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Preface to ”Immobilized Non-Precious

Electrocatalysts for Advanced Energy Devices”

Indeed, the precious metals possess fantastic catalytic and electrocatalytic activities; however,

the rarity and consequent high cost of these metals forced the applicants to use nonprecious metals

as alternatives in the research and industrial fields. Synthesis in nanoscale can distinctly enhance

the catalytic activities of the nonprecious metals. The tiny size of the nanostructures makes using

them in a free state a difficult task; therefore, the immobilization of the metallic nanostructures on

proper supports became an urgent and hot research topic. Advanced energy devices are the most

important target to utilize the immobilized nonprecious metals as electrodes. Consequently, writing

a book that contains the up-to-date reported strategies in the immobilization of nonprecious metals’

nanostructures is highly recommended. Based on the size and morphology of the nanostructures,

the immobilization methodology and used support were decided. It was realized that carbonaceous

supports, specifically graphene and carbon nanofibers, were widely exploited as supports due to

their high adsorption capacity and excellent electric conductivity. Consequently, this book focused

on the hot research dealing with these two carbonaceous supports. The editor has carefully selected

pioneering researchers in the field of invoking the immobilized nonprecious metals as electrodes in

advanced energy devices to contribute to this book. Overall, in this book, the readers will find a

valuable collection of fantastic and up-to-date applications of immobilized nonprecious metals on

graphene and carbon nanofiber supports as electrocatalysts.

Nasser A. M. Barakat

Editor

ix





Citation: Barakat, N.A.M.

Immobilized Non-Precious

Electrocatalysts for Advanced Energy

Devices. Catalysts 2022, 12, 607.

https://doi.org/10.3390/

catal12060607

Received: 13 May 2022

Accepted: 25 May 2022

Published: 2 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

catalysts

Editorial

Immobilized Non-Precious Electrocatalysts for Advanced
Energy Devices

Nasser A. M. Barakat

Chemical Engineering Department, Minia University, Elminia 61519, Egypt; nasser1995@hotmail.com

The expected near depletion of fossil fuels encourages both the research and industrial
communities to focus their efforts to find effective and sustainable alternatives. Electro-
chemical devices, including fuel cells, batteries, supercapacitors, solar cells, etc., have been
found to be the optimal life raft away from this dilemma. Aside from the potential for power
generation from untraditional energy sources such as wastewater, electrochemical devices
are highly recommended from an environmental point of view. The zero-emission of the ex-
haust gases greatly helps to solve one of the most dangerous problems currently facing the
planet: the increasing climate temperature. Therefore, it would not be an exaggeration to
claim that the development of electrochemical devices is considered an existential demand.

In the first era of these promised devices, precious metals such as platinum, palladium,
and ruthenium were the main constituents in the manufacture of both cathodes and an-
odes. However, their high cost constrains the commercial application of these devices [1].
Compared to anodes, precious metal-based compounds as cathode materials were widely
exploited. However, the thermodynamic potential of ORR (1.23 V vs. NHE at standard
conditions) is so high that the Pt electrode cannot remain pure. Accordingly, the perfor-
mance decreases due to the formation of PtO [2,3]. Consequently, non-precious metals
must be used as electrodes in electrochemical devices not only for cost-decreasing reasons
but also for the long-term use of these devices. In this regard, numerous non-precious elec-
trodes have been introduced for different electrochemical devices including fuel cells [4–6],
supercapacitors [7], batteries [8], and others [9–12].

Since most of the electrochemical reactions can be considered a combination of ad-
sorption and chemical reaction, carbonaceous materials are widely invoked as supports
for different functional materials. Specifically, carbon nanostructures including graphene,
carbon nanotubes, and carbon nanofibers show a distinguished enhancement in electrocat-
alytic activity. Their large surface area and well-known high adsorption capacity improves
both mass transfer and reaction(s) kinetics operations. Therefore, different techniques have
been proposed for the immobilization of the functional materials on proper supports.

In this regard, this Special Issue entitled “Immobilized Non-Precious Electrocatalysts
for Advanced Energy Devices” aims to collect innovative and high-quality research. Along
with being a highly informative review article in the field of green hydrogen production,
this issue contains nine articles introducing different functional non-precious materials
immobilized on various supports. Moreover, the guest editor did his best to focus on
popularly discussed topics to draw the maximum amount of attention from the researchers
working in the advanced energy devices field. Consequently, a variety of interesting topics
are covered in this issue including urea electrooxidation, dye sensitized solar cells, oxygen
reduction reactions, and methanol & ethanol electrooxidation.

In summary, the current Special Issue covers cutting-edge techniques for addressing
open problems about the use of non-precious metals in the most appealing energy devices
and the immobilization of these functional materials on appropriate supports. Finally, the
guest editor wishes to thank the editorial staff for their professional help as well as all the
contributed authors for their outstanding scholarly contributions.

Catalysts 2022, 12, 607. https://doi.org/10.3390/catal12060607 https://www.mdpi.com/journal/catalysts1
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Abstract: In the near future, primary energy from fossil fuels should be gradually replaced with
renewable and clean energy sources. To succeed in this goal, hydrogen has proven to be a very
suitable energy carrier, because it can be easily produced by water electrolysis using renewable energy
sources. After storage, it can be fed to a fuel cell, again producing electricity. There are many ways
to improve the efficiency of this process, some of them based on the combination of the electrolytic
process with other non-electrochemical processes. One of the most promising is the thermochemical
hybrid sulphur cycle (also known as Westinghouse cycle). This cycle combines a thermochemical
step (H2SO4 decomposition) with an electrochemical one, where the hydrogen is produced from the
oxidation of SO2 and H2O (SO2 depolarization electrolysis, carried out at a considerably lower cell
voltage compared to conventional electrolysis). This review summarizes the different catalysts that
have been tested for the oxidation of SO2 in the anode of the electrolysis cell. Their advantages and
disadvantages, the effect of platinum (Pt) loading, and new tendencies in their use are presented.
This is expected to shed light on future development of new catalysts for this interesting process.

Keywords: Green Hydrogen; SO2 electrolysis; electrocatalysts; Westinghouse cycle

1. Introduction

Nowadays, hydrogen is considered an actor with a significant role in tackling climate change
and poor air quality. Hydrogen can, in particular, be produced from a broad range of renewable
energy sources, acting as a unique energy core providing low or zero emission energy to all energy
consuming sectors. Thus, Europe, through the Fuel Cells and Hydrogen Joint and Undertaking
(FCH-JU) assessed different “Green Hydrogen” pathways, which as of today have already become
nearly commercial, have already undergone extensive research in past or ongoing programs in Europe,
or are internationally providing evidence of their general promise for be ready for commercialization.
Figure 1 shows the different processes for producing hydrogen from renewable energy sources, and
the ones which were selected as more promising after a deeper evaluation [1].

On the way to a “hydrogen economy” [2] and “Green hydrogen”, the ideal raw material
is, obviously, water. However, the single step thermal dissociation of water to hydrogen and
oxygen is one of the most challenging processes for producing hydrogen in practice [3], due to
its unfavorable thermodynamics.

There are different routes to produce hydrogen with low or zero CO2 emissions, including
promising processes based on water splitting (in which new catalysts are being developed)—
photoelectrochemical water splitting [4–6], thermochemical cycles [3,7,8] or hybrid thermochemical
cycles [9,10] are some examples. Hybrid thermochemical cycles using a high temperature thermal
source have been proposed as one of the most promising technologies for massive hydrogen

Catalysts 2019, 9, 63; doi:10.3390/catal9010063 www.mdpi.com/journal/catalysts
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production [11]; moreover, they have been included as one of the candidates for “Green hydrogen”
production, as it can be seen in Figure 1.

Figure 1. Proposed and selected (highlighted in green) “Green Hydrogen” production pathways in the
European Union (EU) (adapted from [1]).

One of the leading thermochemical cycles to produce hydrogen with a high sustainability is
the hybrid Sulphur cycle, also known as the Westinghouse cycle. It is a hybrid electrochemical–
thermochemical cycle [9]. It was originally proposed in 1975 [12] and developed by Westinghouse
electric corporation. The process is labelled “hybrid” because of the substitution of one thermochemical
reaction by the electrochemical oxidation of SO2 with water to yield sulphuric acid and hydrogen [3,13].
What makes this process interesting is its low theoretical cell potential of 0.158 V (versus SHE), which
when compared with direct water electrolysis (E0 = 1.23 V versus SHE) makes the Westinghouse
process a great alternative in terms of electric energy consumption [3].

Figure 2 shows a possible configuration of the Westinghouse cycle. It consists of two main steps.
In the first step, SO2 is electrochemically oxidized at the anode to form sulphuric acid, protons and
electrons (E0 = 0.158 V versus SHE). The protons are conducted across the electrolyte separator to
the cathode, where they recombine with the electrons to form hydrogen, according to Equations (1)
and (2) [3,13–16].

SO2(aq) + 2H2O → H2SO4(aq) + 2H+ + 2e− (1)

2H+ + 2e− → H2(g) (2)

The second step, common to all sulphur-based thermochemical cycles, is the result of two
successive reactions. As sulphuric acid is vaporized (ca. 650 K) and superheated (ca. 900 K), it
decomposes into water and sulphur trioxide. The following reaction is the catalytic decomposition, at
temperatures higher than 1000 K, of the SO3 to produce oxygen and sulphur dioxide (Equations (3)
and (4)) and downstream are separated [3,13–15].

H2SO4(aq) → SO3 + H2O(g) (3)

SO3 → SO2 + 1/2O2 (4)

4
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Figure 2. Scheme of the Westinghouse cycle.

The sulphuric acid decomposition has been widely investigated in different studies, such as the
one from Sandia National Laboratories [11], and most efforts have been devoted to the optimization
of the SO2 depolarized electrolysis (the electrochemical stage) to increase the global efficiency of the
cycle [16]. Challenges for this process are the reduction of the overpotentials in the electrolysis step in
order to improve the overall efficiency of the process—the development of high corrosion resistance
materials due to the use of acid solutions. Also, as for the thermochemical step in which H2SO4 has
to be decomposed at very high temperatures, only high-temperature energy sources suitable for this
process, such as concentration solar energy or nuclear energy. In terms of efficiency and costs, an
optimal efficiency is 47% for a nuclear heat source with a hydrogen cost of 4 $/kg [3].

The first design of the SO2 electrolyzer was developed by Westinghouse Corp. in the 1970s, and it
consisted of a conventional electrolysis cell with two compartments separated by a membrane [17].
Modern electrolyzers for this process are based on proton exchange membrane fuel cell (PEMFC)
technology, where the membrane–electrode–assembly (MEA) is the core of the cell [18]. Figure 3 shows
a scheme of a PEM electrolyzer for SO2 depolarized electrolysis.

As mentioned before, the electrolysis step is one of the parts that has to be optimized. One of
the proposed goals for this step is to operate at 0.6 V and 0.5 A/cm2 [19]; however, this has not been
yet reached.

The anodic electrocatalysts are the key factor to improve SO2 electrolysis efficiency, as it is
necessary to find catalysts with not only high activity but high stability and low costs. At the beginning,
anodized electrodes with noble metals like Pt, Pd, Rh, Au, Ru, Re, or Ir were investigated, being the
first to achieve better results [20,21]. Now the catalyst technology used in PEMFC systems has been
copied, and the electrodes are based on a catalyst supported by carbon-based materials deposited on
gas diffusion layers.

5
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Figure 3. Scheme of a SO2 depolarized electrolysis cell based on proton exchange membrane
(PEM) technology.

This manuscript aims to provide a review on recent developments in electrocatalysts for SO2

depolarization electrolysis. To the authors’ knowledge, there is no review on this topic. In addition,
taking into account the great impulse that renewable energies have in the world, and that the hydrogen
produced with zero emission technologies can be one of the actors in the future energy scenario, this
work can give an overview of the current status and future prospects of the catalysts for improving the
electrochemical stage of the hybrid sulphur cycle.

2. Platinum-Based Catalysts

Platinum, as noble metal, is a well-known catalyst that has been widely used in fuel cells. It was
one of the first studied catalysts for SO2 electrolysis to produce hydrogen, showing great catalytic
performance for the electro-oxidation of SO2; however, its high price is a disadvantage for this material.
For this reason, in recent years different materials have been examined and compared with this noble
metal, in order to find a better option to be employed as catalyst.

Seo and Sawyer mention the necessity of pretreating the electrode to activate it, forming an
oxide layer at high potentials, which is then stripped when negative potentials are applied to obtain
the desired surface characteristics [22]. This paper also shows that the initial preconditioning of the
electrode affects its performance. They recommend choosing an initial voltage of −0.15 V (versus
Saturated Calomel Electrode, SCE). In a later study [23], the authors investigated the oxidation
mechanism of SO2 on platinum electrodes, demonstrating that the process is mass-diffusion controlled
and is an electrochemical–electrontrasfer process at potentials lower than those needed for platinum
oxide formation (<0.42 V versus SCE). Whereas, a chemical reaction occurs between sulfite and
anodically-formed oxide at higher potentials. The same result regarding the oxidation mechanism on
platinized platinum supported on porous carbon electrodes was obtained by Wiesener [24]. Appleby
and Pinchon compared the catalytic activity of pure black platinum with other noble metals supported
on carbon materials, using a rotating-disk paste electrode at 3000 rpm [21]. They obtained 0.3 A/cm2

with 10% Pt on Norit BRX at 0.7 V (versus SHE), which they considered a good result. Nevertheless,
pure black platinum showed a better catalytic activity, with approximately 0.5 A/cm2 at 0.7 V (versus
SHE). Platinum supported on 2 μm graphite spheres showed poor activity, probably due to lower
surface area, demonstrating that the SO2 oxidation is highly substrate-dependent. In this work, they
suggest using an acid concentration of 50 wt % for optimal results. Lu and Ammon used 50 wt %
H2SO4 at 25 ◦C and atmospheric pressure for SO2 electro-oxidation [20]. Pre-anodized electrodes
showed reproducible data when being pre-treated, as mentioned before [22]. The authors obtained
a limiting current density of only 1.2 mA/cm2 at 0.8 V (versus SHE) for a platinum electrode. In a
different study, Lu and Ammon compared the performance of a Pt-catalyzed carbon plate electrode

6
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with a carbon cloth-supported electrode in an SO2-depolarized electrolyzer [25]. They developed
an electrolyzer with a loading of 7 mg/cm2 of platinum on the anode and with a potential of 0.77 V
(versus SHE) at a current density of 0.2 A/cm2 in a new electrolyzer configuration (50 wt % H2SO4;
50 ◦C, atmospheric pressure). In a carried-out endurance test for 80 h at 0.1 A/cm2, the stabilized
voltage was ca. 675 mV, obtaining a hydrogen purity of 98.7%.

Scott and Taama used a Pt/Ti electrode for the electrolysis of SO2 for testing its current
efficiency [26]. At a current density of 10 mA/cm2 and 20 ◦C, the current efficiency was initially greater
than 95% and it decreased with time as the concentration of sulphite fell, indicating that the oxidation
of sulphite is almost entirely controlled by mass transfer. Recent works have generally involved high
active surface area electrodes, where the catalyst is loaded on dispersed conductive carbon particles.
Thus, Weidener et al. [27] prepared a membrane electrode assembly (MEA), spraying an ink containing
40 wt % Pt onto the gas diffusion layer until desired loading was achieved. They obtained a voltage
of 0.7 V at 0.3 A/cm2 for a catalyst loading of 1 mgPt/cm2 and 0.83 V at 0.3 A/cm2, using the half
Pt loading. Steimke and Steeper compared the performance of two different cells [28]. One of them
had porous titanium as the electrode in both the anode and cathode, with platinum black as catalyst
on the titanium surface, a loading of 4 mgPt/cm2, and a specific area for the catalyst of 25 m2/g.
In the second cell, platinum was added to the Nafion membrane. The authors prepared a slurry
consisting of 40 wt % platinum on carbon and Nafion solution, which was hot pressed onto the Nafion
membrane used in the MEA configuration, the platinum loading for the anode and the cathode was
0.5 mgPt/cm2. For the second cell, the authors obtained the lowest cell voltages for the highest tested
sulfur dioxide concentration and the highest anolyte flowrate. Later, the same authors [29] tested six
different MEA configurations for the electrolysis of SO2. The best results were obtained for a Pt loading
of 0.88 mgPt/cm2 onto the anode side with 0.75 mV at 0.3 mA/cm2 at 4 bar and 70 ◦C. For this study,
the catalyst containing ink was sprayed on the shiny Teflon-coated side of each gas diffusion layer,
until the required Pt loading was achieved. Colón-Mercado and Hobbs compared the catalyst activity
of platinum supported on carbon and a pure platinum black electrode [30]. When the Pt was to be
supported on carbon, an ink was prepared and placed onto the gas diffusion layer. They also studied
the electrocatalytic activity of platinum at different temperatures and acid concentrations. For example,
potentials for Pt/C were measured at 0.51 V, 0.56 V and 0.63 V versus SHE in 3.5 M, 6.5 M and 10.4 M
H2SO4 solutions, respectively, and it exhibited instability in very high H2SO4 concentrations (10.4 M)
at temperatures of 50 ◦C and above.

Allen et al. [31] observed that the response of a platinum disk electrode was different depending
on the lowest minimum potentials applied in a cyclic voltammetry. Three main oxidative peaks were
obtained. The first peak appeared before the formation of platinum oxide which occurs at potentials
above 0.90 V (SHE), meaning that peaks II and III were influenced by the formation of these compounds.
When the initial voltage was lower than 0.2 V the oxidation scenario was defined to some extent by
acid concentration. Furthermore, by increasing acid concentration, the reaction was inhibited.

2.1. Effect of Platinum Loading

At the beginning, the Pt loading in the tests performed by Westinghouse in the 1980s was as high
as 10 g Pt/cm2. However, new electrode configurations allowed them to reduce the catalyst loading to
1 mgPt/cm2, with no penalty on cell performance [17].

Nowadays, as in the case of the PEMFC technology, the aim is to use the minimum Pt loading
possible, in order to minimize the costs of the system. As a consequence, the effect of Pt loading has
been studied by different research groups. Thus, the effect of Pt loading as a catalyst was studied
by Lee et al. [32]. They used a three-electrode electrochemical cell with H2SO4 as the electrolyte.
Five different Pt loadings were tested (0.40, 0.80, 1.30, 2.34 and 4.02 mg/cm2) by cyclic voltammetry
(CV) in a deaerated 4.8 wt % H2SO4 solution. The current level of the CVs increased with an increase
in the Pt loading amount over the whole potential range. Figure 4 shows the evolution of the current
density for a value of voltage depending on the Pt loading.
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Figure 4. Apparent current density in the potential range of 0.6–1.4 V against platinum (Pt) loading [32].
Reprinted by permission of [24]. Copyright Elsevier Science BV. 2009.

