33.0%). The relative per-
centage of this interaction is drastically reduced for the
catalysts treated at 900◦C, probably due to the decomposi-
tion of nitrogen species at high temperatures and to a lower
overall N atomic percentage (Tables S1 and S2) over the sur-
face of Fe 900 and Fe–Co 900. Among the catalysts treated
at a higher temperature, Ni–Co 900 has shown the largest
N–M interactions (37.67%), followed byNi–Fe 900 (28.51%).
Peaks such as graphitic carbon (284.4 eV), secondary

carbons due to the coordination of carbon such as carbon-
nitrogen and/or carbon-oxides (285 eV), CNx defects
(286.2 eV), C–OH/C–OC (287.1 eV), C=O (288 eV), and
COOH (289.4 eV) are fitted in the high-resolution C1s spec-
tra and shown in (Figure 6A–C). The relative percentage
of each species is reported in (Table S3). Fe 600 and Fe–
Co 600 are characterized by a lower relative amount of
graphitic carbon and by a larger relative percentage of C–
Nx defects compared to Fe 900 and Fe–Co 900. For Ni–Co
900 and Ni–Fe 900, the relative percentages of the compo-
nents are following those achieved for the catalysts treated
at 900◦C with a large contribution of graphitic carbon
(>49%) and a mean value of C–N defects (about 11%).

2.2 Electrochemical performance

For testing HER and ORR, the char obtained from litchi
was activated, mixed with metal phthalocyanines, and
finally functionalized via pyrolysis at two different tem-
peratures of 600 and 900◦C. All the electrocatalysts were
tested in alkaline media for both the reactions. 1 M KOH
was used as alkaline electrolyte for HER measurement.
Particularly for HER, the samples Char, Active Char, and
different functionalized M–N–C were tested and com-
pared. Moreover, the same samples were tested for ORR
in 0.1 M KOH as their electrolyte.

2.2.1 Hydrogen evolution reaction (HER)
performance

The obtained electrocatalysts were then analyzed for HER.
Linear sweep voltammetry (LSV) was performed in the 0
to−0.9 V potential range vs. reversible hydrogen electrode
(RHE) in alkaline media (Figure 7). The measurements
were acquired at a scan rate of 5 mV s−1 with 1600 rpm
of rotating disk speed. The overpotentials were calcu-
lated at the current density of −10 mA cm−2 according
to the literature.5 By first looking at the result, it can be
observed that litchi’s char showed the lowest HER activ-
ity among all the samples tested. The activation of the
litchi’s char enhanced its performance with the overpo-
tential of −0.8 ± 0.01 V; however, it was far from being
acceptable. The overpotentials were further reduced, and
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8 MIRSHOKRAEE et al.

F IGURE 7 The linear sweep voltammetry (LSVs) of rotating
disk electrode (RDE) measurement on litchi’s samples. B.M in
Pt/CB.M means benchmark.

the HER reaction activity was increased after the function-
alization of the electrocatalysts with the transition metals
(Table S4). In general, the LSV results demonstrate that
electrocatalysts with a functionalization temperature of
900◦C have higher performance compared to those func-
tionalized at 600◦C, probably due to the formation ofmetal
nanoparticles that favor the HER.77
The addition of the second transitionmetal in a bimetal-

lic fashion also improved the electrocatalytic activity by
reducing the overpotentials. The bimetallic electrocata-
lysts containing Ni–Co, Ni–Fe, and Fe–Co, functionalized
at 900◦C, have the best electrocatalytic activity toward
HER with the overpotential of −0.38 V ± 0.01 V, −0.39
V ± 0.01 V, and −0.40 V ± 0.01 V, respectively. More-
over, the samples treated at 600◦C that have a bimetallic
structure such as Ni–Co and Ni–Fe showed higher HER
activity than Ni 600 which is a monometallic sample. The
HER measurements clearly show that the functionalized
samples derived from combining two different metal–Pcs
have higher electroactivity toward the evolution of H2,
especially, those combinations that contain NiPc.
Moreover, one of the crucial properties of electrocat-

alysts, especially the ones that are made from waste
products, is their operative stability. To test HER stability
on Ni–Co 900, an accelerated stability test was used.78,79 In
this measurement, 2000 voltammetric cycles with the scan
rate of 50 mV s−1 were executed. Meanwhile, the polar-
ization curves at the first cycle and after every 500 cycles
were measured with a 5 mV s−1 scan rate; the scans are
reported in (Figure S2). The first major change in the mea-
sured overpotential at 10 mA cm−2 occurred within the
first 500 cycles (it dropped from −0.38 V ± 0.01 V to −0.40