The catalyst electrochemical active surface area (ESA) was calculated with these data, and it was
concluded that the ESA did not increase at the same level as the Pt loading increased. This means
that utilization of Pt decreased with loading, due to higher inactive sites (interfaces between particles,
support and binding material). A study of the effect of Pt loading on SO2 oxidation was carried out in
an SO2-saturated 50 wt % H2SO4 solution. The limiting current density increased as the Pt loading
increased. For a cell potential of 0.6 V, the apparent current density increased from 6.3 × 10−3 to
1.4 × 10−2 A/cm2 with an increasing Pt loading amount from 0.4 to 4.0 mg/cm2. However, the current
density remained almost constant at a high potential for the five studied catalyst loadings, indicating
that the SO2 oxidation reaction is controlled by the diffusion of dissolved SO2 to the electrode in the
high anodic over-potential range. Xue et al. [33] also carried out experiments with different Pt loadings
in the range of 0.2–2.2 mg/cm2. The higher loading amount led to better electrolysis performances,
as a result of more electrochemical reaction sites, peaking at 1 mg/cm2. Increasing the amount of
platinum above that value led to worse performance, due to stacking of catalyst particles on one
another. In addition, an excess of platinum increased the diffusion channel length and impeded the
accessibility of the electro-active ion to the Pt surface [32,33]. For the authors’ set-up, the optimal Pt
loading was 1 mg/cm2 in terms of platinum utilization, and polarization curves result. These authors
also studied the influence of sulphuric acid concentration and temperature on the cell operating
voltage, being the best electrolysis performance at 80 and 30 wt % sulphuric acid. Krüger et al. [34]
evaluated some MEA manufacturing parameters, one of them being the catalyst loading. Their results
are in concordance with studies carried out by previous authors [32,33]. Polarization curves obtained
at 80 ◦C for catalyst loadings of 0.3, 0.5 and 1 mgPt/cm2 showed that the best performance was for the
catalyst loading of 1 mgPt/cm2. However, it should be noted that for the catalyst loadings of 0.3 and
0.5 mgPt/cm2, the platinum was supported on carbon, and for the highest catalyst loading platinum
black was used.

Staser et al. [35] evaluated the effect of catalyst loading on the anodic overpotential suing a model
and in the range of 0.001 to 1.5 mg Pt/cm2. It was found that the anodic overpotential was mainly
dependent on the slow oxidation kinetics, with ohmic losses and concentration losses comprising
only a negligible fraction of the total losses. Moreover, at catalysts loadings below 0.1 mg/cm2 the
anodic overpotentials increased exponentially, and the optimum loading was found to be 0.2 mg/cm2.
However, no experimental tests have been found to support these results.
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2.2. Combination of Platinum with Other Metals

As platinum has a high cost, the catalytic activity of some catalysts based on platinum but mixed
with other metals have been investigated. The goal of this approach is to obtain catalysts as good as
platinum, or even better materials for the electrochemical reduction of SO2 with a lower cost, which
would make it easier to scale the process.

Xue et al. [18] studied the electrochemical catalytic activity of different bi-metallic materials
based on platinum. Vulcan XC-72R was the support for all catalysts. The metals that were employed
were palladium, rhodium, ruthenium, iridium, and chromium. The total metal content was 60 wt %,
with an atomic ratio of Pt–M 1:1. The catalyst loading was 1 mg metal/cm2. Figure 5 shows the
performance of each catalyst, and for comparison purposes, platinum supported on a Vulcan XC-72R
is also shown. The catalysts were evaluated at room temperature and in 30 wt % sulphuric acid
concentration. The results showed that the best catalyst was 60 wt % Pt-Cr/XC72R, which was better
than the catalyst containing only platinum.

Figure 5. Polarization curves of Pt/C and Pt-based bimetallic catalysts for SO2 depolarized
electrolysis [18]. Reprinted by permission of [24]. Copyright Elsevier Science BV. 2014.

In this work [11], the influence of the atomic ratio was also studied. The ratio 1:2 (Pt:Cr) resulted
in equal or even better electrolysis performance than that of 60 wt % Pt/C. Also, the catalyst Pt–Ir/C
showed promising results.

Falch et al. [36] studied the possibility of using plasma sputtering to form a electrocatalytic film of
platinum and palladium. Both metals were sputtered at the same time to obtain bimetallic materials.
Catalysts with different molar ratios of Pt and Pd were prepared. The compositions ranged from a
Pt composition of 0 (pure palladium) to 1 (pure platinum). This technique allowed homogeneous
distribution of both metals in the surface. The onset potential of the prepared catalysts was measured,
as it is an indicator of catalytic activity [37–39]. The combinations with the lowest onset potential were
Pt3Pd2 (0.587 V), Pt2Pd3 (0.590 V) and PtPd4 (0.587 V), which exhibited an onset potential slightly lower
than that of pure platinum (0.598 V). The combination with the most promising results was Pt3Pd2,
which was further investigated by the same authors [40]. The effect of thermal annealing on that
sputtered catalyst and on pure platinum was investigated. Catalyst films were deposited as mentioned
previously. The samples were annealed at temperatures ranging from 600 ◦C to 900 ◦C. The surface of
the materials after deposition were smooth with no cracks; however, when increasing the temperature
up to 900 ◦C, a discontinuous grain surface was formed. They measured the electrochemical surface
area for pure platinum and the mixture Pt3Pd2 when it was rapidly annealed, and for a non-annealed
sample. The annealing process clearly decreases the electrochemical active area, but for the Pt being
smaller than for Pt3Pd2, this difference increased with an increase in the annealing temperature.
Regarding onset potential, results showed that annealing does not have a positive influence on the
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catalyst, because it is higher than when they are not annealed for both platinum and Pt3Pd2. However,
this technique does increase the lifetime of the catalysts in an acidic environment for Pt and Pt3Pd2 and
normalised current density. The next step in their research was to add a non-noble metal, aiming better
catalyst activity and a lower price. Falch et al. [41] developed a film composed of platinum, palladium
and aluminium, which are co-sputtered on a support. They made improvements on the onset potential
and in current density, obtaining 396.73 mA/mgPt with the ternary combination Pt40Pd57Al3. Results
changing Pt content show how the normalised current density increases with decreasing platinum
content, from 100 mA/mgPt for pure platinum to 400 mA/mgPt for Pt40Pd57Al3. They concluded
that the addition of other metal enhanced the electrocatalytic performance. Also, when annealed
the ternary catalyst Pt40Pd57Al3 increases the amount of aluminium on the surface. Xu et al. [42]
synthetized a Pt/CeO2/C catalyst for enhancing the SO2 electro-oxidation. ESA measurements showed
that adding CeO2 increased the active area of the catalysts, i.e., Pt/10CeO2/C (810.60 cm2/mg Pt)
and Pt/20CeO2/C (765.10 cm2/mg Pt), which almost doubled Pt/C (429.10 cm2/mg Pt). The ESA
of Pt/30CeO2/C was 512.90 cm2/mg Pt and that of Pt/40CeO2/C was 428.40 cm2/mg Pt. Catalysts
with a content of CeO2 below 50% gave current densities lower than for Pt/C, with the best ratio being
Pt/20CeO2/C. The enhanced SO2 electrooxidation of Pt/CeO2/C composite catalysts was attributed
to the oxygen provided by CeO2, but no tests in an electrolysis cell were performed to support their
findings of the half cell.

As summary, Figure 6 shows the values of voltage reached at different current densities obtained
by different authors from 1980 until 2016, where it can be seen that there has been an improvement.
However, in all cases the voltages are higher than the target proposed of 0.5 V at 0.5 A/cm2.
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Figure 6. Evolution of cell performance for SO2 electro-oxidation with platinum-based catalysts.
Data taken from bibliography.

3. Gold-Based Catalysts

In the early development of the electrolyzer for the hybrid sulphur cycle, gold was studied
together with platinum as a catalyst for SO2 depolarized electrolysis.

Seo et al. [23] studied the electrochemical oxidation of sulphur dioxide on platinum and gold
electrodes. The results on gold electrodes showed that reproducible data is obtained by scanning
three or four times between −0.15 and 1.5 V (SCE). Compared with a platinum electrode, gold was
easier to activate, due to the ease with which gold surface oxide films dissolve in acid solutions.
However, extensive cathodization inhibited the electrode activity. They also distinguished two modes
for the electrochemical oxidation of SO2 on gold, a pure electrochemical process and a chemical
oxidation process. Appleby et al. [21] determined that gold is less promising than platinum, because
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the oxidation of SO2 involves participation of chemisorbed H, OH or O species. Rates for these
processes are strongly influenced by the chemisorption properties of the substrate, and are several
orders of magnitude higher on platinum than on gold. On the contrary, Samec and Weber [43] studied
the oxidation of SO2 dissolved in 0.5 M H2SO4 on a rotating disc gold electrode. These authors
reported a considerable enhancement of the SO2 oxidation reaction after a preliminary voltammetry
cycle to potentials encompassing SO2 reduction. They proposed that oxidation of SO2 on gold
electrodes proceeds through an adsorbed intermediate, which is displaced from the electrode at
voltages higher than 1.5 V when the oxide is formed; the oxidation current decreases to a fraction
of the limiting current density at that potential. The authors also mention that SO2 oxidation is a
mass transfer-controlled process to the electrode. Similar results to Seo et al. [23] were obtained by
Lu and Ammon, which showed similar catalytic activity for gold and platinum with similar limiting
current densities (1.2 × 10−3 mA/cm2 for Pt and 2 × 10−3 mA/cm2 for Au) [20]. Quijada et al.
studied the electrochemical behaviour of SO2 with polycrystalline gold electrodes. They observed the
reduction [44] and the oxidation [45] of SO2 on gold electrodes. Regarding the oxidation of SO2 on gold
electrodes, it starts at a potential of 0.6 V, with a peak located between 0.75 and 0.85 V. This peak was
higher when the concentration of SO2 dissolved in H2SO4 increased, making evident that this process
is mass transfer-controlled, as mentioned before, and similar as on platinum electrodes. These authors
also used sulphur-modified gold electrodes from the study of Samec and Weber [43]. SO2 was reduced
on the gold electrode, and then the effect of sulphur coverage on the kinetics of the SO2 oxidation was
examined. In those conditions, the oxidation of the SO2 peak shifts to lower potentials, for a sulphur
coverage of 0.5—from that point the oxidation peak shifts back. They concluded that gold exhibits a far
better performance towards SO2 oxidation when compared to platinum. O’Brien et al. [46] compared
sulphur catalysis on gold and platinum. They observed that less sulphur is formed on gold electrodes,
and it does not affect the catalytic activity as much as on platinum. Allen et al. [31] observed that a
gold substrate is naturally catalytically active and does not require sulphur coverage for high activity;
in addition, the oxidation mechanism on gold does not change with Elow, whereas on platinum it
does. Kriek et al. [19] modelled the electro-oxidation of SO2 on transition metals. By calculating the
maximum oxidation rate, they observed that platinum and gold are the best candidates among metals
for SO2 oxidation. They concluded that there are a limited number of metals that can be employed, due
to different criteria such as inhibiting SO2 reduction, no surface dissolution, and the metal must not be
poisoned by atomic sulphur. Santasalo-Aarnio et al. [47] coated stainless steel bipolar plates with a
gold layer, in order to catalyse the SO2 oxidation and to improve the stainless steel corrosion tolerance
at operation conditions. Au-coated stainless-steel bipolar plates were tested in a 100 cm2 electrolyser
for five days, and results showed that no significant loss of performance occurred. SO2 oxidation
occurs at potentials higher than 0.6 V for this electrode. Polarization curves at day one were very
similar to the one at day four, indicating that the Au-coated bipolar plates have good durability and
that the coating was not damaged. Nevertheless, the achieved current was very low for both days, and
almost 0.5 A at 0.9 V was achieved in a 100 cm2 single cell, which means that the current density was
only around 5 mA/cm2.

4. Palladium-Based Catalysts

Palladium, as noble metal, has been studied both pure and supported as a catalyst for SO2

oxidation. The first studies on palladium were carried out by Lu and Ammon; in this work, the results
showed a better catalytic activity for palladium than for platinum, due to a higher limiting current
density for the palladium electrode [20]. They also studied the oxidation of SO2 on palladium electrodes
at different temperatures (25, 50, 70 and 90 ◦C), obtaining the best current density for a potential of 0.6 V
(SHE) at 90 ◦C (1.9 × 10−3 A/cm2). They prepared a catalyst based on palladium oxide supported on
carbon, which again, gave higher current densities than a catalyst based on black platinum supported
on carbon. What is more, the authors prepared a catalyst consisting of palladium oxide–titanium oxide
supported on titanium, which exhibited an electrocatalytic activity quite comparable to the black-Pt/Ti.
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Scott and Taama studied the oxidation of SO2 on palladium electrodes, palladium coated graphite,
and palladium-coated Ebonex (a Magneli-phase suboxide of titanium, predominantly Ti4O7) [26].
In this work, the palladium electrode gave a higher limiting current density than platinum. Regarding
palladium-coated graphite a palladium coated Ebonex, linear sweep voltammetry shows complex
curves exhibiting higher current densities than Pd, probably due to its greater exposed surface area.
However, the Pd-coated electrodes showed deterioration. Colón-Mercado and Hobbs exanimated a Pd
supported on carbon catalyst, which showed worse catalytic activity when compared with a catalyst
based on platinum and supported on carbon. Furthermore, the Pd-based catalyst was less stable [30].

5. Catalysts Based on Other Compounds

Most of the works regarding SO2 catalysis have been carried out with special interest on platinum,
and to a lesser extent, on gold and palladium. However, aiming to develop a material with good
catalytic properties and lower price, some other materials have been studied for SO2 electro-oxidation.

Wiesener [24] carried out SO2 electro-oxidations with catalysts based on mixtures of V2O5 and
Al2O3 with different ratios. The main problem for this catalyst is its stability in acidic solutions.
The optimal V/Al ratios were 1:3 and 1:6, because only a portion of vanadium was dissolved, with
an amount ranging from 75 to 80% remaining in the catalyst. In general, this mixture showed worse
catalytic activity than platinum. Appleby and Pinchon examined the catalytic activity of active carbons,
graphites, carbon blacks, transition metal carbides, and precious metals supported on carbons [21].
Their results showed that graphites and carbides had no catalytic activity for SO2 electro-oxidation.
Active carbons had intermediate activity, but current densities were too low for use in any practical
device. Lu and Ammon studied catalysts like RuOx-TiO2 and IrOx-TiO2, supported on titanium,
ruthenium, rhenium, iridium and rhodium (Figure 7) [20]. Ru showed similar catalytic activity
as platinum; however, Ir, Re and Rh electrodes were relatively inactive for SO2 oxidation; also,
RuOx-TiO2/Ti and IrOx-TiOx/Ti electrodes are very ineffective for the electrochemical oxidation of
SO2 in acidic media.

Figure 7. Tafel plots for SO2 oxidation on smooth electrodes of Pt, Pd, Au, Ru, Re, Ir, and Rh in
50 wt % sulphuric acid at 25 ◦C [20]. Reproduced with permission of [12]. Copyright Electrochemical
Society. 1980.

12



Catalysts 2019, 9, 63

Scott and Taama also carried out voltammograms for glassy carbon, graphite electrodes, and
lead oxides showing instability at high potentials [26]. Mu et al. [48] worked on the electrochemical
oxidation of sulfur dioxide on nitrogen-doped graphite (NG) treated at temperatures ranging from 700
to 1000 ◦C. The catalytic activity of this material was compared with the activity of commercial 50%
platinum supported on carbon and only Vulcan carbon XC-72. The results showed that NG treated at
temperatures above 900 ◦C have better catalytic activity than the Vulcan carbon XC-72 without Pt, but
worse than 50% Pt/C. The BET surface area was measured for the doped graphite and increased with
the temperature of the thermal treatment—for example, the BET area for NG800 (thermal treatment
at 800 ◦C) was 301 m2/g, and for NG1000 (thermal treatment at 1000 ◦C) it was 425.8 mg/cm2.
Potgieter et al. [49] evaluated polycrystalline rhodium as a catalyst for SO2 electro-oxidation. When
compared with platinum, Rh showed a lower catalytic activity and was more susceptible to poisoning
by adsorbed intermediate sulphur species. Similar to Pt, for Rh a decrease in starting potential resulted
in an increase on the onset potential, but the catalytic activity of Rh was very limited compared with
Pt, which may indicate that Rh is not suitable for SO2 electro-oxidation. Tulskiy et al. [50] studied
graphite anodes coated with different catalysts, which were Pt, MoO3, RuO2 and WO3. Polarization
curves showed that the catalytic activity of those materials could be arranged following the sequence
Pt > RuO2 > MoO3 > WO3. Zhao et al. [51] developed an Fe–N-Doped carbon-cladding catalyst with
excellent SO2 electrooxidation performance, close to the performance of Pt/C. It showed better stability
when tested in H2SO4. Linear sweep voltammetry shows a catalytic activity similar to 20% Pt/C below
0.7 V (NHE). Physical characterization of the Fe–N-Doped carbon cladding showed a high surface
area, mesoporous structures, and large pore volumes, which contribute to the formation of active sites
and fast transport of reactants, which are beneficial for SO2 electro-oxidation.

6. New Tendencies

The typical proton exchange membrane used in the electrolysis cell is a Nafion membrane.
However, Nafion-based membranes have several limitations, including the inability to operate
at elevated temperatures and decreased performance observed when exposed to high acid
concentrations [35,52]. Thus, nowadays there is a tendency to work with Polybenzimidazole-based
membranes (PBI), which work at high current densities to produce high sulphuric acid concentrations,
and hence improve the efficiency of the electrolysis step of the cycle, as their proton conductivity
does not rely on water [52]. These type of PBI-based membranes have been proposed for operating
at high temperature (100–200 ◦C) for PEMFC technologies since 1995 [53–56]. In the case of the SO2

electrolysis, high temperatures will have a positive impact, as the voltage losses (e.g., kinetic and
ohmic resistances) would decrease [52] and the acid concentration produced could be higher [57].
Nevertheless, although the use of PBI-based membranes (sulfonated one) dates from 2012 [52], tests
at temperatures higher than 90 ◦C were not performed. Garrick et al. [58] has recently shown results
with a sulfonated PBI membrane and commercial electrodes from BASF with 1.0 mgPt/cm2 for both
anode and cathode in a SO2 electrolysis cell operating at 110 ◦C. They concluded that the membrane
resistance was not adversely affected by acid concentration, which offers benefits not seen when using
Nafion. On the other hand, the large anodic overpotentials that exists in this system suggest a need
for improved catalysts, and kinetics would improve with the higher temperatures afforded PBI-based
membranes [58]. In this sense, higher temperatures will mean new challenges for new materials for
this system, not only in terms of membranes and catalysts, but other parts of the cell. Our group has
recently been working on the improvement of the Westinghouse cycle, using PBI-based membranes
and novel catalyst supports for the electrochemical stage of that cycle. In the case of the catalyst
support, we have proposed SiC–TiC based materials, according the previous results obtained for
high temperature PEMFCs [59–62]. Recent results obtained by our group and not published yet have
demonstrated that these non-carbonaceous supports can be a good candidate for the SO2 electrolysis
at high temperatures and very highly acidic conditions. Table 1 shows the values of the current at
1.0 V of cyclic voltammetry in sulphuric acid 1 M, reached before and after some electrochemical
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characterization tests of different catalysts. One of them is Pt supported on Vulcan carbon, and is
commercial available; the other two catalysts were synthesized in our labs using the same method
reported elsewhere [63], but with different support materials—in one case, the catalyst support was
Vulcan XC 72, and the other was a binary carbide, SiC–TiC.

Table 1. Current values at 1.0 V of cyclic voltammetry, carried out before and after electrochemical tests
of Pt-based catalysts supported on different materials.

Intensity (A)

Before After

Pt/C Commercial 0.31 0.29
Pt/C handmade 0.30 0.27

Pt/SiC–TiC 0.22 0.32

It can be observed that the highest currents were achieved by the catalysts based on carbon
supports. After some electrochemical characterization tests (out of the scope of this manuscript)
that could be considered as an accelerate degradation test, the activity of the catalysts based on
carbon supports, as well as the commercial and the handmade catalysts decreased around 6.4%
and 10%, respectively. On the other hand, the activity of the catalysts based on the binary carbide
support increased, which means that these novel supports show a high electrochemical stability for
the electrochemical oxidation of SO2 and are very promising for this electrochemical system.

7. Conclusions

This review points out that Pt-based catalysts are the most promising materials to be implemented
in the electrolyzers of the Westinghouse process. Nevertheless, their performance is still lower than the
target required for full scale applications (at least 0.5 A/cm2 at a cell voltage of 0.6 V is recommended),
as can be observed in Table 2, where the most relevant catalysts reported in this work are shown.
Further work has to be done in the coming years in order to reach a marketable technology.

Table 2. Most relevant results for different catalysts employed on SO2 electrolysis.

Ref. Year Catalyst Electrode
Current (A/cm2)
(@ V vs. RHE)

Pressure
(bar)

Temperature
(◦C)

[H2SO4]
(wt %)

Test Array

[24] 1973 V/Al2O3 (1:3) 6.9 mgV/Al/cm2 0.048 (0.69) 1 100 3.8 (M) half cell
[21] 1980 Platinum 3 mgPt/cm2 0.316 (0.65) 1 50 55 half cell
[25] 1982 Pt/C 7 mgPt/cm2 0.200 (0.77) 1 50 50 single cell
[26] 1999 Pd Palladium electrode 0.033 (0.76) 1 25 0.5 (M) half cell
[26] 1999 Graphite Graphite electrode 0.021 (0.76) 1 70 0.5 (M) half cell
[28] 2005 Pt/C 0.88 mgPt/cm2 0.300 (0.73) 4 70 30 single cell
[13] 2007 Pt/C 1 mgPt/cm2 0.400 (0.79) 1 80 (SO2 gas) single cell
[45] 2012 Au Au electrode 0.080 (0.70) 1 22 1 (M) half cell
[33] 2013 Pt/C 1 mgPt/cm2 0.100 (0.75) 1 80 30 single cell
[18] 2014 Pt-Cr(1:2)/C 1 mgPt-Cr/cm2 0.020 (0.80) 1 25 30 half cell
[48] 2015 NG 2 mg 0.15 A (0.9) 1 25 0.5 (M) rotating disk
[47] 2016 Au Au coating on 904L 0.005 (0.90) 1 25 15 single cell
[47] 2016 Au Au coating on 904L 0.045 (0.75) 1 25 15 half cell
[49] 2016 Pt Platinum electrode 0.200 (0.73) 1 25 0.5 (M) rotating disk
[50] 2016 RuO2 3 mgRuO2/cm2 0.1 (0.74) 1 25 0.5 (M) single cell
[50] 2016 WO3 3.8 mgWO3/cm2 0.1 (0.84) 1 25 0.5 (M) single cell

As it is a general trend in the development of low-temperature fuel cells and electrolyzers,
researchers try to decrease the Pt loading, in order to lower the price and make this technology more
competitive. Nowadays, the typical Pt loading in the electrolyzers of the Westinghouse process is
around 1 mg Pt/cm2. However, this value may be easily decreased if novel deposition techniques and
novel supports are translated from already existing PEMFC technology. Another way that is currently
being used to the face decrease in the use of Pt is replacing it with other metals. Pt–Cr and Au catalysts
are the most promising substitutes of Pt catalysts, although results obtained with them are currently
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far away from the desired targets. A final way to improve the SO2 depolarized electrolysis for the
production of hydrogen is the rise in the operation temperature, which will favor the kinetics of the
process, and hence, decrease the requirements of Pt in the electrode. However, this increase must face
important challenges, such as the lower cell durability because of the higher thermal stress, which
affects not only the catalyst but also other cell components, such as the membranes.

Anyhow, it is important to keep in mind that most of the results found in the literature come from
studies carried out in half cells or in three-electrode assemblies using rotating electrodes. More essays
in complete electrolyzers are required to support the results obtained with those catalysts, as well as
clarifying the more relevant aspects of the scale-up of the process. Hence, there is still a very wide slot
in this technology for development, which hopefully will be filled in the next years.
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Abstract: One of the processes most studied in bioenergetic systems in recent years is the oxygen
reduction reaction (ORR). An important challenge in bioelectrochemistry is to achieve this reaction
under physiological conditions. In this study, we used bilirubin oxidase (BOD) from Myrothecium
verrucaria, a subclass of multicopper oxidases (MCOs), to catalyse the ORR to water via four electrons
in physiological conditions. The active site of BOD, the T2/T3 cluster, contains three Cu atoms
classified as T2, T3α, and T3β depending on their spectroscopic characteristics. A fourth Cu atom; the
T1 cluster acts as a relay of electrons to the T2/T3 cluster. Graphite electrodes were modified with BOD
and the direct electron transfer (DET) to the enzyme, and the mediated electron transfer (MET) using
an osmium polymer (OsP) as a redox mediator, were compared. As a result, an alternative resting (AR)
form was observed in the catalytic cycle of BOD. In the absence and presence of the redox mediator,
the AR direct reduction occurs through the trinuclear site (TNC) via T1, specifically activated at
low potentials in which T2 and T3α of the TNC are reduced and T3β is oxidized. A comparative
study between the DET and MET was conducted at various pH and temperatures, considering the
influence of inhibitors like H2O2, F−, and Cl−. In the presence of H2O2 and F−, these bind to the TNC
in a non-competitive reversible inhibition of O2. Instead; Cl− acts as a competitive inhibitor for the
electron donor substrate and binds to the T1 site.

Keywords: oxygen reduction reaction; bilirubin oxidase; direct electron transfer; mediated electron
transfer; osmium polymer

1. Introduction

One of the most interesting phenomena to have been intensively studied over the last 25 years
is the electronic coupling between the redox cofactor of proteins and electrodes by direct (DET) or
mediated electron transfer (MET) reactions [1,2]. The oxygen reduction reaction (ORR) is considered
one of the most important electrocatalytic reactions due to its implication in biological systems as well
as in industrial processes [3,4]. Multicellular living organisms use oxygen as an electron (e−) acceptor,
for example, in the respiratory chain [5,6]. In fuel cells chemical energy is converted into electrical
energy through the ORR [3,4,7–9]. Many fungi and bacteria use oxygen as a signalling molecule [10–12]
to form hydrogen peroxide and degrade wood and lignocelluloses. In nature this reaction is catalysed
mainly by Cu containing proteins, such as multicopper oxidases (MCO) [13,14]. MCOs constitute
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a family of enzymes that includes laccase (Lc), ascorbate oxidase, bilirubin oxidase (BOD), CotA,
Fet3p, CueO and ceruloplasmin [15]. They are important for Fe metabolism and related disease
states, antibiotic biosynthesis, biotechnology, bioremediation, biosensing and BFCs [8,15]. These
enzymes can be immobilized directly on the electrode (DET) or using small redox molecules (MET)
that facilitate electron transfer between the redox centre of the enzyme and the electrode [1,2,6,16].
Several studies have been conducted on Cu enzymes to gather more information about the ORR and
how to reproduce this reaction with synthetic and biological materials. In this sense, MCOs have been
identified as particularly efficient catalysts of the ORR, carrying out fast, four-electron reduction at low
overpotentials [17]. BODs, a sub-class of MCOs containing four Cu ions per one enzyme molecule,
were discovered in 1981 by Tanaka and Murao [18], and first used for the detection of bilirubin [19] and
later for the reduction of O2 [20,21]. According to their magnetic and optical properties, the Cu atoms
are classified into three types T1, T2 and a binuclear T3 (T2 and T3 sites are combined in a tri-nuclear
cluster or TNC) [16,22–24]. The single-electron oxidation of substrates occurs at the proximal T1
site, with the 4-electron reduction of O2 taking place at the TNC [19]. The 4 electrons are quickly
transferred from the T1 site to the MCO TNC via a histidine-cysteine-histidine ligand [19]. In 2008
the resting oxidised form of the enzyme was proposed and lately an AR form was characterized by
crystallography, spectroscopy and electrochemistry [25,26]. AR was found to occur only with high
potential MCO where the T1 has a high enough potential to perform the one-electron oxidation of
the TNC that produces AR [27]. The activation for catalysis of these different forms was assessed.
The results showed that the AR form can only be activated by low-potential reduction, in contrast to
the resting oxidized form, which was activated via T1 at high potential [26]. This difference in activity
was correlated to differences in redox states of the two forms [26].

A main limitation for enzyme-modified electrodes is related to the electron transfer between
the enzyme active sites and solid conducting supports (electrodes). Alternatively, mediated electron
transfer (MET) involves small redox molecules that shuttle electrons from enzyme to electrode [5,28].
Most of the highest reported current densities are produced by MET-type electrodes, because enzyme
molecules may be electrochemically active in multiple layers and at any orientation [29]. Osmium
polymers have been used extensively as electron-transfer mediators to bind MCOs to the electrode
surface [30–39]. Nevertheless, the reactivation of BOD in the presence of osmium polymer has never
been studied before. Herein, the electron transfer processes for the different states of BOD in the
presence of an osmium polymer were studied and compared to DET.

It is known that the activity of Lc and BOD can be inhibited by halide anions; however, BOD
is less sensitive to Cl− ions than Lc [23,40]. For example, F− acts as a non-competitive inhibitor that
interrupts electron transfer between MCOs’ T1 and TNC [23,41]. Other studies on Lc with H2O2 have
demonstrated a reversible non-competitive inhibition of the enzyme due to oxidation of the T3 Cu
site [31]. To the best of our knowledge, the effect of inhibitors was never studied in the presence of
redox mediators and compared to DET. In this work the effect of pH, temperature and of the inhibitors
was studied when in the presence or in the absence of osmium polymer and the action from H2O2 and
F− anions were analysed in the activation of the AR form in the DET and MET of bilirubin oxidase on
graphite electrodes.

2. Results and Discussion

2.1. Electrochemical Characterization

MCOs couple the oxidation of bilirubin to the reduction of oxygen to water through four copper
atoms: a T1 Cu atom that functions as an electron relay and a trinuclear cluster (2T3 denominated as
T3α, T3β and 1T2 Cu atoms) where the reduction occurs. The substrate for T1 can be substituted with
a source of electrons, for example, a graphite electrode.

Therefore, when BOD is immobilized on the surface of graphite electrodes the T1 redox centre is
responsible for shuttling the electrons from the electron surface to the T2/T3 cluster.
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The cyclic voltammograms provide important information about the immobilized enzyme. It is
important to note that electrocatalysis by adsorbed enzymes presents a residual slope and therefore
voltammetry curves show a linear response, suggesting that the electrode follows Ohm’s law. However,
Armstrong and co-workers explain that this effect could be because the enzymes are not adsorbed
homogeneously on the electrode [42,43]. At the same time, this effect is much more evident when
the studies were carried out at different pH and temperature as will be described below. Meanwhile,
spectroscopies and electrochemistry are used to identify different resting forms of MCOs. One of these
forms corresponds to a fully oxidized resting form (RO), which is derived from the decay of the native
intermediate (NI) [27]. Another resting state called alternative resting form (AR) was identified in some
high redox potential MCOs, such as BOD from CotA, Bacillus subtilis [44], Myrothecium verrucaria [45]
(Mv-BOD), Trachyderma tsunodae [45] (Tt-BOD), Magnaporthae orizae [45] (Mo-BOD), Pleurotos ostreatus
and Bacillus pumilus [45] (Bp-BOD). Figure 1A shows typical cyclic voltammograms (CVs) of an edge
graphite electrode modified with 10 μL of 0.2 mM BOD solution in the absence and in the presence of
O2. The scans were carried out cathodically in 0.1 M phosphate buffer solution at pH 7. In the absence
of O2 (blue line), non-faradaic processes were observed due to the large surface area of the graphite
electrode and its corresponding charging/discharging process. A non-modified graphite electrode
would present an almost identical cyclic voltammogram, and therefore it is not shown in the figure.
The black and red lines in Figure 1A correspond to the first and second scans, respectively, in O2

saturated buffer for a fresh electrode. For the first scan (Figure 1A, black line) the voltammogram on
the forward sweep is characterized by two hysteresis observed at ~0.40 V and ~0.1 V vs SCE, indicating
an activation step at low potentials for the ORR. During the second scan the onset for O2 reduction
occurs at ~0.5 V. The hysteresis obtained during the first scan suggests that many molecules of the
enzyme in direct electron contact with the graphite electrode are not catalytically active in a redox state
corresponding to the AR form of the enzyme [27,46,47]. Therefore, the AR form can be activated for
O2 catalysis, at low potential for the Cu sites that form the TNC. In the purification process of BOD
from Myrothecium verrucaria it is common to use NaCl [48], which could cause the formation of the AR.
These results are in agreement with Poulpiquet and co-workers, as they show that an activation step
at low potentials for O2 reduction corresponds to the partially reduced AR form in which TNC T2
and T3α are reduced and T3β is oxidized [47]. Furthermore, the same group recently demonstrated
that the full reduction of the AR form of Lc cannot occur via T1, but only via T3β [47]. A DET process
through the TNC supposes that the TNC is sufficiently close to the interface to exchange electrons.
The insert of Figure 1A shows a magnification of the potential zone of 0.4 V to observe the hysteresis of
the first scan for BOD activation. In the second cycle (red line) the onset for the ORR occurs at ~0.5 V
potential without presenting any hysteresis, indicating the activation of the enzyme. The osmium redox
polymers allow an efficient electron transfer by wiring multiple layers of the immobilized molecules
and promoting stable adsorption [30]. A high redox potential OsP (E0’~0.21 V vs. SCE) was selected
from a previously reported library of Os polymers [49]. Figure 1B depicts the electrochemical response
of a freshly prepared BOD-OsP modified graphite electrode in 0.1 M phosphate buffer solution, at pH
7.0 in the absence and in the presence of O2, and at a scan rate of 5 mVs−1 the scans swept from 0.8 V to
−0.2 V. In the absence of O2 (black line), the characteristic redox wave of the OsP with an E0’ ~0.21 V
for OsIII/OsII redox couple is clearly defined. In the presence of O2 (red line first scan, blue line second
scan) the first scan of the voltammogram shows two hysteresis at ~0.32 V and ~ −0.05 V, suggesting
again that the T2/T3 centre for the ORR is activated at low potentials, while during the second scan the
onset for O2 reduction is seen at 0.40 V. When the potential values of the hysteresis under DET and
MET are compared (from Figure 1A,B), a displacement of ~40 mV may be seen in the cathodic direction
for T1 and T2/T3. Most probably this displacement is caused by the reduction of the OsP, which should
be followed by the reduction of the Cu atoms. The ligands of the OsP could affect the BOD sites to
make the ORR take place or the AR form could be activated only at sufficiently low potentials for O2

reduction. Similar current densities and onsets for the ORR of the BOD-OsP electrodes have been
obtained before [33], but this is the first time that activation of BOD enzyme has been reported in
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the presence of the OsP hydrogel. The activation of the T2/T3 redox centre could be the result of the
reduction of the centre by the T1 cluster or directly by the electrode or by electrons that flow from OsP
redox sites. Solomon and co-workers [27] showed that when T3 are partially oxidized and T2 is fully
oxidized (AR form of the enzyme), the T2/T3 sites have a significantly lower electron-affinity than the
high potential T1 Cu. The fact that the T2/T3 reduction occurs at lower potentials in the presence of the
OsP could indicate that the reaction occurs principally through the OsP atoms, and therefore reducing
the Os atoms is necessary before the electrons are transferred to the T2/T3 couple [27].

Figure 1. (A) Cyclic voltammogram of a BOD modified electrode. Insert: zoom on the 0.4 V to observe
the activation zone of the second cycle (black line). (B) Cyclic voltammogram of the Os/Poly/BOD/
modified electrode. Conditions: 0.1 M phosphate buffer solution, pH 7.0 in absence (blue line) and in
presence (black line first scan, red line second scan) of O2. Scan rate: 5 mV s−1.