V± 0.01 V). The activity remained the same from the 500th
cycle to the 1500th cycle. But, another major drop hap-
pened within the final 500 cycles and the overpotential
changed from −0.40 V ± 0.01 V to −0.43 V ± 0.01 V.
In this work, by combining the two metals in bimetal-

lic samples, and controlling the temperatures of thermal
treatments during the synthesis, the performances of the
monometallic electrocatalysts containing Fe and Ni for
HER were improved (Table S6). However, even after
improvement, the electrocatalyst which was synthesized
from the waste of litchi fruits is still not comparable with
Pt/C, but will be subject to further research in the future
due to all its promising features.

2.2.2 Oxygen reduction reaction (ORR)
performance

The ORR activities of the activated char and the func-
tionalized samples were measured by performing rotating
ring disk electrode (RRDE) measurements at 1600 rpm
in oxygen-saturated 0.1 M KOH. The results are shown
in (Figure 8). In these measurements, a loading of
0.6 mg cm−2 electrocatalyst was deposited for each sample
over the disk. The onset potentials forORRwere calculated
at the current density of −0.1 mA cm−2 which is a bench-
mark value utilized for identifying the overpotentials of
ORR. According to the achieved results, the functionalized
char with Fe and Co at 600◦C (Fe–Co 600) demonstrated
the maximum onset potential at ∼ 0.9 V versus RHE.
The half-wave potential (E1/2), which is related to the

reaction kinetics, was estimated using the first differen-
tial method (Table S5). The Fe–Co 600 sample shows the
both highest onset potential (Eon) and half-wave poten-
tial (E1/2) with 0.9 V (vs. RHE) at 0.1 mA cm−2 and
0.81 V of E1/2, respectively. Thus, it was the electrocatalyst
showing the highest electrocatalytic activity toward ORR
among the litchi-derived samples. Besides (Fe–Co 600)
which is a bimetallic Fe-containing sample, (Fe 600) as a
monometallic M–Nx–C type electrocatalyst showed simi-
lar electrocatalytic activity resulting in 0.89 V (vs. RHE)
at 0.1 mA cm−2 as Eon and 0.81 V (vs. RHE) of E1/2. Ni
samples displayed very low performance in both 600 and
900◦C functionalization temperatures. The ring current
measured during the LSV is reported in (Figure 8C,D). By
considering the ring and disk current, the peroxide anion-
produced percent and the number of electron transfers
were calculated.
From the kinetic point of view, acceptable elec-

trocatalysts that drive the ORR activity should have
higher operating potentials and lower intermediate per-
oxide anion species production.36 Figure 8G,H displays
the peroxide anion-produced yield for the litchi-derived
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MIRSHOKRAEE et al. 9

F IGURE 8 The rotating ring disk electrode (RRDE) measurements for oxygen reduction reaction (ORR) running at 1600 rpm. (A)
Linear sweep voltammetry (LSV) at 600◦C, (B) LSV at 900◦C, (C) ring current at 600◦C (D) ring current at 900◦C, (E) number of electrons
transferred at 600◦C, (F) number of electrons transferred at 600◦C, (G) peroxide anion yield at 600◦C, and (H) peroxide anion yield at 900◦C.
B.M in Pt/CB.M means benchmark.
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10 MIRSHOKRAEE et al.

samples. Importantly, it can be observed that the Fe sample
with 600◦C temperature treatment produces less peroxide
anion compared to 900◦C samples. Fe 600 displayed the
lowest peroxide anion production, that is, a maximum ca.
10%. The efficient ORR with low peroxide anion produced
by the Fe–Nx–C electrocatalyst agrees with the existing
literature.42,80–83 Interestingly, Co 900 produced slightly
less peroxide anion compared to Co 900. Moreover, it can
be noticed that except for the Fe 600, there is not much
difference between monometallic and bimetallic samples
in terms of peroxide anion production.84 Moreover, due to
the highest electrocatalytic activity and the lowest peroxide
anion produced, Fe 600 exhibited the highest number of
electron transfers with more than 3.5. The other samples,
independently from the functionalization temperature or
type of TM contained in the electrocatalysts, show electron
transformationbetween 3 and 3.5. Figure 8E,F reports the
number of electron transfers for each sample during RRDE
measurement. Samples containing Fe showed the highest
ORR performance. On the other hand, the Ni-contained
samples, especially Ni 600, showed inferior performance.
The complete results are exhibited in Table S5.
One of the interesting aspects to be highlighted is the dif-