2.2. Effect of pH

In solution, mvBOD is active in a wide pH range from pH 5 to pH 8 [45,50,51]. Also it has been
proven that mvBOD is very stable in the presence and in the absence of Os polymer or other mediator,
losing around 10% of activity during one day under operating conditions [45,50–52]. The effect of pH
on the MCO catalytic mechanism has only been partly elucidated, but it is well resumed in [45,53].
Figure 2A shows cyclic voltammograms using a BOD modified electrode in phosphate buffer 0.1 M in
the presence of O2 at different pH (pH 8 black line, pH 7 red line, pH 6 green line, and pH 5 blue line).
Phosphate buffer was used to obtain various pHs because it is known that it does not cause interference
with the catalytic activity of the enzyme. The capacity of the buffer in the aforementioned range is of
0.02 moles and therefore it can be used for the purpose. The shape of the curves is the same for pH 5, 6
and 7 in the first scan, where two hystereses can be observed at different potential values that, in all
cases shift to more negative potentials as the pH is increased. Hysteresis is consistent with the presence
of the AR form of the enzyme on the surface of the electrode and with the low-potential half wave that
corresponds to the T2/T3 reduction, indicating a proton dependent reaction [27,46,47]. The reduction of
the T2/T3 sites follows ~60 mV dependence per pH units. During the second scan (after reduction of the
T2/T3 cluster) the low-potential half wave disappears. The high potential wave corresponds to the T1
site and does not change from the first to the second scan but it follows ~30 mV dependence per pH unit.
At pH 8, to observe the hysteresis at low potential half wave is very difficult and during the second scan
very low activity could be measured. This is in agreement with the studies of dos Santos [42], which
indicates that at this pH the enzyme is not active. In acidic conditions the intramolecular processes are
fast: the current rate is determined by the T1 redox cycling but the T1 potential does not define the
catalytic activity. At neutral or alkaline pH, the intramolecular processes are slow and determine the
current rate as well as the T1 potential defines the catalytic activity. Furthermore, the current decreases
at alkaline pH due to the lack of proton transfer and electrochemical driving force as suggested by do
Santos and co-workers [42]. For the second scan, the onset for the ORR depends on pH, moving to
more positive potentials as the pH decreases. Figure 2B shows the voltammograms corresponding
to an electrode modified with osmium polymer, in phosphate buffer 0.1 M in the presence of O2 at
different pH (pH 8 black line, pH 7 red line, pH 6 green line, and pH 5 blue line). Table 1 summarizes
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the potential of the high and low potential hysteresis for oxygen reduction in DET and MET, at pH 7.
The first scan is characterized by two hysteresis at different potential values at pH 5. In this case, as the
pH increases the potential values displace to more negative potentials. However, at pH 6 and 7 the low
wave potential is not clearly defined, probably because the ET from the OsP to the TNC is so fast that
this process is not observed. The hysteresis at low wave potential is consistent with the presence of
an AR form of the enzyme after reductive activation below this hysteresis; this AR form is converted
into the RO form of the enzyme confirmed through the second cycle of the voltammogram. At pH 8
hysteresis is not observed and only the wave for the OsIII/OsII redox couple is clearly defined with E’
~0.27 V. The first and the second scan yielded the same results in practice, evidencing the inactivation
of the enzyme at this pH. It is important to note that the current density for hysteresis at low potential
half wave increases when the OsP is present compared to the DET, because the ET is favoured from the
enzyme to the electrode by the Os atoms present in high concentration. Likewise, hysteresis at the
low potential half wave for MET shifts to negative values due to the OsP redox potential (the redox
mediator should be in the reduced form to donate electrons to the cluster) improving the ET from
the electrode to OsP and from OsP to the T2/T3 cluster. It is noteworthy that under physiological
conditions, these four electrons are exchanged sequentially through the T1 copper site of the enzyme
and further transferred by internal electron transfer (ET) to the trinuclear T2/T3 cluster.

Figure 2. Cyclic voltammetry of (A) BOD and (B) Os/Poly/BOD/PEGDGE at various pHs. Conditions:
phosphate buffer 0.1 M, at various pHs: pH 8 (black), pH 7 (red), pH 6 (green), pH 5 (blue) Scan rate:
5 mV s−1.

Table 1. Summary of the potential corresponding to the high potential and low potential hystereses for
oxygen reduction in DET and MET, at pH 7.

DET MET

pH High Potential
Hysteresis, V

Low Potential
Hysteresis, V

High Potential
Hysteresis, V

Low Potential
Hysteresis, V

7 0.440 ± 5 0.100 ± 5 0.300 ± 5 0.000 ± 5
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2.3. Temperature Effect

The oxygen reduction catalysis is affected by various factors, among which is temperature [38].
mvBOD in solution is fully active from 30 ◦C to 60 ◦C whereas it loses 50% of original activity at
20 ◦C [6]. The effect of the temperature on the catalytic activity of BOD in DET and MET systems in the
ORR was studied. Figure 3A shows cyclic voltammograms for O2 reduction at different temperatures,
all at 5 mV s−1 using a BOD electrode in phosphate buffer 0.1 M and in presence of O2. The studies were
performed in a temperature range from 10 ◦C to 50 ◦C. Figure 3A shows cyclic voltammograms in the
presence of O2 at 10 ◦C (black line) and 50 ◦C (green line). During the first scan, at both temperatures
hysteresis close to 0.4 V and 0.35 V, respectively, were observed, suggesting the presence of the AR form.
At 50 ◦C the activity is 10% lower than at 30 ◦C. Figure 3B shows similar experiments to Figure 3A but
in the presence of OsP. At 10 ◦C (black line) and at 20 ◦C (results not shown), hysteresis appears near
0.30 V during the first scan for BOD activation. At 30 ◦C (red line) and 50 ◦C (green line) a different
behaviour is seen. Not clear hysteresis can be observed and differences between the catalytic current
and the shape of the voltammograms (~10% of catalytic current) of the first and second scan are minor.
Probably due to the swelling of the polymer, the electron transfer at these temperatures is so fast that
the enzyme is activated very fast and is ready for oxygen reduction. It should be noted that at 50 ◦C
the enzyme presents a higher activity than at 10 ◦C, which is in contrast with the results showed in
Figure 3A, where no major difference appears at different temperatures. These results can be explained
due to a faster interaction between the enzymatic redox sites and the OsP.

Figure 3. Cyclic voltammetry of (A) BOD and (B) Os/Poly/BOD/PEGDGE at various temperatures.
Conditions: phosphate buffer 0.1 M, pH 7, at different temperature: 10 ◦C (black), 30 ◦C (red), 50 ◦C
(green). Scan rate: 5 mV s−1.

2.4. Inhibitory Effect

In 2010, Calvo et al. [31] reported the first evidence of the inhibitor effect of H2O2 on MCOs.
Milton and Minteer have reported the reversible inhibition of Lc by H2O2 under DET and MET with
ABTS (2,2-azino bis(3-ethylbenzothiazoline-6-sulfonic acid) [23,54].
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Figure 4A shows chronoamperometry measurements of an activated BOD modified electrode
polarized at E = 0 V in the presence of O2 and during the additions of 1 μM, 5 μM and 10 μM H2O2.
Clearly, the presence of 1 μM of H2O2 negatively affects the electrocatalytic current and the subsequent
additions of H2O2 (5 μM and 10 μM final concentrations) confirm the inhibitory process. Figure 4B shows
cyclic voltammetric measurements of the same electrode employed during the chronoamperometry of
Figure 4A in the absence of H2O2. The second scan (black line) clearly shows that an activation process
takes place after the first scan (reductive process, red line) but hysteresis is not evident, as opposed to the
previous voltammograms. The current density obtained after reduction was ~−41 μAcm−2. Therefore,
71% of the activity was recovered. Figure 4B shows the effect of H2O2 on a BOD-OsP under the same
conditions shown in Figure 4A. After the first addition of 1 μM H2O2 no change in the current density
was observed. However, when H2O2 was added at final concentrations of 10 μM, a small decrease of
current density was seen (~8% compared to the constant current of the chronoamperometry). Therefore,
only high concentrations (<10 μM) of H2O2 can inhibit the electrocatalytic process in the presence of
OSP. In order to reactivate the process the system needs to be saturated with O2, so it can displace the
peroxide located in the cluster. The voltammogram corresponding to the enzyme activation is illustrated
in Figure 4D. In this case the current density reaches−239 μAcm−2 at 0 V. Therefore, when compared with
the constant current of chronoamperometry measurements, it represents 80% of the recovery in enzyme
activity. In both cases the results for DET and MET indicated that the enzyme showed a non-competitive
reversible inhibition of O2 by exogenous H2O2, which interacted with the TNC [31,32]. Under DET
and using a BDO cathode, Milton and co-workers [23] suggested that H2O2 follows a non-competitive
inhibition. These same authors reported the inhibition of laccase with H2O2 under both conditions: DET
and MET with 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) as redox mediator. They
indicated that laccase under DET follows an uncompetitive inhibition by H2O2 binding to the T2/T3
cluster [54]. Calvo showed the inhibition of laccase by H2O2 using an multilayer osmium derivative poly
(allylamine) redox mediator and found that exogenous H2O2 inhibits laccase due to T3 Cu+1 [31].

Figure 4. Chronoamperometry of (A) BOD and (C) Os/Poly/BOD/PEGDGE. Conditions: phosphate
buffer 0.1 M, pH 7, at E = 0 V (vs SCE) in presence of O2 and with H2O2 addition at different
concentrations 1 μM, 5 μM and 10 μM. Later to the H2O2 addition the cyclic voltammetry of (B) BOD
and (D) Os/Poly/BOD/PEGDGE was recorded. Scan rate: 5 mV s−1.
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BODs can be inhibited by halide anions such as F− and Cl− [23]. Figure 5A shows the
chronoamperometric of a BOD electrode in the presence of O2 at pH 7 at various NaF concentrations
(1 μM, 5 μM and 10 μM). In DET experiments concentrations up to 10 mM were added where a
considerable current density loss was observed for the ORR. Figure 5B shows cyclic voltammetric
measurements in the absence of F− of the same electrode used in Figure 5A. Once more, the reactivation
process is not very clear and there are not many differences between the first and second scan,
indicating that the enzyme keeps its activated form and the inhibition process is not caused by the
oxidization/reduction process to the TNC, because O2 is not able to completely displace the fluoride
ions from the active site. In Figure 5C chronoamperometric measurements are shown in the presence
of an OsP at different NaF concentrations (100 μM, 1000 μM and 10000 μM). In this case only very high
concentrations of NaF (>1 mM) would affect the electrocatalytic process. These results indicate that
fluoride acts as a non-competitive inhibitor, binding to the T2/T3 cluster of the enzyme, interrupting
the ET between T1 and the TNC, and finally preventing the ORR. EPR studies revealed that F− interacts
with TNC only in the presence of the oxidized T3 Cu (II) [55]. This would explain why a bigger
inhibition in the redox mediator electrode is observed, since F− is blocking the active site favoured by
the OsP. Figure 5D shows cyclic voltammetry of the BOD reactivation at pH 7 without inhibitor, where
it is possible to displace F−, recovering 95% of the activity. These results are in agreement with those
published by other authors, which suggest that F− ions inhibit DET and MET [55–57].

Figure 5. Chronoamperometry of (A) BOD and (C) Os/Poly/BOD/PEGDGE. Conditions: phosphate
buffer 0.1 M, pH 7, at E= 0 V (vs SCE) in presence of O2 and with NaF addition. The concentrations
of NaF added were 1 μM, 5 μM and 10 μM for the BOD and 100 μM, 1000 μM and 10,000 μM for the
Os/Poly/BOD/PEGDGE electrode, respectively. Later to the NaF addition the cyclic voltammetry of (B)
BOD and (D) Os/Poly/BOD/PEGDGE was recorded. Scan rate: 5 mV s−1.

Another halide that inhibits the BOD is Cl−. Figure 6A shows the chronoamperometric
measurements for a BOD modified electrode in the presence of O2 at different NaCl concentrations
(1 mM, 0.01 M and 0.1 M). This figure evidences a decrease in the current density when Cl− concentration
>0.1 M is added. Figure 6B shows the cyclic voltammetry in a fresh solution in the absence of Cl− and in
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the presence of O2 using the same electrode used for the chronoamperometry shown in Figure 6A. When
the BOD is reactivated O2 displaces the Cl− located in the T1 site because no activation in the second
cycle (brown line) can be observed. Figure 6C shows the effect of Cl− on a BOD electrode modified
with an OsP under the same conditions indicated above, in which a slight decrease in the current (4%)
can be appreciated when the maximum concentration of Cl− (0.1 M) is added. The voltammograms in
the absence of Cl− (using the same electrode in Figure 6C) are shown in Figure 6D. This figure shows
catalytic activity that suggests that Cl− act as a competitive inhibitor with respect to the electron donor
substrate, and that O2 displaces the Cl− present in the T1 site. These results indicate that the enzyme
can show a reversible inhibition behaviour led by chloride ions so Cl− blocks the ET to the T1 site,
instead of binding it to the TNC [58]. However, Jensen and co-workers [59] have witnessed the Cl−
inhibition effect on laccase in DET. Nevertheless, high resistance to Cl− inhibition under DET has been
reported in nanostructured electrodes, which suggests that they avoid Cl− entry to the T1 site [56,57].

Figure 6. Chronoamperometry of (A) BOD and (C) Os/Poly/BOD/PEGDGE. Conditions: phosphate
buffer 0.1 M, pH 7, at E = 0 V (vs SCE) in presence of O2 with NaCl addition at different concentrations
1000 μM, 10,000 μM and 100,000 μM. Cyclic voltammetry of (B) BOD and (D) Os/Poly/BOD/PEGDGE
was recorded after the NaCl addition. Scan rate: 5 mV s−1.

3. Experimental

3.1. Chemicals

K2HPO4, KH2PO4, 30% H2O2, NaF, NaCl and Poly (ethylene glycol) diglycidyl ether (PEGDGE),
2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and dithionite were purchased from
Sigma Aldrich (San Luis, MO, USA) with ACS purity grade. High purity (90% or higher concentration
of pure enzyme) Myrothecium verrucaria BOD “Amano 3” was donated by Amano Enzyme Inc.,
(Madeline, LN, USA). The received lyophilized powder was stored at −20 ◦C and 0.2 mM enzyme
solution were fresh prepared. The activity of the enzyme solution was checked by monitoring ABTS
oxidation at 420 nm (ε = 36 mM−1cm−1) over time with stirring in 0.1 M sodium phosphate buffer.
The activity test was performed on each prepared batch and resulted to be 12± 2 U/mg whereas one unit
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is defined as the amount of enzyme that oxidizes 1 μmol of ABTS per minute. The Osmium polymer
[Os(bpy)2(PVI)10Cl]2+/+ was synthetized at the National University of Ireland, Galway following
procedures already reported in [60–63]. The average molecular weight of the polymer as determined
by viscometry in ethanol was 130,000 g/mol [64]. By taking the mean value of the anodic and cathodic
peak potentials of the CV, the E◦-value of the Os polymer was found to be +180 mV vs. SCE (sat. KCl).
The polymer is positively charged so to increases the solubility in water and the electrostatic interaction
with anionic regions of the enzyme [64].

3.2. Preparation of BOD and BOD-OsP Modified Electrodes

Edge-plane pyrolytic graphite electrodes of 5 mm diameter were purchased from PINE (Durham,
NC, USA). To prepare the electrodes, the end of a rod was wet polished with an in-house made
electrode polisher and waterproof 800 and 1200 grit emery sandpaper and then sonicated in deionized
water for 10 min to remove any residual impurities. This process also insures a highly reproducible
real surface area with less than 10% deviation in the charging/discharging current of blank electrodes
measured during cyclic voltammetry experiments [65,66]. The electrodes were then rinsed with Milli-Q
water and air-dried. Later, 10 μL of enzyme solution (~0.2 mM) were placed on top of the polished
rod and adsorption was allowed to occur. The electrodes were then stored overnight at 4 ◦C under
controlled humidity. After 24 h electrodes were rinsed with Milli-Q water and after being inserted in a
Teflon holder, they were ready to use as working electrodes. For the MET experiments, electrodes were
modified through the same previous treatment (mechanical cleaning) and drop adsorption, depositing
first 10 μL of the OsP dissolved in water (10 mg/mL) [49,60]. This solution was mixed with 20 μL of a
BOD 0.2 mM solution and 5 μL of PEGDGE 10 mg/mL. The electrodes were kept overnight at 4 ◦C
under controlled humidity for complete cross-linking.

3.3. Electrochemical Measurements

The electrochemical measurements were carried out in a conventional three-electrode cell.
The electrodes used were a platinum spiral wire as counter electrode and a saturated calomel electrode
as reference electrode. All the results are related to this reference electrode. Current densities were
calculated based on the geometrical area of the working electrode. The experiments were conducted
with at least three repetitions. A 0.1 M phosphate buffer (K2HPO4, KH2PO4) was used as electrolytic
solution. The range of pH effect was studied between 5 to 8. The inhibitors used were H2O2, NaF
and NaCl added at different concentrations. Electrochemical experiments were performed with an
AUTOLAB PGSTAT204 potensiostat (Utrecht, Netherlands).

4. Conclusions

In this study, MvBOD was studied in the absence and in the presence of OsP. The influence of
pH and temperature, as well as the effects of H2O2, Cl−, and F− inhibitors were evaluated. Particular
attention was paid to the activation process of the enzyme and therefore to the reduction of the AR
form. The ORR can be activated only if the potential of the enzyme is reduced at values lower than
0.1 V, where TNC’s T2 and T3α are reduced and T3β is oxidized. In the presence of the OsP a shift
of ~40 mV in the cathodic direction for the T1 and for the T2/T3 reduction can be observed probably
because the OsP needs to be reduced before the electrons can be transferred to the Cu sites. The ORR
process was studied at various pHs. Both DET and MET showed very low activity at pH 8. Under DET
the T2/T3 reduction showed a proton dependent reaction [27,46,47] that follows ~ 60 mV dependence
per pH units. Instead, T1 reduction follows ~ 30 mV dependence per pH unit. Under MET the T1
reduction process still follows ~ 30 mV dependence per pH unit, while the reduction of the trinuclear
cluster at pH 5 and 6 cannot be determined. At 30 ◦C and higher temperatures, in the presence of OsP,
hysteresis, which enhances the activation of the enzyme, was not evident. In both DET and MET, in
the presence of H2O2, a non-competitive reversible inhibition occurred, suggesting that it binds to the
TNC of the enzyme. In MET, the inhibition occurs only at very high concentrations (>10 μM of H2O2).
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The inhibition by halides showed a different mechanism for F− and Cl−. F− acts as a non-competitive
inhibitor, binding to the oxidized T3 Cu (II) [55]. In the case of F−, under DET, small concentrations
inhibited the ORR, while during MET concentrations higher than 1 mM this was necessary. After
using a fresh buffer solution no hysteresis were observed. Cl− showed a competitive inhibition [56,57].
Nevertheless, the inhibition process occurred only during DET and at very high concentrations of NaCl
(>0.1 M). Using fresh buffer, a small reactivation process took place, which indicates that Cl− could
cause the AR form of the enzyme. During MET the inhibition process was less evident, suggesting that
the presence of the OsP prevents the interaction between Cl− and the T1 site.
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Abstract: Bimetallic Cu3.8Ni alloy nanoparticles (NPs)-anchored carbon nanofibers (composite
NFs) were synthesized using a simple electrospinning machine. XRD, SEM, TEM, and TGA were
employed to examine the physiochemical characteristics of these composite NFs. The characterization
techniques proved that Cu3.8Ni alloy NPs-anchored carbon NFs were successfully fabricated. Urea
oxidation (UO) processes as a source of hydrogen and electrical energy were investigated using the
fabricated composite NFs. The corresponding onset potential of UO and the oxidation current density
(OCD) were measured via cyclic voltammetry as 380 mV versus Ag/AgCl electrode and 98 mA/cm2,
respectively. Kinetic study indicated that the electrochemical oxidation of urea followed the diffusion
controlled process and the reaction order is 0.5 with respect to urea concentration. The diffusion
coefficient of urea using the introduced electrocatalyst was found to be 6.04 × 10−3 cm2/s. Additionally,
the composite NFs showed steady state stability for 900 s using chronoamperometry test.

Keywords: electrospinning; Cu3.8Ni-nanoalloy; carbon nanofibers (NFs); urea oxidation; fuel cells

1. Introduction

Many valuable characteristics are detected during the application of urea in industrial fields,
including its low cost, solid-state at room temperature, high chemical stability, nonflammability,
nontoxicity and easy handling and transportation [1–5]. Human and animal urine contains urea as the
main constituent [4,6–8]. Discharging 75 kg of polluted urea wastewater results in the production of
0.75 kg of urea [6,9]. Urea in wastewater can be converted into toxic substances such as ammonia [2,6].
However, urea can act as hydrogen source material with high hydrogen content (10 wt%) [2,6].
Compressed hydrogen, liquid hydrogen and urea can produce equivalent energy density values of 5.6,
10.1 and 16.9 MJ/L, respectively [6,7,10]. Accordingly, urea-rich wastewaters are deemed an efficient
energy source through the following reactions [8,11–15]:

Anode: CO(NH2)2 + 6OH−→ N2 + 5H2O + CO2 + 6e E0 = −0.746 V (1)

Cathode: 2H2O + O2 + 4e→ 4OH− E0 = +0.40 V (2)

Overall: 2CO(NH2)2 + 3O2→ 2N2 + 4H2O + 2CO2 E0 = +1.146 V (3)

The lowered electrocatalytic output of anode material in urea fuel cells can hinder their
commercialization [2,11]. Platinum-based electrocatalysts exhibit poor electrocatalytic performance
despite being widely applied in many reactions [12]. On the other hand, better performance has
been achieved using nickel electrodes [5,10,11,16–18]. While introduced nickel electrocatalysts have
exhibited good catalytic activity for anodic reactions, these activities remain too limited for market
introduction. To improve the catalytic behaviors of nickel-based electrocatalysts, two protocols can
be employed. The first involves preparing nickel of different forms such as Ni nanoribbons [9],
Ni nanoparticles [19], Ni nanowires [5], and Ni on carbon sponge [8] to increase the surface area of
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electrocatalysts. Second, nickel can be alloyed with other transition metals such as manganese [6],
cobalt [18] and zinc [4].

Nanofibrous materials have recently been produced via electrospinning with enhanced mass and
electron transfer [20–30]. Barakat et al. [31] have exhibited the good performance of NiO electrospun
NFs electrocatalyst during methanol oxidation reactions. Abdelkareem and coauthors [2] have also
prepared Ni-Cd nanoparticles on electrospun carbon nanofibers (NFs) with good electrocatalytic
activity for UO. Reduced overpotential and high oxidation current density (OCD) levels were achieved
from increased active surface areas using adjustable dimensional frameworks of nanocarbon support
(e.g., carbon nanotubes and carbon sheets). This may support effective electrocatalytic activities during
several organic materials oxidation reactions [6,11,21]. Carbon has been extensively used in many
applications involving batteries and sensors due to its electrical conductivity and higher current output
relative to amorphous carbon [1].

Copper has been investigated as a catalyst and cocatalyst in various chemical and electrochemical
reactions [21,23,26]. To our knowledge, little work has been examined effects of the incorporation of
copper, nickel, and carbon as electrocatalysts for urea fuel cells. Thus, in this work, Ni-Cu nanoparticles
embedded on carbon NFs were fabricated via electrospinning to oxidize urea in alkaline solution.
The introduced NFs present low onset potential and good current density (CD) values through UO.
Moreover, chronoamperometry tests reveal its stable performance after 900 s.

2. Results and Discussion

2.1. Characterization

SEM images of electrospun nanofibrous mats containing NiAc, CuAc, and PVA after vacuum
drying are shown in Figure 1A,B. Random distributed and smooth surfaced NFs were obtained.
On the other hand, after performing the calcination step, as it is illustrated in Figure 1C, the structure
shows multilayered nanofibers with entanglement network structures without interconnections of
specific directions. Irregular nanoparticles are grown on the NFs surface (Figure 1C,D). Surprisingly,
the nanofibrous morphology was not affected considerably by the calcination conditions. Furthermore,
Elemental-EDX analysis (Figure 2) indicated the presence of Ni, Cu, and C only in the calcined NFs.

Figure 1. SEM images of electrospun nanofiber mats after drying at 60 ◦C for 1 day (A) at low
magnification, (B) at high magnification and (C and D) FE-SEM images of electrospun nanofiber mats
after sintering at 800 ◦C for 5 h in an Argon atmosphere.
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Figure 2. Elemental EDX analysis of the produced nanofibers (NFs).

Figure 3A presents typical XRD patterns of the calcined NFs. Nickel and copper are neighbors in
the periodic table, so their crystal parameters are close. Therefore, the identification peaks in the XRD
database are overlapped. Moreover, the produced NiCu bimetallic alloys have also different crystal
structures compared to the pristine metals. For instance, nickel can be assigned in the XRD pattern if
peaks are observed at 2θ values of 44.5◦, 51.8◦ and 76.4◦ corresponding to (111), (200), and (220) crystal
plans, respectively (JCDPS #04-0850). Interestingly, both of pure copper and Cu3.8Ni are identified
with the same crystal plans and at close 2θ values; numerically, 43.1◦, 50.8◦, and 74.1◦, and 43.5◦, 50.8◦
and 74.7◦, respectively (JCDPS card number 04-0836 for Cu and 09-0205 for Cu3.8Ni). Considering
that each of the two metals has melting point higher than the utilized calcination temperature; 1455
and 1085 ◦C for Ni and Cu, respectively, vaporization of the formed metals is not expected. Moreover,
Ni precursor has a big amount compared to Cu in the initial electrospun solution, so the observed
peaks in the XRD pattern (Figure 3A) can be assigned to free Ni and Cu3.8Ni alloy. It is noteworthy
mentioning that the pristine nickel and the metallic alloy can combine in the same nanoparticle which
was proved by TEM EDX analysis below. An extra peak is shown in the spectra at a 2θ value of 25.6◦
for the graphite-like-carbon structure. It is important to note that Ni and NiCu exhibit strong catalytic
activity during the graphitization of the employed polymer, elucidating the detection of carbon [27].

The carbon content of the prepared NFs is determined via TGA analysis in an oxygen atmosphere
in Figure 3B. The remaining residuals were calculated as 52.3wt% with respect to the original weight
of the fabricated NFs. During calcination, metal NPs were converted in an oxygen atmosphere
at high temperatures into metal oxides (NiO and CuO) while CO and/or CO2 gases formed from
carbon. Accordingly, carbon disappeared while residue powder was composed of only CuO and NiO.
The carbon content of the calcined NFs was measured as 41.08 wt%. It is noteworthy mentioning that
incomplete oxidation of the metals is expected during the TGA analysis under oxygen atmosphere
which leads to form chemically unstable compounds. However, as it is shown in the figure, a trivial
decrease in the weight was observed after T ~ 450 ◦C. This indicates that unstable compounds were
formed, might be Cu2O or other Cu or Ni oxides, and these compounds gradually changed to the
stable Cu and Ni oxide forms; NiO and CuO. Moreover, due to the very high surface area of the
investigated nanofibers, utilizing oxygen atmosphere rather than air, and performing the analysis at
high temperature, full oxidation of carbon is expected. Figure 4 shows Raman Spectroscopy analysis
of the produced powder. The figure illustrates the chemistry of the formed carbon with two peaks
centered at roughly 1330 (D band) and 1590 cm−1 (G band). This shows that the PVA was transformed
into carbon with a fraction of disordered sp2 C–C bonding. The first peak is found in all carbon-like
carbons while the second corresponds to planar vibrations of carbon atoms in the carbon-like materials.
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The increase in the ID/IG intensity ratio suggested the presence of six-fold rings and some defects on the
surface of carbon nanofibers [28,32,33]. This result supports the XRD data, showing that the produced
NFs contained carbon.

Figure 3. (A) XRD patterns of the calcined CuAC/NiAC/PVA mat NFs after sintering at 800 ◦C for 5 h
in an argon atmosphere, (B) TGA analysis result of CuNi/carbon nanofibers under oxygen atmosphere.

Figure 4. Raman spectrum of the prepared nanofibers.

TEM images shown in Figure 5 present the distribution of metallic NPs on the NFs surface.
Irregular small and well distributed particles along the NFs are shown in Figure 5A. Figure 5B shows
the HR-TEM images, as can be seen, the formed NPs have different crystal lattice structure than the
matrix CNFs. Furthermore, the NPs have crystalline structure; however, the matrix has the amorphous
structure. Thus, one can claim that the NFs are carbon and the NPs are NiCu alloy. The fringe
distance was found to be 1.83◦ A which is agreeable with the (200) plane of Cu3.8Ni alloy. Accordingly,
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the obtained nanofibers are CNF matrix decorated by NiCu nanoparticles. However, the metallic
nanoparticles are sheathed inside a very thin carbon shell. Thin carbon layer may hinder metallic
nanoparticle corrosion and may also prohibit agglomeration during chemical reactions.

Figure 5. (A) TEM image of a single nanofiber and (B) high resolution TEM image.

To confirm aforementioned hypothesis and nicely understand the composition and elemental
analysis of the fabricated NFs, STEM and TEM-EDX has been investigated. Figure 6A shows STEM
image of a single NF. It is very clear from the image that irregular small metallic NPs decorated the
CNFs. Figure 6B indicates the line EDX results corresponding to the line shown in Figure 6A. As seen
in Figure 6B, copper and nickel have the identical elemental distribution along with the selected line in
Figure 6A. It demonstrates good alloying features of the obtained metallic NPs which confirms the
XRD result. Furthermore, the carbon elemental distribution proves the covering of the bimetallic NPs
with thin layer of carbon. The catalytic activity of the fabricated NFs might be enhanced due to the
occurrence of carbon which acts as an adsorbent in any catalytic chemical reactions by improving the
attachment of the reactants with the catalytic material.

Figure 6. STEM image for a single nanofiber along with the line EDX analysis (A) and TEM EDX results
for the line in A (B).

2.2. Electrochemical Analysis

Figure 7 presents cyclic voltammetry (CV) behaviors of the prepared sample in 1 M KOH after
repeated cyclization for 30 cycles at 50 mV/s. A pair of redox peaks in the forward and backward
scans is observed at potential values of 560 and 226 mV, respectively. These peaks can be attributed
to the oxidation of Ni++ (Ni(OH)2) to the active Ni+++ (NiOOH) layer [2,13]. Consecutive cyclic
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voltammograms show progressive CD increases for the cathodic peak as a result of the continuous entry
of OH− ions into the Ni(OH)2 layer to form a thickened NiOOH layer from Ni++/Ni+++ transformation.

Figure 7. Consecutive CV of NiCu-CNF electrodes in 1 M KOH solution at 50 mV/s for 30 cycles.

The CV behavior of NiCu-CNF electrodes in 1 M KOH solution is compared before and after
introducing urea molecules (1 M) at 50 mV/s (Figure 8A). NiOOH species act as the main electrocatalysts
for urea molecule oxidation. Accordingly, oxidation peak formation observed in the presence of urea
molecules begins with the development of NiOOH at the electrocatalyst surface at a potential value
of 400 mV versus Ag/AgCl electrode, forming an oxidation peak with a potential value of 800 mV
after the complete formation of all NiOOH species. The UO produces of 98 mA/cm2 relative to that
of 34 mA/cm2 found in the absence of urea, indicating the enhanced performance of synthesized
composite NFs in UO reactions. It is noteworthy to mention that the high current density obtained
above 0.8 V may be attributed to oxygen evolution reaction (OER) in the alkaline media in the urea free
solution. However, this phenomenon does not occur in the presence of organic molecules in the alkali
solution since it needs potential more than 1 V to obtain OER [34]. Accordingly, the current produced in
the presence of urea solution is regard to the UO [34,35]. Compared to urea-free solution, a decrease on
the cathodic peak current with the addition of urea could be due to the further oxidation of urea and/or
the intermediated compounds which consume the active layer and convert NiO(OH) to Ni(OH)2 [35].
This conversion happened at a 226 mV in absence of urea while the little decrease in the potential in the
presence of urea could be explained by the formation of nickel oxides of different morphologies. Abdel
Kareem et al. [2] studied the electrocatalytic activity of Ni-Cd CNFs electrodes for oxidizing urea at
different urea solution concentrations at 50 mV/s. A high CD of 68 mA/cm2 at anodic peak potential
value of 0.68 V and low onset potential of 0.35 V in (1 M urea + 1 M KOH) solution was measured
as a higher CD and onset potential values by roughly 16 mA/cm2 and 0.03 V, respectively, relative to
that of our prepared composite NFs. Table 1 shows current densities obtained from recent studies.
The introduced composite NFs exhibit an elevated CD and minimal onset potential (380 mV versus
Ag/AgCl electrode). This can be attributed to the synergistic effects of copper and nickel. Furthermore,
in alkaline media, copper is used to enhance electrocatalytic activity of nickel in alkaline media without
participate in the redox reactions. In addition, it improves the electrocatalytic activity of Ni by filling
Ni d-band vacancies with Cu electrons, which limit the volume expansion of the Ni2+ phase during
oxidation [27,36]. In addition, thin carbon layers covered with bimetallic NiCu (Figure 5B) can promote
the electron transfer process, enhance the chemical and corrosion resistance of bimetallic NiCu during
UO and increase the adsorption of urea molecules. To confirm the aforementioned hypothesis, CV
behavior of glassy carbon electrode, graphite, CuNPs, and NiCu-CNF electrodes in (1 M Urea + 1M
KOH) solution at 50 mV/s (Figure 8B) have been achieved. As can be seen, the fabricated NFs have the
high electrocatalytic activity towards UO compared to glassy carbon electrode, graphite, and Cu NPs.
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Figure 8. (A) CV of NiCu-CNF electrodes in 1 M KOH solution before and after adding 1 M urea
solution at 50 mV/s and (B) study the influence of glass carbon electrode, graphite, Cu NPs, and Ni-Cu
CNFs on urea electroxidation (1 M urea + 1 M KOH, scan rate of 50 mV/s).

Table 1. CD values of different electrocatalysts.

Electrocatalyst
Onset

Potential
CD

(mA/cm2)
Anodic Peak
Potential (V)

Reference
Electrode

Urea Concentration
(M) in KOH (M)

Reference

Ni 0.39 22 0.5 Hg/HgO 0.33 in 1 [4]
Ni-Zn-Co 0.35 24 0.5 Hg/HgO 0.33 in 1

Ni-P 1.37 ~40 1.5 RHE 0.33 in 1 [37]
NiO/Gt 0.345 17 0.62 Ag/AgCl 0.33 in 0.5M NaOH [38]

NiO/Gt-15 0.345 17 0.64 Ag/AgCl [1]
Ni1.5Mn1.5O4 0.29 6.9 0.5 Ag/AgCl 0.33 in 1 [39]

Ni-ERGO 0.4 35 Hg/HgO 0.33 in 1 [40]
NiCo(OH)2 0.25 ~20 ~0.42 Hg/HgO 0.33 in 1 [18]

Ni-Cu/ZnO@MWCNT ~30 32 ~0.45 Ag/AgCl 0.07 in 0.4 [41]
NiMn-CNFs 0.29 67 0.58 Ag/AgCl 2 in 1 [6]
Ni-Cu-CNFs 0.38 25 0.6 Ag/AgCl 1 in 1 This study

Figure 9A illustrates the dependence of the electrocatalytic activity of the prepared composite
NFs electrocatalyst on urea concentrations at 50 mV/s. Increasing urea concentrations from 1/3 M to
1 M resulted in a higher CD. Thus, it can be concluded that diffusion governs reactions within this
concentration domain. When urea concentrations increased to 2 M, the CD was not changed (data are
not shown). This can be attributed to the fact that at high urea concentrations, the process no longer
depends on diffusion and it is controlled by kinetics limitations. Thus, after a value of 1 M is reached,
urea concentrations do not influence the CD. This result implies that the surface was covered by high
concentrated urea molecules which limited hydroxyl groups (OH−) required for oxidation of extra
urea molecules [13].

The dependence of the logarithmic value of urea OCD on urea concentrations is shown in Figure 9B.
A linear relationship was achieved. The slope of this linear relation is an estimate of the reaction order
with respect to a urea concentration of 0.51 in agreement with the values obtained by others [21,42].
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Figure 9. (A) Cyclic voltammograms of UO in composite NF anodes in 1 M KOH solution for 50 mV/s
containing different concentrations of urea. (B) Double logarithmic variations of CD of UO with
urea concentrations.

The influence of scan rates (10, 30, 50, 100, 200, and 300 mV/s) on the electrocatalytic activity of
Cu3.8Ni NPs-anchored carbon electrocatalyst for UO in (1 M urea + 1 M KOH) solution is studied as
shown in Figure 10A. Anodic and cathodic currents were enhanced with increasing scan rates. A linear
relationship is obtained by plotting the square root of the scan rate as a function of the CD of the UO
peak in Figure 10B. UO reaction is predicted to be a diffusion-governing operation. Furthermore, the
variation in the scan rate is normalized current with the scan rate in Figure 10C shows a characteristic
curve for an irreversible oxidation process. Accordingly, the presence of EC (electrochemical-chemical)
mechanisms is proposed [42]. The diffusion coefficient of urea molecules at the electrocatalyst surface
can be determined from the following equation [6,43]:

Ip = 0.4958 × 10−3 nFCurea (αnF/RT)0.5 D0.5 v0.5 (4)

D is the diffusion coefficient of urea, v is the scan rate, α is the anodic transfer coefficient, n is the
number of transferred electrons, Curea is urea concentrations, and F is Faraday’s constant. According to
the literature survey, n (2.8) was used to denote ethanol, which is more similar in chemical composition
to urea than methanol and α value is 0.1 [6,43]. From a linear analysis of the relationship between Ip at
the anodic peak and v0.5, the diffusion coefficient is calculated as 6.04 × 10−3 cm2/s.