ference betweenEon andE1/2 in the functionalized samples
at a temperature of 600◦Cwith those ones at 900◦C. In fact,
in general, the 600◦C samples have lower overpotentials
compared to the samples at 900◦C. An explanation might
be related to the presence and abundance of nanoparticles.
In fact, as it was demonstrated in the structure and chemi-
cal characterization section, the functionalization done at
900◦C led to the formation of a larger quantity of nanopar-
ticles compared to 600◦C where, in the function of the
TMs, lower or no nanoparticles were formed and single
atom TMs coordinated with nitrogen active sites were pre-
dominantly formed. Therefore, M–Nx–C active sites are
more desired compared to the nanoparticles for ORR.
Related to the stability test for ORR, 2000 cycles accel-

erated stability test was performed over Fe 600 sample,
whereas the potential window and electrolytic conditions
remained as before.78,79 As it was mentioned in the pre-
vious section, in this study, continuous potential cycling
was conducted at a rate of 50 mV s−1, whereas initial and
every 500th scans were recorded at a rate of 5 mV s−1 and
their results are shown in (Figure S3). The Eon and E1/2 did
not show significant change over the continuous potential
cycling, but by increasing the cycle number the reduction
in the limiting current density could be observed. As the
cycles proceeded, the ring current density shot up. More-
over, the peroxide anion yield which is related to the disk
current and the ring current results showed an enhance-
ment. By comparing the 2000th cycle to the 1st cycle, it can
be seen that peroxide anion yield got increased three times.
Meanwhile, with the same comparison but for the num-

ber of electrons transferred, it experienced a reduction in
number, from 3.8 to 3.5.
According to the ORR electrochemical measurements

results, Fe 600 demonstrated considerable performance.
This electrocatalyst exhibited a similar Eon and E1/2 as the
M–N–Cs electrocatalysts previously investigated (Table
S7). In addition, not only it shows remarkable results for
the number of electrons transferred and producing the per-
oxide anion which is comparable with Pt/C, but also, it
showed acceptable durability in alkaline media.

3 CONCLUSIONS

In thiswork, a costworthy biocharwas derived from litchi’s
skin for the synthesis of a M–N–C electrocatalyst. During
the char production, the micro-macroporous architecture
was formed, and the surface area of the carbon char
was increased by KOH activation. The final electrocata-
lyst was synthesized by mixing the activated char with the
required metal–Pc. The mixtures were successfully func-
tionalized at two different temperatures of 600 and 900◦C.
The HER and ORR performance of the achieved samples
were studied electrochemically in alkaline media.
The first comparison was done between two groups of

samples with different functionalized temperatures. Gen-
erally, the samples functionalized at 900◦C showed higher
electrocatalytic activity toward HER. This might be due to
the formation of metal nanoparticles that favor the HER
as demonstrated by HRTEM and XRD characterization.
On the other hand, the 600◦C samples performed better
for the ORR, due to the absence of metal nanoparticles,
and the presence of atomically dispersed active sites.
The second comparison comes to the different metal

combinations in the samples. For the HER measurement,
Ni–Co 900 which is a bimetallic electrocatalyst had the
best performance with the overpotential of−0.38 ± 0.01 V.
In the ORR case, although Fe 600 had a similar onset
potential (∼0.9 V vs. RHE) and half-wave potential
(∼0.81 V vs. RHE) with Fe–Co 600 but it produced signif-
icantly lower peroxide anion during its activity. Thus, Fe
600 demonstrated the overall most suitable characteristics
to be used as a PGM-free electrocatalyst for ORR.

4 MATERIALS ANDMETHODS

4.1 Materials

Litchi’s skins were initially recovered and dried at 85◦C
for 72 h to remove all the moisture. All the chemicals
and reagents used to carry out the current study were
of analytical grade and were used without any further
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MIRSHOKRAEE et al. 11

processing. Potassium hydroxide (KOH, 99.0% purity),
ethanol (CH3CH2OH), acetone ((CH3)2CO), Nafion
5 wt% hydroalcoholic solution, iron(II) phthalocyanine
(C32H16N8Fe, herein after named Fe–Pc,), Nickel(II)
phthalocyanine (C32H16N8Ni, herein after named Ni–Pc),
and Cobalt(II) phthalocyanine (C32H16CoN8, herein after
named Co–Pc) were purchased from Acros Organics.
Nitrogen, oxygen, and argon gases used in this study
possess ultrahigh purity features. Ultrapure deionized
water obtained from aMillipore Milli-Q system (resistivity
>18 MΩ cm) was used for the experiments.

4.2 Electrocatalyst synthesis

Fully dried skins were ground to a powder using a coffee
blender. The obtained powder was placed into a ceramic
boat and inserted into a horizontal tubular furnace with
a controlled atmosphere (UHP Ar at 100 cm3 min−1). For
the first pyrolysis, the temperature was increased with a
heating rate of 5◦Cmin−1 to reach 900◦C. After remaining
at the selected temperature for 1 h, the temperature was
decreasedwith a rampof 5◦Cmin−1 until the room temper-
ature was achieved. The yield for the output/input weight
of the first pyrolysis was ∼25%.
After the first pyrolysis, for enhancing the surface area

and creatingM–Nx active sites on the surface, the obtained
char was first activated and then functionalized. In the
first step, the char was impregnated with KOH solution (in
30 mL ethanol). The adjusted mass ratio of the KOH/char
was 4.85 Then, the solution was stirred for 12 h.86 The
mixture was dried in an Ar environment at 80◦C under
continuous stirring. The obtained sludge was then sub-
jected to a heat treatment (second pyrolysis) at 700◦Cwhile
keeping the dwell time at 1 h in a tube furnace under
the controlled atmosphere (UHP Ar at 100 cm3 min−1).
The heating rate for increasing and decreasing temper-
ature before and after the dwell was 5◦C min−1. The
activated charwas thenwashedwith 1MHCl and plenty of
Milli-Q water (until a neutral pH was achieved) as soon as
it was recovered from the oven, followed by drying in a vac-
uum oven at 80◦C for 12 h. The yield for the output/input
weight of the activation was ∼50%.
The activated char was homogeneously mixed with the

metal phthalocyanine of choice (FePc, NiPc, and CoPc) by
using a high-energy ball-miller (Emax Retsch) for 1 h with
one consecutive cooling break of 5 min after 30 min at
the rotation rate of 400 rpm. The final functionalization
(third pyrolysis) was performed on themixed samples with
two different temperatures of 600 and 900◦C in the con-
trolled atmosphere (UHP Ar at 100 cm3 min−1). Moreover,
in this pyrolysis, the heating rate of increasing and decreas-
ing temperature before and after dwell timewas 5◦Cmin−1

as previously reported.87 Table 1 shows the samples that
were synthesized and tested in this work.

4.3 Characterizations

HRTEM images were taken with a Thermo-fisher Talos
F200X G2 at an acceleration voltage of 200 kV with a cam-
era resolution of 4096 × 4096 pixels without any objective
apertures. HAADF images were taken with an annular
STEM detector with a convergent beam with an angle of
10.5 mrad. EDX maps were collected with a Super X spec-
trometer equipped with four 30mm2 silicon drift detectors
for a collection angle of 0.7 srad. A helium-neon laser
with an excitation wavelength of 632.8 nm is used for
Raman spectroscopy (Jobin Yvon, France). A microscope
(BX40, Olympus, Japan) fitted with a 50× long-working-
distance objective (0.6 N.A.) focused the laser on the
sample, whereas a silicon CCD was used for signal collec-
tion (Sincerity, Jobin Yvon, France). XRD (RigakuMiniflex
600) of powder samples was employed with the copper
source. The performed angle rangewas 10◦–90◦ with a step
of 0.020◦, whereas the scanning speed was 1.000◦/min.
A Physical Electronics (PHI) 5800-01 spectrometer was

employed to investigate the surface characteristics of the
catalysts within XPS, using a monochromatic Al Kα X-ray
source at a power of 350 W, as reported in our previous
papers.66,68