The long-term stability of our fabricated NFs was examined via chronoamperometry with a
potential value of 600 mV (Ag/AgCl) for 900 s as shown in Figure 10D. The introduced electrocatalyst
underwent current decay and then reached a steady state. This decrease in the current can be attributed
to the consumption of urea from solution. Additionally, the performance of electrodes was not affected
due to the use of introduced catalysts supporting their enhanced stability.
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Figure 10. (A) CV of composite NF electrodes in 1 M KOH aqueous solution after adding 1 M of urea
at different scan rate values (10, 30, 50, 70, 100, 200, and 300 mV/s). (B) Variations in the square root of
the scan rate as a function of the CD of UO at composite NF electrodes. (C) The scan rate normalized
current density plotted against the scan rate. (D) Chronoamperogram of composite NF electrodes in
1 M KOH aqueous solution containing 1 M of urea solution at 600 mV (Ag/AgCl) for 900 s.

3. Materials and Methods

Poly(vinyl alcohol) (PVA) (MW = 85000 − 124000 g/mol) was purchased from DC Chemical
Co., Seoul, South Korea. Copper(II) acetate monohydrate (CuAc·H2O, 98%) and nickel(II) acetate
tetrahydrate (NiAc·4H2O, 98%) were purchased from Sigma Aldrich, Seoul, South Korea. Deionized
water (DI) was used as a solvent.

To fabricate electrospun NFs, PVA electrospinning polymeric solution was constructed by
dissolving 10 wt% of PVA into DI water. The solution was then stirred until a clear solution was
obtained. Then 0.2 g of copper(II) acetate monohydrate and 0.8 g of nickel(II) acetate tetrahydrate
were dissolved in 5 g of DI water. The prepared metal precursor solution was then added to a glass
bottle with 15 g of PVA polymeric solution. The mixture was stirred for 6 h at 60 ◦C and then cooled at
room temperature.

The prepared sol-gel solution was electrospun using a lab scale electrospinning machine at a high
voltage of 18 kV using a DC power supply and maintaining a distance of 18 cm. Fabricated NFs were
gathered on a rotating cylinder covered with aluminum foil. The prepared NFs samples were dried
under a vacuum for 1 day at 50 ◦C. Finally, the products were calcined under an argon atmosphere
(Ar) for 5 h at 800 ◦C (2.3 ◦C/min to obtain final product).

A JEOL JSM-5900 scanning electron microscope (JEOL Ltd., Tokyo, Japan) and field-emission
scanning electron microscope (FESEM, Hitachi S-7400, Tokyo, Japan) were used to study the surface
morphology of the formed NFs. A Rigaku X-ray diffractometer (Rigaku Co., Tokyo, Japan) with Cu Kα

(λ = 1.54056 Å) radiation over a range of 2θ angles of 10◦ to 80◦ was utilized to investigate the phase
and crystallinity of the fabricated NFs. To acquire high-resolution images, the NFs were characterized
using a JEOL JEM-2200FS transmission electron microscope (TEM) operated at 200 kV and equipped
with EDX (JEOL Ltd., Tokyo, Japan). A thermo gravimetric analyzer (TGA, Ptris1, Perkin Elmer,
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Billerica, Massachusetts, USA) was used to study the thermal stability of NFs by heating the samples
to 750 ◦C under an oxygen atmosphere.

Cyclic voltammetry and chronoamperometry experiments were conducted using autolab
potentiostate ((PGSTAT101 controlled by Nova software), Metrohm Autolab Co., Kanaalweg 29-G,
3526 KM, Utrecht, Netherlands). The system includes three electrodes: a counter electrode (platinum
wire), reference electrode (Ag/AgCl, saturated KCl) and working electrode (fabricated electrospun
NFs). Measurements were performed using different concentrations of alkaline urea solution and the
range of the sweep potential of the electrochemical cell was set from to −0.2 to 1 V (Ag/AgCl).

The working electrode was prepared by creating a slurry with 2 mg of the fabricated NFs, 20 μL of
Nafion solution (5 wt%) and 400 μL of isopropanol. The slurry was then sonicated at room temperature
for 30 min. Finally, 15 μL of the prepared slurry was poured onto the active area of the glassy carbon
electrode, which was then dried at 80 ◦C for 20 min. The utilized active area of the glassy carbon
electrode (the electrode has circle shape with D = 3 mm) was 0.0713 cm2. Therefore, all the obtained
data was normalized to aforementioned area.

4. Conclusions

NiCu NP-decorated carbon NFs were synthesized using an electrospinning machine. Composite
NFs exhibited strong catalytic activity for urea electro-oxidation as inferred from increased OCD
(98 mA cm−2) and lowered onset potential values (380 mV versus (Ag/AgCl)). The reaction order
of composite NF electrodes with respect to urea solution concentrations was found to be 0.51. Urea
electro-oxidation reactions observed at the studied composite NFs were irreversible.
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Abstract: In contrast to precious metals (e.g., Pt), which possess their electro catalytic activities
due to their surface electronic structure, the activity of the Ni-based electrocatalysts depends on
formation of an electroactive surface area (ESA) from the oxyhydroxide layer (NiOOH). In this study,
the influences of Sn content, nanostructural morphology, and synthesis temperature on the ESA of
Sn-incorporated Ni/C nanostructures were studied. To investigate the effect of the nanostructural,
Sn-incorporated Ni/C nanostructures, nanofibers were synthesized by electrospinning a tin
chloride/nickel acetate/poly (vinyl alcohol) solution, followed by calcination under inert atmosphere
at high temperatures (700, 850, and 1000 ◦C). On the other hand, the same composite was formulated
in nanoparticulate form by a sol-gel procedure. The electrochemical measurements indicated that the
nanofibrous morphology strongly enhanced formation of the ESA. Investigation of the tin content
concluded that the optimum co-catalyst content depends on the synthesis temperature. Typically,
the maximum ESA was observed at 10 and 15 wt % of the co-catalyst for the nanofibers prepared at
700 and 850 ◦C, respectively. Study of the effect of synthesis temperature concluded that at the same
tin content, 850 ◦C calcination temperature reveals the best activity compared to 700 and 1000 ◦C.
Practical verification was achieved by investigation of the electrocatalytic activity toward methanol
and urea oxidation. The results confirmed that the activity is directly proportionate to the ESA,
especially in the case of urea oxidation. Moreover, beside the distinct increase in the current density,
at the optimum calcination temperature and co-catalyst content, a distinguished decrease in the onset
potential of both urea and methanol oxidation was observed.

Keywords: electroactive surface area; electrospinning; Sn-incorporated Ni/C nanofibers; Methanol; Urea

1. Introduction

The near depletion of fossil fuels, as well as emission of various environmentally unacceptable
oxides, such as NOx, COx, and SOx, has forced researchers at both academic and industrial levels
to search for alternative fuel sources. Fuel cells could be promising candidates if the capital cost is
reduced. Commercially, utilizing precious electrodes strongly constrains the wide applications of
the fuel cells because of the high cost. Although in literature there are huge trials investigating the
use of the transition metals as electrodes, based on our best knowledge, there are no commercial
applications. On the other hand, transition metal electrodes can be effectively used as anode
materials in hydrogen production by electrolysis. Hydrogen is the most promising candidate fuel
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from sustainability and environmental points of view, and as a future alternative to fossil fuels [1,2].
There are several techniques that have been introduced to generate hydrogen, including fermentation
of waste biomasses [3,4], water electrolysis [5], water photosplitting [6], thermal production [7],
etc. These general techniques suffer from some drawbacks, such as low yield (fermentation and
water photosplitting), high cost (water electrolysis and thermal processes), or seasonality (water
photosplitting under solar radiation). Among these methods, electrolysis is the most widely used
due to the ability to reduce the required power by using other precursors rather than water, such as
alcohols and urea [8–10].

Methanol is the simplest and the most popular investigated alcohol in the electrooxidation
process. Methanol can be classified as a renewable energy source because it can be produced from
biomasses [11,12]. Furthermore, compared to compressed hydrogen, methanol exhibits more efficient
storage in terms of weight and volume. Accordingly, methanol does not require a cryogenic container
that oftentimes needs to be maintained at a very low temperature [13,14]. Additionally, the risk of flash
fire and explosion is low due to the low volatility. Therefore, hydrogen extraction from methanol fulfills
most of the requirements for the generation and storing processes. Compared to water electrolysis,
methanol electrooxidation needs a smaller potential at 1.2 and 0.02 V, respectively, which makes it
a preferable technology from an energy requirement point of view. Methanol electrooxidation for
hydrogen production can be performed according to the following reactions:

In acid media
Anode: CH3OH + H2O → CO2 + 6H+ + 6e (1)

Cathode: 6H+ + 6e → 3H2 (2)

Overall: CH3OH + H2O → CO2 + 3H2 (3)

In alkaline media

Anode: CH3OH + 6OH− → CO2 + 5H2O + 6e (4)

Cathode: 6H2O + 6e → 3H2 + 6OH− (5)

Overall: CH3OH + H2O → CO2 + 3H2 (6)

Yet, this trivial required cell potential is a theoretical value, while a high overpotential is created
depending on the electrocatalytic activity of the utilized anode [15,16].

Beside methanol, urea is another important future candidate as a hydrogen precursor because
urea-contaminated wastewater is produced in large amounts from fertilizer manufacturing plants.
Therefore, generating hydrogen from urea-polluted wastewater solves an environmental problem
simultaneously. Theoretically, production of hydrogen from urea does not need additional power, as it
is an exothermic reaction according to the following equations [17–20]:

Anode: CO(NH2)2 + 6OH− → N2 + 5H2O + CO2 + 6e E0 = −0.746 V (7)

Cathode: 6H2O + 6e → 3H2 + 6OH− E0 = −0.829 V (8)

Overall: CO(NH2)2 + H2O → N2 + 3H2 + CO2 E0 = −0.083 V (9)

So far, based on our best knowledge, no anode material has been reported that could achieve the
task without additional power.

Among the investigated transition metals, Ni showed promising electrochemical oxidation activity
for both methanol and urea [21,22]. In contrast to precious metals, nickel owes its electocatalytic activity
from the ability to form an electroactive oxyhydroxide layer (NiOOH), which can be formed by being
swept in an alkaline solution or during the oxidation process [23]. The active compound forms an
electroactive surface area (ESA). Typically, nickel is first oxidized to Ni(OH)2, then the hydroxide layer
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is transformed to the oxy(hydroxide) form [24,25]. Therefore, there is a strong belief that enhancing
the formation of the ESA leads to improvement of the electrocatalytic performance.

Different strategies have been carried out to improve activity of Ni, whether by increasing its
surface area [26–29] or by forming an alloy with other transition metals, such as Mn [30], Co [31,32],
Cr [33], Cu [34], and TiO2 [35]. As a co-catalyst, tin is extensively used to improve the electrochemical
oxidation activity of Pt towards methanol oxidation [36–40]. Tin improves methanol oxidation by one
or more of the following ways. By providing a charge to Pt, it can increase the adsorption of alcoholic
residues on the catalyst surface, and it can decrease the content of higher valent Pt sites [37]. Moreover,
tin can decrease the poisoning of Pt by CO by providing an oxygen group on its surface [40]. With nickel,
NiSn bimetallic nanoparticle-immobilized titanium and carbon nanofiber supports were introduced
as electrode materials for methanol and urea electrooxidation [20,41,42]. Moreover, NiSn discrete
nanoparticles have been reported as a stable electro catalyst for methanol oxidation [43].

Beside the catalyst composition, the size also has a strong influence on the activity. Accordingly,
synthesizing the functional materials in nanostructural forms strongly enhances the performance.
However, the nanostructural morphology can considerably affect the activity. The large axial
ratio characteristic improves the electron transfer process. This is a very effective feature that
privileges the nanofibers from the other nanostructures [44]. There are several nanofibers making
techniques that have been reported, including template-assisted [45], self-assembly [46], drawing [47],
and electrospinning [48]. However, only the electrospinning process is widely used due to its
simplicity, high yield, low cost, and ease of control on the product morphology [28,48,49]. Basically,
the electrooxidation reactions are considered a combination between adsorption and chemical reaction
processes. Therefore, the carbonaceous materials showed good performances as supports for different
electrocatalysts [50–53]

In this study, the influence of tin content, the nanostructural morphology, and the synthesis
temperature on the ESA of Sn-incorporated Ni/C nanostructures were investigated. To properly prove
the obtained conclusion, practical verification was done by investigating the electocatalytic activities
toward methanol and urea. The nanofibers have been prepared by calcination of electrospun nanofibers
composed of poly(vinyl alcohol), tin chloride, and nickel acetate under vacuum atmosphere at different
temperatures. Nanoparticulate morphology was formulated by crushing and grinding dried sol-gels
from the same mixture followed by a calcination process. The electrochemical measurements indicated
that the ESA can be improved by optimizing the Sn content and the calcination temperature. Moreover,
the nanofibrous morphology leads to formation of high ESA compared to the nanoparticles. Regarding
methanol and urea electrooxidation, the results proved that the electrocatalytic activity mainly depends
on the ESA.

2. Results Discussion

2.1. Crystalline Structure, Surface Morphology, and Composition of the Prepared Materials

Among the nanofiber making techniques, electrospinning produces the highest quality from the
morphology point of view. Usually, if the electrospinning parameters are optimized, good morphology
can be obtained. On the other hand, maintaining the nanofibrous morphology during the calcination
process depends on the utilized precursor for the inorganic nanofibers. Polycondensation is the
main characteristic of a good precursor. In this regard, alkoxides are the best precursors. Due to
the containing oxy-organic anion, metals acetates show good tendency for polycondensation [54].
Consequently, after the calcination process, good morphology nanofibers were obtained, as seen in
Figure 1, which displays Scanning Electron Microscope (SEM) and Field Emission Scanning Electron
Microscope (FE SEM) images for the powder obtained from 10 wt % tin chloride. It is noteworthy
mentioning that all the formulations (at different Sn contents) reveal good morphology nanofibers
with the appearance of some nanoparticles at high tin contents. Data are not shown.
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Figure 1. SEM; (A) and FE-SEM; (B) images for the prepared nanofibers containing 10 wt % Sn,
and calcined at 850 ◦C.

XRD analysis is a high confidence technique for investigating the crystal structure and composition
of the crystalline materials. Tin and nickel can form a bimetallic alloy with a wide composition
range [55]. Figure 2 displays the XRD pattern of the nanofibers obtained from an initial electrospun
solution containing different concentrations from the tin precursor. As shown, change in the initial
electrospun solution concentration resulted in variation in the final product composition. However,
it can be concluded that the produced nanofibers are composed of two main metalic compunds; Ni3Sn2

and Ni3Sn. The diffraction peaks for the crystal plans of (1 0 1), (0 0 2), (1 0 2), (1 1 0), (2 0 1), (1 1 2),
(1 0 3), (2 0 2), and (2 1 1) at 2θ values of 30.8◦, 34.75◦, 43.55◦, 44.65◦, 55.09◦, 57.58◦, 59.85◦, 63.91◦, and
73.42◦ conclude the formation of Ni3Sn2 alloy according to the standard JCDPS database (#06-0414).
On the other hand, the other diffraction peaks at 2θ values of 28.6◦, 39.3◦, 42.5◦, 44.8◦, and 59.3◦,
corresponding to the (1 0 1), (2 0 0), (0 0 2), (2 0 1), and (2 0 2) crystal planes, respectively, conclude the
formation of Ni3Sn alloy (JCDPS# 35-1362). It is noteworthy mentioning that the nanomorphology did
not affect the XRD result. In other words, at the same composition, similar XRD patterns were obtained
for the nanofiber and nanoparticle samples. Furthermore, change in the calcination temperature
resulted in change in the intensity of the observed peaks in the XRD pattern (data are not shown),
however the data concluded that all the prepared samples are composed of NiSn alloys. The observed
peak at 2θ~25◦ referring to an experimental d spacing of 3.37 Å indicates formation of graphite-like
carbon (d (002), JCPDS; 41-1487).

Figure 3A illustrates the internal structural of produced nanofibers, which was investigated
by TEM analysis. As shown in the figure, the prepared nanofibers are composed of crystalline
nanoparticles incorporated in an amorphous nanofibrous matrix. Based on the XRD results,
the crystalline nanoparticles can be assigned to NiSn, while the nanofiber body consists of the
formed amorphous graphite. Accordingly, it can be concluded that the final products are NiSn
nanoparticle-incorporated carbon nanofibers. Figure 3B demonstrates the line elemental analysis at a
randomly selected line. As shown, the result is in consistent with the XRD data. Obtaining similar
distribution for the nickel and tin concludes the formation of the NiSn alloy, which supports the
XRD results.
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Figure 2. XRD analysis of the Sn-incorporated Ni/C nanofibers synthesized at 850 ◦C calcination
temperature.

 
Figure 3. TEM image (A), and EDX line scan (B) for the prepared Sn-incorporated nanofibers; 10 wt %
and 850 ◦C calcination temperature.

Change in the chemical composition can be explored by the thermal gravimetrical analysis (TGA);
Figure 4A shows the obtained results. To mathematically extract the embedded information in the
TGA spectrum, the first derivative of the graph was determined (Figure 4B) because the big changes in
the sample weight are translated into peaks. The first peak, at ~100 ◦C, can be assigned to evaporation
of the physically attached water in the sample. The high intensity peak observed at ~250 ◦C denotes a
big decrease in the sample weight at this temperature. Based on the thermal characteristics of the used
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polymer, this peak can be assigned to the polymer decomposition [8,10]. Formation of zero valent
metals rather than the expected metal oxides was attributed to the abnormal decomposition of the
acetate anion under the inert atmosphere. Briefly, strongly reducing gases (namely carbon monoxide
and hydrogen) are produced due to the decomposition of acetate, which leads to complete reduction
of the precursors to metals. The full reduction of nickel acetate can be chemically represented by these
equations [56]:

Ni(CH3COO)2·4H2O → 0.86Ni(CH3COO)2·0.14Ni(OH)2 + 0.28CH3COOH + 3.72H2O (10)

0.86 Ni(CH3COO)2·0.14Ni(OH)2 → NiCO3 + NiO + CH3COCH3 + H2O (11)

NiCO3 → 6NiO + CO2 (12)

NiO + CO → 6Ni + CO2 (13)

Similarly, formation of pure tin can be assigned to the evolved reducing gases. Therefore,
the remaining peaks in the first derivative plot represent the aforementioned chemical transformations.

As they were detected in the final product, it can be claimed that NiSn metallic alloys have higher
melting points with respect to the synthesis temperature. On the other hand, tin (M.P 231.9 ◦C) is
more volatile compared to nickel (M.P 1455 ◦C). Accordingly, vaporization of the free tin is expected
during the calcination process, while, due to its high thermal stability, nickel can withstand at this
high temperature without losing any weight. Therefore, free Ni (excess than the stoichiometry) can
be expected to be present in the produced nanofibers in either amorphous form or embedded as
discrete atoms inside the formed graphite; both structures are not detectable by the XRD analysis.
Accordingly, it can be claimed that the nickel content in the final nanofibers matches the amount in the
initial precursor.

Nipre = NiNi3Sn + NiNi3Sn2 + Nifree (14)

On the other hand, no free tin can withstand the produced nanofibers, so the used tin can be estimated
as follows:

Snpre = SnNi3Sn + SnNi3Sn2 + SnEvap (15)

In each formulation, the ratio between Ni3Sn and Ni3Sn2 almost matches the ratio between the
intensities of the main peaks (R) in the XRD pattern, i.e., R = NiNi3Sn/NiNi3Sn2, then if there is no
free Ni:

NiPre =
3M.wtNi

M.wtNi3Sn
× Ni3Sn +

3M.wtNi
M.wtNi3Sn2

× Ni3Sn2 (16)

NiPre =
3M.wtNi

M.wtNi3Sn
× R × Ni3Sn2 +

3M.wtNi
M.wtNi3Sn2

× Ni3Sn2 (17)

Ni3Sn2 =
NiPre

3M.wtNi ×
(

R
M.wtNi3Sn

+ 1
M.wtNi3Sn2

) (18)

With the same strategy, for full consumption of Sn in the formed alloys:

SnPre =
M.wtSn

M.wtNi3Sn
× Ni3Sn +

2M.wtSn
M.wtNi3Sn2

× Ni3Sn2 (19)

SnPre =
M.wtSn

M.wtNi3Sn
× R × Ni3Sn2 +

2M.wtSn
M.wtNi3Sn2

× Ni3Sn2 (20)

Ni3Sn2 =
SnPre

M.wtSn ×
(

R
M.wtNi3Sn

+ 2
M.wtNi3Sn2

) (21)

From these equations, the amount of Ni3Sn and Ni3Sn2, and consequently Ni and Sn in each
formulation can be estimated. Later on, the formed graphite can also be estimated from the TGA
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data. From the calculations, it was observed that the losses in tin occurred in the highest tin precursor
sample (35 wt %), as Ni was totally consumed in the metallic alloy, so the remaining Sn evaporated
and no free nickel was obtained. Numerically, the rough estimation of the elemental composition of
the produced nanofibers is summarized in Table 1.

Table 1. Composition of the produced nanofibers produced at 850 ◦C.

SnCl2 in the
Initial

Solution (%)

NiSn Alloys Content Elemental Compostion

Ni3Sn2

(%)
Ni3Sn (%)

Ni (in NiSn
Alloys) (%)

Ni (Free)
(%)

Sn (%) Snevap (%) C (%)

5 42 58 5.457 28.082 4.510 0 61.952
10 100 0 6.544 24.380 8.779 0 60.297
25 59 41 23.399 0.459 20.31 0 55.823
35 54 46 19.703 0 16.890 10.215 53.192

 
Figure 4. Thermal gravimetric analysis (TGA) (A), and first derivative for the TGA data (B) for an
electrospun mat containing 10 wt % tin precursor.

2.2. Electrochemical Performance

ESA Investigation

Activation of the nickel-based electrodes can be carried in situ or in vivo. In other words,
the electrode can be preliminarily activated by sweeping in a strong alkaline solution before use,
or simultaneously during the electrooxidation process [23]. The activation denotes formation of ESA
from the NiOOH active compound. During the activation, usually two regions are observed; the first
one is seen in the negative potential region (at ~ −650 mV) due to formation of nickel hydroxide as
follows [57]:

Ni + 2OH− → Ni(OH)2 + 2e (22)

The corresponding peak is usually very small in the first cycle and disappears in the subsequent
ones [57–59]. The second transformation is done in the positive potential side associated with
appearance of a strong peak related to the oxidation of Ni(OH)2 to NiOOH according to the following
reaction [59–61]:

Ni(OH)2 + OH− → NiOOH + H2O + e (23)

Increasing the number of sweeping cycles leads to a progressive increase of the current density
values of the cathodic peak due to the entry of OH− into the Ni(OH)2 surface layer, which results in a
progressive formation of a thicker NiOOH layer [57].
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Figure 5A demonstrates the cyclic voltammograms for nanofibers with different tin contents
and that were calcined at 700 ◦C. As shown, the Ni(OH)2/NiOOH transformation peaks are clearly
observed for all formulations. The ESA can be calculated from the obtained graphs according to the
following equation [62–64]

ESA =
Q
mq

(24)

where Q is the charge required to reduce NiOOH to Ni(OH)2, m is the loading amount of the catalysts,
and q is the charge associated with the formation of a monolayer from Ni(OH)2. As only one electron is
needed to perform NiOOH to Ni(OH)2 transformation, the value of q can be used as 257 μC/cm2 [65,66].
Q can be determined from the area of the cathodic peak. Figure 5B displays the influence of Sn content
on the ESA of the prepared nanofibers. From the results, it can be concluded that if Sn content was
optimized, a distinct enhancement in the ESA can be performed. As shown, ESA of the nanofibers
prepared from a solution containing 15 wt % tin precursor increased to 5 times higher than the Sn-free
nanofibers; the estimated ESAs were 275 and 53 cm2/mg for the two formulations, respectively.
There are also other compositions of the nanofibers that reveal high ESA compared to the un-doped
Ni/C ones. Typically, the ESAs created on the surface of nanofibers containing 10 and 25 wt % Sn
are 110.2 and 87.7 cm2/mg, which is 2 and 1.5 times higher than the Ni/C nanofibers, respectively.
Other formulations (5 and 35 wt % Sn) reveal lower activity. This finding indicates that the alloy
composition strongly affects the ESA formation on the surface of the electrocatalyst due to the change
in the electronic composition.

Increasing the synthesis temperature to 850 ◦C leads to a considerable change in the obtained
results, as shown in Figure 6. As can be observed, the optimum tin content is 10 wt %. At this
composition, the ESA is almost 6 times more compared to Sn-free Ni/C nanofibers, at 175 and
30 cm2/mg, respectively. Also, the nanofibers with 5 wt % Sn which displayed a low performance
when they were synthesized at 700 ◦C, while at 850 ◦C these nanofibers became the second best among
the investigated samples. Excluding the nanofibers containing the maximum Sn content, the remaining
nanofibers showed a close ESA. Consequently, the synthesis temperature has an important impact on
the ESA formation on the surface of the investigated nanofibers.

  
Figure 5. Activation of Sn-incorporated Ni/C nanofibers with different Sn contents and prepared at
700 ◦C (A); and influence of the Sn content on the electrochemical surface area (B).
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Figure 6. Activation of Sn-incorporated Ni/C nanofibers with different Sn contents and prepared at
850 ◦C (A), and influence of the Sn content on the electrochemical surface area (B).

To properly investigate the influence of the synthesis temperature, Figure 7 shows a comparison
between three synthesis temperatures for nanofibers containing 10 wt % Sn. As can be concluded from
the figure, further increase in the synthesis temperature (to 1000 ◦C) does have a negative influence on
the area of the cathodic peak and consequently on the ESA. Numerically, the determined ESA formed on
the surface of the nanofibers prepared at 700, 850, and 1000 ◦C is 110, 175, and 25 cm2/mg, respectively.
Paradoxically, the sample with 15 wt % co-catalyst reveals very high ESA when synthesized at 700 ◦C
compared to 850 ◦C (Figures 5A and 6A). However, all the samples synthesized at 1000 ◦C revealed
very low ESA values compared to the other two temperatures; data are not shown. Accordingly,
it can be concluded that the optimum synthesis temperature is either 700 or 850 ◦C according to the
nanofiber composition. Another important finding that can be observed from these results is the
shift of the cathodic peak to the negative potential direction in the case of the nanofibers containing
10 wt % Sn and synthesized at 850 ◦C. This shift leads to a distinct decrease in the onset potentials of
the electrooxidation process.

Electron transfer resistance is a very important parameter affecting the electrocatalyst performance.
Accordingly, the catalyst morphology can have a considerable impact. Beside the Ohm resistance
of the electrocatalyst, the electron faces another kind of resistance to transfer through the catalyst
layer; the interfacial resistance. Therefore, the axial ratio is an important characteristic. In other words,
the long axial ratio nano-morphology is the low interfacial resistance. In detail, in the case of the
spherical nanoparticles, there are numerous contact points with very small contact areas, which creates
a high interfacial resistance. On the other hand, in the case of the nanofibrous morphology, the long
axial ratio leads to formulation of direct channels to the current collector, which strongly decreases
the interfacial resistance. Figure 8A displays a schematic illustration for the electron that passes
through the nanoparticles and the nanofibers. The average diameter of the fabricated nanoparticles
was ~235 nm, while the composition was almost similar to the corresponding nanofibers. As shown,
in the case of the nanoparticles, the electron has to pass through several contact points in a zigzag
pass, which means high interfacial resistance. On the other hand, the long axial ratio helps to create
direct passes for the electrons to reach to the current collector [44]. The aforementioned hypothesis
was scientifically proved by synthesis nanoparticles from the same sol-gel used in the electrospinning
process and calcined at the same temperature; 10 wt % Sn at 850 ◦C. As shown in Figure 8B, there is a
big difference between the created ESA in the two formulations. Accordingly, it is expected that the
nanofibrous morphology will strongly enhance the electrocatalytic activity.
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Figure 7. Influence of the calcination temperature on the ESA of the activated nanofibers containing
10 wt % Sn.

  

Figure 8. Schematic illustration of the electron passing through the nanoparticles and nanofibers (A).
Influence of the nanostructural morphology on the ESA of the activated composites containing 10 wt %
Sn and calcined at 850 ◦C (B).

To scientifically prove the influence of the ESA on the electrocatalytic activity of the proposed
composites, the performance of the proposed materials toward the electrooxidation of methanol and
urea was investigated. Figure 9 displays the electroactivity of the prepared nanofibers at different
Sn contents prepared at 700 and 850 ◦C toward methanol oxidation (1.0 M methanol in 1.0 KOH,
scan rate 50 mV/s). As shown in Figure 9A, the nanofibers owing the maximum ESA (15 wt % Sn and
prepared at 700 ◦C) reveal the best activity. Similarly, in the case of the 850 ◦C calcination temperature,
the best performance was associated with the maximum ESA, with the nanofibers containing 10 wt %.
However, at the two temperatures, the performance does not follow the ESA order. For instance, for the
two temperatures, the second best performance is associated with the Sn-free nanofibers. Moreover,
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for the remaining Sn-containing nanofibers, the electro-catalytic activity sequence does not follow the
ESA order for the two temperatures. This result draws the attention toward an important conclusion,
that NiOOH is not the main tool for the methanol oxidation. In other words, as was concluded in
our previous study, methanol can be oxidized on the surface of the un-activated nickel electrode with
simultaneous formation of NiOOH [23]. Therefore, the current study supports our previous one and
introduces a new understanding for methanol oxidation. However, the two studies confirm that the
NiOOH-based mechanism is essential but not unique. Beside this new finding, there is another one
that can be extracted from Figure 9B. As shown, there is good enhancement in the methanol oxidation
onset potential in the case of the nanofibers containing 10 wt % Sn and prepared at 850 ◦C. It is
important to link with the negative shift observed during the activation of these nanofibers (Figure 6A).
In more detail, the formation potential of the NiOOH affects the methanol oxidation onset potential.
This finding is very important from an application point of view. Decreasing the onset potential is
highly preferable in the case of production of hydrogen from methanol using the electrolysis process
because it results in decreasing the required power.

 
Figure 9. Electrocatalytic activity of Ni/C nanofibers containing different Sn contents and prepared at
700 ◦C (A) and 850 ◦C (B) toward methanol oxidation (1.0 M in 1.0 KOH) at room temperature and at a
scan rate of 50 mV/s.

Figure 10 displays the influence of Sn content on the electrocatalytic activity of the proposed
nanofibers toward urea oxidation; 1.0 M urea in 1.0 M KOH, scan rate 50 mV/s. As seen in the figure,
for the two synthesis temperatures, Sn incorporation distinctly improves the electrocatalytic activity.
In contrast to methanol oxidation, Sn-free Ni/C nanofibers reveal low electrocatalytic activity toward
urea oxidation. Another important piece of information that can be gained from the figure is that the
electrocatalytic activity almost follows the ESA sequence in the prepared nanofibers, which indicates
that the urea oxidation mainly depends on the amount of the formed NiOOH molecules on the surface
of the electrocatalyst. This result also supports the proposed urea oxidation mechanism, confirming
the dependence on the NiOOH species [17,62]. Similar to methanol, the nanofibers containing 10 wt %
Sn and prepared at 850 ◦C show very low onset potential for urea oxidation compared to the other
formulations, as seen in Figure 10B. Numerically, the corresponding onset potential decreased to
195 mV (vs. Ag/AgCl), while all other formulations prepared at the same temperature (850 ◦C)
have an onset potential of ~ 410 mV. This finding is interesting because it indicates the possibility of
exploiting these nanofibers as an anode material in the direct urea fuel cells. Table 2 summarizes the
onset potentials of urea and methanol oxidation at the surface of the proposed nanofibers.
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Figure 10. Electrocatalytic activity of Ni/C nanofibers containing different Sn contents and prepared at
700 ◦C (A) and 850 ◦C (B) toward urea oxidation (1.0 M in 1.0 KOH) at room temperature and a scan
rate of 50 mV/s.

Table 2. The onset potentials (mV vs. Ag/AgCl) of urea and methanol oxidation at the surface of the
proposed nanofibers.

Synthesis Temp. ◦C
Sn Precusor Content (wt %)

0 5 10 15 25 35

Methanol
700 375 415 412 405 423 425
850 395 403 360 415 445 415

Urea
700 408 412 405 401 415 425
850 410 412 195 405 406 408

According to the XRD results, the interesting small onset-potential obtained with the 10 wt %
sample synthesized at 850 ◦C, especially in urea oxidation, can be attributed to the formation of only
Ni3Sn2 alloy with some free non-crystalline nickel (Table 1). Therefore, it can be claimed that this alloy
structure possesses higher electrocatalytic activity toward urea oxidation compared to the Ni3Sn one.

Figures 11 and 12 display the influence of the calcination temperature and the nano-morphology
on the electrocatalytic activity of the proposed nanocomposites toward methanol and urea oxidation,
respectively. As shown in Figure 11A, which displays the influence of the synthesis temperature on
the electrocatalytic activity of the nanofibers containing 10 wt % Sn toward methanol, the optimum
temperature is 850 ◦C, and increasing the temperature does have a negative impact on the activity.
Moreover, the performance follows the ESA sequence. In the same fashion, as shown in Figure 11B,
the electrocatalytic activity toward urea oxidation depends on the formed NiOOH active layer (ESA)
on the surface of the investigated nanofibers.

Figure 12 displays a good translation for the results obtained in Figure 8 (influence of the
nano-morphology on the ESA), and simultaneously supports the aforementioned hypothesis about
the role of the axial ratio in enhancing the electron transfer process. As shown in the figure,
for both methanol and urea, the nanofibrous morphology provides an advantage for the investigated
electrocatalyst in enhancing the electrocatalytic activity toward oxidation of methanol (Figure 12A)
and urea (Figure 12B).
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Figure 11. Influence of calcination temperature on the electrocatalytic activity of 10 wt % Sn nanofibers
toward oxidation of methanol (1.0 M in 1.0 KOH) (A) and urea (1.0 M in 1.0 KOH) (B); the measurements
were performed at room temperature and a scan rate of 50 mV/s.

Figure 12. Influence of the nanostructural morphology on the electrocatalytic activity of 10 wt % Sn
nanofibers prepared at 850 ◦C toward oxidation of methanol (1.0 M in 1.0 KOH) (A) and urea (1.0 M in
1.0 KOH); (B) the measurements were performed at room temperature and a scan rate of 50 mV/s.

3. Materials and Methods

3.1. Preparation of the Nanofibers and Nanoparticles

Sn-incorporated Ni/C nanofibers were prepared by dissolving (1 g) of nickel (II) acetate
tetrahydrate (NiAc, 98%, Aldrich Co., Milwaukee, WI, USA) in 4 mL of de-ionized water that is mixed
with 15 g of 10 wt % aqueous polymer solution of poly(vinyl alcohol) (PVA, MW = 65,000 g/mol,
DC Chemical Co., Seoul, Korea). The mixture is stirred for several hours at 50 ◦C. Later on, specific
amounts of tin chloride (SnCl2; Aldrich Co., Milwaukee, WI, USA) were dissolved in the minimum
amount of de-ionized water and mixed with the prepared NiAc/PVA solution. To study the influence
of Sn content, solutions having 0, 5, 10, 15, 25, and 35 wt % of SnCl2 compared to NiAc were prepared.
For instance, a 10 wt % sample means the tin chloride was 10%, while the nickel acetate was 90 wt %.
The electrospinning process was carried out at 20 kV at room conditions and at a 15 cm distance
between the syringe and the rotating drum collector. After vacuum drying of the electrospun mats,
the calcination process was carried out under vacuum atmosphere at different temperatures (700,
850, and 1000 ◦C) for 5 h. The nanoparticles were synthesized by drying sol-gels prepared by the
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aforementioned procedure under a vacuum for 24 h at 80 ◦C. Then, the solids were crushed and
ground carefully into fine particles before being subjected to the calcination process.

3.2. Characterization

The nanofibrous morphology was confirmed by using scanning electron microscopy (SEM and
FESEM, Hitachi S-7400, Tokyo, Japan). The chemical composition of the prepared nanostructures
was studied by X-ray diffraction (XRD, Rigaku, Tokyo, Japan). Thermal properties have been
studied by a thermal gravimetric analyzer (TGA, Pyris1, PerkinElmer Inc., Hopkinton, MA, USA).
The electrochemical measurements were carried out using potentiostat (VersaStat 4, Princeton Applied
Research. Co., Oak Ridge, TN, USA). A three electrode cell structure composed of glass carbon
electrode (GCE) as the working electrode, Ag/AgCl as the reference electrode, and Pt wire as the
counter electrode (CE) was utilized. WE was prepared by depositing 15 μL of catalyst ink onto the
active surface of the GCE. The catalyst ink was prepared by well dispersion of the functional material
in a mixture of Nafion solution and isopropanol followed by drying at 80 ◦C for 30 min.