4.4 Electrochemical testing

4.4.1 Hydrogen evolution reaction

The HER was studied with the three-electrode method
with the rotating disk electrode (RDE) technique. The cell
was equipped with a glassy carbon disk as a working elec-
trode (glassy carbon with a geometric area of 0.1963 cm2),
which was mounted on a RDE equipment (Pine WaveVor-
tex RDE system coupled with a Pine bipotentiostat) and
had a rotation speed of 1600 rpm, a saturated calomel
electrode (SCE) as a reference electrode, and a Pt wire as
the counter electrode. The inks were prepared by mixing
(5 mg) of electrocatalyst with 985 μL of isopropanol and
15 μL of 5 wt% Nafion D-520 ionomer solution as reported
previously.78 For each measurement, 0.6 mg cm−2 ink was
deposited over GC disk. HERwas performed in an alkaline
media containing 1 M KOH. The benchmark Pt electro-
catalyst used in this study was 20 wt% Pt supported on
carbon (Pt/C), with a loading of 30 μg Pt cm−2 on RDE.88
To remove residual oxygen from the electrolyte solution
for HER measurement and avoid unwanted reactivity, the
nitrogen gas was kept flushing into the solution for 15 min
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12 MIRSHOKRAEE et al.

TABLE 1 Name of the electrocatalysts studied and the synthesis steps done.

Mix with metal-Pc Functionalization
Sample First pyrolysis Activation Fe Pc (wt%) Ni Pc (wt%) Co Pc (wt%) 600◦C 900◦C
Char ✓

Active-char ✓ ✓

Fe 600 ✓ ✓ 30 ✓

Fe 900 ✓ ✓ 30 ✓

Ni 600 ✓ ✓ 30 ✓

Ni 900 ✓ ✓ 30 ✓

Co 600 ✓ ✓ 30 ✓

Co 900 ✓ ✓ 30 ✓

Ni–Co 600 ✓ ✓ 15 15 ✓

Ni–Co 900 ✓ ✓ 15 15 ✓

Ni–Fe 600 ✓ ✓ 15 15 ✓

Ni–Fe 900 ✓ ✓ 15 15 ✓

Fe–Co 600 ✓ ✓ 15 15 ✓

Fe–Co 900 ✓ ✓ 15 15 ✓

before running the measurement. All measured poten-
tials were corrected and converted to potential versus RHE
according to the following equation:

𝐸RHE = 𝐸ref + 0.059 ⋅ pH + 𝐸𝑜
ref

(1)

where Eref is the measured working potential versus the
reference electrode, 𝐸0

ref
is the potential of the reference

electrode with respect to the standard hydrogen electrode
at 25◦C (0.241 V for SCE). The potential scan range was
maintained from 0 to −0.9 V versus RHE in alkaline
media, whereas the overpotential of each electrocatalyst
was evaluated at the current density of 10 mA cm−2.

4.4.2 Oxygen reduction reaction

Three-electrode system comprising a RRDE was used to
study the ORR electrochemical activity of the samples.
The cell was assembled with an RRDE (Pine WaveVor-
tex RDE system coupled with a Pine bipotentiostat) as a
working electrode (the geometric area of the glassy carbon
disk was 0.2376 cm2 and the platinum ring had a geomet-
ric area of 0.2356 cm2). The experiments were performed
using a rotation speed of 1600 rpm. An SCE was immersed
into the solution and used as a reference electrode. The
counter electrode was a graphite rod. The inks were pre-
pared as described above and deposited over the glassy
carbon. Its electrolyte for alkaline media was a 0.1 M KOH
aqueous solution. The electrolyte was purged with oxygen
for at least 15 min to saturate the liquid solution. In all the
measurement processes, for having an oxygen-saturated
solution the oxygen gas was pumped into the solution. The

potential scan range was from 1.2 V to 0 V versus RHE in
alkaline media. All measured potentials were converted to
potential versus RHEaccording to (Equation 1). The poten-
tial of the ring was fixed at 1.2 V versus RHE along with the
experiments. The currents generated by the disk (Id) and
by the ring (Ir) were recorded and they were used to cal-
culate the hydrogen peroxide anion produced (Equation 2)
and the number of electrons transferred (n) (Equation 3)
following the equations:

Peroxide =
200.

𝐼r

𝑁

𝐼d +
𝐼𝑟

𝑁

[%] (2)

𝑛 =
4. 𝐼d

𝐼d +
𝐼r

𝑁

[nr] (3)

where N is the collection efficiency that was 0.38 as
reported by the supplier.
Three parameters are usually used to characterize the

ORR electrocatalytic activity: (1) the onset potential (Eon),
(2) the half-wave potential (E1/2), and (3) the limiting cur-
rent density (jlim). The onset potential was evaluated by
recording the potential generated at a current density of
0.1 mA cm−2 in a steady-state measurement.89 Moreover,
the potential where half of the maximum current density
in the polarization curve is measured is named half-wave
potential.
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