4. Conclusions

Sn-incorporated Ni/C nanofibers can be produced by the electrospinning process. Due to
the polycondensation characteristic of the main metal precursor (nickel acetate), well maintaining
of the nanofibrous morphology during the calcination process can be achieved; accordingly,
good morphology nanofibers are obtained. Addition of the proposed co-catalyst distinctly affects
formation of the active NiOOH compound on the surface of the proposed electrocatalyst. However,
the tin percentage should be optimized to maximize the electroactive surface area (ESA). Beside the
composition, the synthesis temperature does have an important impact on the ESA. Typically, 700 and
850 ◦C calcination temperatures can be invoked based on the nanofiber composition. Due to the large
axial ratio, which strongly assists the electron transfer process, the nanofibrous morphology distinctly
maximizes ESA during the activation process. Although the electrocatalytic activity for the investigated
nanofibers toward methanol oxidation does not exactly follow the ESA sequence, improving the ESA
leads to a considerable decrease in the onset potential. On the other hand, the electrocatalytic activity
toward urea oxidation is proportionate to the ESA, so the highest current density and lowest onset
potential correspond to the nanofibers covered by the maximum ESA. Lastly, it is highly recommended
to formulate the electrocatalysts in the nanofibrous morphology to gain the advantage of the large
axial ratio, which distinctly improves the electocatalytic activity toward urea and methanol.
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Abstract: The development of advanced electrocatalysts for oxygen reduction and evolution is of
paramount significance to fuel cells, water splitting, and metal-air batteries. Heteroatom-doped
carbon materials have exhibited great promise because of their excellent electrical conductivity,
abundance, and superior durability. Rationally optimizing active sites of doped carbons can
remarkably enhance their electrocatalytic performance. In this study, nitrogen and oxygen codoped
carbon nanotubes were readily synthesized from the pyrolysis of polydopamine-carbon nanotube
hybrids. Different electron microscopes, Raman spectra and X-ray photoelectron spectroscopy (XPS)
were employed to survey the morphological and componential properties. The newly-obtained
catalyst features high-quality nitrogen and oxygen species, favourable porous structures and
excellent electric conductivity, and thus exhibits remarkably bifunctional oxygen electrode activity.
This research further helps to advance the knowledge of polydopamine and its potential applications
as efficient electrocatalysts to replace noble metals.

Keywords: N, O-codoping; polydopamine; oxygen reduction; oxygen evolution;
electrocatalysts; bifunctional

1. Introduction

Green and sustainable energy sources play a crucial role in addressing concerns about the global
energy dilemma, pollution, and climate change [1–3]. Regenerative energy techniques involving
fuel cells, metal–air batteries, and electrocatalytic hydrogen production have attracted significant
interest as energy storage and conversion devices [4,5], which usually involve cathodic oxygen
reduction reaction (ORR) and anodic oxygen evolution reaction (OER). Both ORR and OER contain
complicated multi-electron transfer processes, which would result in sluggish reaction kinetics and
consequently compromise the whole performance of the above energy devices. Electrocatalysts can
drastically promote reaction rates and lower overpotentials. These features make electrocatalysts
indispensable components of energy devices [6,7]. The noble metal-based materials including Pt and
Ru are the most efficient electrocatalysts for ORR or OER, but their prohibitive cost and scarcity greatly
impedes the proliferation of related energy technologies. In comparison, carbon materials possess a
series of satisfactory features, including natural abundance, superior electrical conductivity, tailorable
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structures and components, and strong anticorrosion abilities, and thus have been intensively studied
as electrocatalysts during the last decade [5,8,9].

Nonmetallic heteroatom doping has been regarded as a valid strategy to increase the
electrocatalytic activity of carbon materials and even achieve a particular activity towards certain
electrocatalytic reactions [10]. Therefore, a rationally componential optimization is of paramount
importance to develop the desired electrocatalysts. N-doping can render adjacent C atoms
positive-charged, due to the greater electronegativity of N, and can also maintain the intrinsic electronic
structure on account of the presence of a lone pair of nitrogen electrons. Thus, N-doping has been
the most widely used [10]. Moreover, different N species significantly affect the catalytic activity of
N-doping carbons. For example, Ruoff et al. found that pyridinic N (p-N) mainly determines the
ORR activity of N–carbon catalysts, while graphitic N (g-N) lowers the onset potential of ORR [11].
Dai et al. suggested that g-N is responsible for ORR activity and considered p-N as active sites
for the OER [12]. Most recently, oxygen species were found to be able to remarkably improve the
bifunctional ORR and OER performance of carbon materials. Zhu et al. revealed that epoxy and ketene
oxygen moieties provide more active sites for ORR and OER [13], whereas Wang et al. considered
–COOH groups as highly bifunctionally active sites [14,15]. Although the underlying mechanisms
remain controversial, N- and O-doping indeed apparently boost the bifunctional performance of
carbon materials in ORR and OER. Meanwhile, dual-doped carbons have exhibited remarkably
better performance than their single-doped counterparts due to the synergistic coupling effect of
compatible dopants [16,17]. Significantly, N-doping within a certain range can increase the electrical
conductivity of carbons [18], while the introduction of an O species is detrimental to the inherent
electron configuration of sp2-carbons. Therefore, the effective integration of N and O dopants into the
carbon matrix requires a delicate design to achieve optimal synergistic performance.

Recently, we have exploited polydopamine (PDA) as an excellent platform for doped carbons due
to its unrivaled structural and componential virtues [17,19]. Robust adhesion can make PDA easily
grow onto the surfaces of different solids and thus realize structural regulation [5,20]. Simultaneously,
the flexible componential tunability by the post-modification of PDA facilitates the importation of
multiple kinds of heteroatoms to the derived carbons [17]. The inherent N component of PDA has
been utilized for the development of single N-doped and codoped carbons, with secondary dopants
including B, P and S [17]. Notably, besides one nitrogen-containing group, each monomer of PDA also
contains two intrinsic oxygenated groups, which can be readily available to construct the N, O-codoped
carbons, but thus far, less attention has been paid to them. However, the large amount of oxygen species
will certainly compromise the electrical conductivity of the resultant carbons. Carbon nanotubes (CNTs)
have been widely recognized as a good electronic conductor, which can be introduced as a conductive
substrate to assure a favorable electronic transfer of the integrated materials [21].

Herein, we propose a novel and simple approach to obtain N, O-codoping carbon nanotubes.
PDA was first easily grafted onto the surface of multi-walled CNTs and then subjected to
high-temperature carbonization. Compared to previous post-doping routes, this facile strategy can
directly generate in situ and uniform N, O-codoping into the resultant carbon materials together
with favorable componential and structural features. Specifically, the obtained N, O-codoped CNT
(N, O-CNT) contains 2.3% nitrogen and up to 12.6% oxygen. Impressively, the inherent pyrrolic N
of PDA can be completely converted into p-N and g-N, and the C=O and –COOH species dominate
among different oxygen groups. All of those components are electrocatalytically active for ORR and
OER. Additionally, the network structure formed by cross-stacked carbon nanotubes provide excellent
electrical conductivity and smooth mass transportation. Accordingly, the newly developed N, O-CNT
exhibits bifunctional activities for both ORR and OER with enhanced activity and excellent stability.
Because of the robust adhesion of PDA, this facile and straightforward N, O-codoping method is
significantly promising for the future energy conversion and storage applications.
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2. Results

2.1. The Structural and Componential Characterization of the Catalysts

The morphologies and nanostructures of the newly-obtained N, O-CNT were firstly investigated
by a scanning electron microscope (SEM) and transmission electron microscopy (TEM). As shown in
Figure 1A and Figure S1, SEM images show cross-stacked CNT networks. However, as presented in
the TEM images (Figure 1C), all these CNTs preserve the isolated single-tube structure. The magnified
TEM images (Figure 1C and Figure S2) further manifest a layer of continuous carbon thin-film with
~2 nm-thick coating outside the lattice fringe of the CNTs, which can be ascribed to the carbonization
of the uniform PDA wrapping. Notably, the kind of stacked networks formed by isolated CNTs
can easily deposit onto the electrode surface with abundant intrinsic inner cavities and large pores
between the CNTs, which are believed to be conducive to facile electrolyte and gas transport during
the electrocatalytic processes. As shown in Figure 1D, the elemental mapping images of N, O-CNT
suggest a homogeneous distribution of C, O, and N components, further indicating PDA evenly
wrapped onto the surface of the CNTs. The defects and structural evolution of the CNT samples can
be reflected through the intensity ratio of the D band to the G band (ID/IG) in the Raman spectra.
As displayed in Figure 1E, the p-CNT has a small ID/IG ratio of 0.38, displaying an intact, pristine
structure. After acid oxidation of p-CNT, ox-CNT shows a much higher ID/IG ratio of 1.05 arising
from the oxygenated-group-enriched CNT surface. Finally, N, O-CNT can inherit a large amount of
nitrogen and oxygen dopants from PDA, possibly resulting in its relatively high ID/IG ratio of 0.87,
even after high-temperature pyrolysis. Nitrogen adsorption of N, O-CNT shows a large surface area of
up to 165 m2 g−1. The existence of different mesopores and macropores can be verified by the pore
size distribution curve (Figure 1F), which also agrees with the electron microscopic results. Specifically,
the smaller mesopores with a size of around 3−10 nm correspond to the intrinsic hollow structures
of nanotubes, while the larger pores with sizes of around 10−150 nm are credited to the voids of the
cross-stacking CNT networks.

FTIR measurements were used to confirm the formation of CNT-PDA hybrids (Figure 2A).
The p-CNT has no characteristic peak because of its pristine structure. The peaks of ox-CNT at around
1050 and 1732 cm−1 indicated the presence of C–O and C=O moieties. The indole or indoline structure
of PDA in CNT-PDA hybrids was certified by the coexistence of characteristic peaks at 1501 and
1609 cm−1, indicating the successful wrapping of PDA onto the surface of CNT [22]. The chemical
status of different components can be clearly determined by the XPS technique (Figure 2B–D and Figure
S3). The presence of C, N (2.3 at.%) and O (12.6 at.%) was first confirmed by an XPS survey scan of N,
O-CNT, in which the high concentration of N and O dopants also accounts for the high ID/IG ratio of
N, O-CNT. Additionally, the deconvoluted spectra of N 1s consists of two peaks at 398.4 and 400.8 eV
(Figure 2C), belonging to p-N (0.9 at.%), and g-N (1.4 at.%), while the catalytically inert pyrrolic N was
not detected. The well-resolved O 1s peaks mainly comprise three peaks. More specifically, the peak at
532.5 eV is consistent with the hydroxyl (C−OH) and carbonyl (C=O) functional groups, which have a
content of 5.6%. The peak at 531.3 eV is attributed to the carboxyl group (COO−) in carboxylate and
the oxygen double bond to carbon, accounting for 1.7 at.%, and the peak at 533.9 eV corresponds to the
oxygen single bond in esters and carboxylic acids (O=C−O), reaching 5.3% (Figure 2D). Significantly,
compared with the oxygen content in p-CNT (2.3 at.%) and ox-CNT (9.5 at.%), shown in Figure S3,
Figure S4 and Figure S5 [23], the relatively large number of oxygen moieties in N, O-CNT not only
plays a critical role as active sites of electrocatalytic reactions [24–26], but also improves the wettable
capability of the surface of resultant carbons and facilitates the electrocatalytic processes [27].
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Figure 1. (A) SEM, (B) TEM and (C) the magnified TEM images of the N, O-carbon nanotube (CNT);
PDA, polydopamine. (D) TEM elemental mapping of C, O, and N in N, O-CNT. (E) Raman spectra of
p-CNT, ox-CNT and N, O-CNT. (F) The corresponding nitrogen adsorption–desorption isotherm of N,
O-CNT, and the inset shows the pore size distribution curve.
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Figure 2. (A) FTIR spectra of p-CNT, ox-CNT and CNT-PDA. (B–D) XPS survey scan and the
deconvoluted high-resolution spectra of N 1s and O 1s in N, O-CNT.

2.2. ORR Performance

The electrocatalytic activity for ORR was systematically evaluated on the newly-developed
carbons. Firstly, the cyclic voltammograms (CVs) were examined in an O2-saturated 0.1 M KOH
electrolyte. Figure 3A displays N, O-CNT having a typical cathodic peak located at −0.28 V, and the
peak potential is obviously much more positive than that of ox-CNT (−0.34 V) and p-CNT (−0.38 V).
Meanwhile, the according peak current density of N, O-CNT is 3.3 mA cm−2, much larger than that of
ox-CNT (−0.94 mA cm−2) and p-CNT (−1.54 mA cm−2), both of which indicate the best ORR activity
on N, O-CNT. Linear sweep voltammograms (LSVs) were then collected with a rotating disk electrode
(RDE) under 1600rpm. The onset potential (η) was defined as the potential value to achieve a current
density of −0.5 mA cm−2. The η value of N, O-CNT is around −0.16 V, as shown in Figure 3B—much
better than that of ox-CNT (−0.23 V) and p-CNT (−0.25 V). Of particular note, at −0.6 V, a current
density up to −6.6 mA cm−2 can be observed on N, O-CNT, which is significantly larger than the values
of ox-CNT (−2.4 mA cm−2), p-CNT (−2.6 mA cm−2), and even Pt/C (−4.6 mA cm−2), suggesting
superior electrocatalytic performance of N, O-CNT for ORR. Furthermore, N, O-CNT has no current
plateau akin to that of Pt/C, caused by the limited mass transport, partly because the high surface area
and hierarchically porous structures endow the N, O-CNT with abundantly available active sites and
expedite diffusion ability in ORR electrocatalytic processes. The ORR catalytic kinetics of different
catalysts were then assessed through Tafel slopes extracted from the LSV curves. Figure 3C illustrates
a Tafel slope of 80 mV dec−1 on N, O-CNT, which is much smaller than that of p-CNT (98 mV dec−1)
and ox-CNT (124 mV dec−1); nearly approaching the value of Pt/C (74 mV dec−1), the small Tafel
slope of N, O-CNT manifests the enhanced ORR kinetics of N, O-CNT. To gain more insight into the
electrocatalytic ability of N, O-CNT, LSVs at different rotation speeds were recorded (Figure 3D and
Figure S6). The respective Koutecky-Levich (KL) plots under various potentials were linearly fitted
and the kinetic limiting current density (Jk) was obtained (Figure 3E). As presented in Figure 3F, N,
O-CNT has relatively high and stable Jk values under the applied potential (−0.4 to −0.8 V) compared
to those of ox-CNT and p-CNT, indicating a more efficient and smooth catalytic process for ORR on N,
O-CNT due to its structural advantages, as noted previously.
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Figure 3. (A) CV curves of p-CNT, ox-CNT, and N, O-CNT in O2-saturated 0.1 M KOH solution.
(B) LSVs at a sweep rate of 5 mVs−1, and (C) Tafel slope obtained from the LSVs of p-CNT, ox-CNT, N,
O-CNT, and Pt/C. (D) Linear sweep voltammograms (LSVs) of N, O-CNT at different rotating speeds
from 400 to 2400 rpm. (E) K-L plots of N, O-CNT obtained at different potentials. (F) Kinetic limiting
current density (Jk) of different catalysts at a potential range from −0.4 to −0.8 V.

Rotating ring disk electrode (RRDE) experiments were further conducted to quantitatively analyze
the intermediate peroxide and investigate the ORR pathways on different catalysts [28]. As presented
in Figure 4A,B, N, O-CNT yields 17−34% HO2

− with a potential from −0.4 to −1.0 V, and its number
of electron transfer (n) ranges from 3.3 to 3.7. In comparison, p-CNT produces ∼41–5% HO2

− under
identical conditions, with n ranging from 2.5 to 3.2. The n of ox-CNT was estimated from 2.3 to 3.1,
with the production of ∼44–84% HO2

−. These results suggest a more efficient electrocatalytic ORR
process on N, O-CNT with a 4e− dominated pathway. It is noteworthy that peroxide species produced
in the low potential region can be continuously reduced at a high potential and contribute to the high
reduction current density of N, O-CNT displayed in Figure 3B.

The long-term durability of N, O-CNT was assessed against commercial Pt/C. The test was
conducted with chronoamperometry in 0.1 M KOH saturated with O2. As displayed in Figure 4C,
Pt/C exhibits up to a 40% loss from its initial current, while N, O-CNT retains 96.7% of the original
current over 20 h with a neglectable attenuation, clearly manifesting the exceedingly good stability of
carbon active sites in alkaline ORR. Furthermore, the effect of methanol crossover was investigated on
both N, O-CNT and Pt/C (Figure 4D). After introducing methanol into the electrolyte, the original
ORR current of N, O-CNT could persist almost unaffected, confirming its robust resistance to methanol
crossover. Contrarily, when 3 M methanol was added, a quick response was detected on Pt/C with
the initially cathodic current directly changing to an anodic current. Consequently, the obtained N,
O-CNT showed prominent durability and high selectivity to ORR, and is highly suitable as a potential
candidate to replace Pt/C.
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Figure 4. (A) Rotating ring disk electrode (RRDE) voltammetric response in the O2-saturated 0.1 M
KOH at a scan rate of 5 mV s−1 and (B) HO2

− yields and the corresponding electron transfer
number of p-CNT, ox-CNT and N, O-CNT. (C) oxygen reduction reaction (ORR) current–time
chronoamperometric response of N, O-CNT and Pt/C in O2-saturated 0.1 M KOH solution.
(D) current–time chronoamperometric response of N, O-CNT and Pt/C before and after addition
of 3 M methanol.

2.3. OER Performance

The OER catalytic performance of the obtained samples was further characterized in detail.
LSVs were first performed in 0.1 M KOH, and the applied potential when generating a current density
of 10 mA cm−2 (Ej=10) was a metric used for the comparison of different catalysts (Figure 5A). The Ej=10

for N, O-CNT is 0.65 V, which is much lower than those obtained for other samples, such as p-CNT
(0.73 V) and ox-CNT (0.82 V), close to the value of IrO2-CNT (0.61 V). Compared to previously
reported catalysts, the Ej of N, O-CNT (0.65 V) is lower than that of the various carbons, including
N, O-doped carbon hydrogels [21] and N-doped carbon nanocables [29], and comparable to those
of metal-containing eletrocatalysts, such as Mn3O4/CoSe2 hybrids [30], Co3O4/N-graphene [31],
and MnxOy/N-doped carbon [32]. Tafel plots were also used to evaluate the catalytic kinetics
for OER (Figure 5B). N, O-CNT has a Tafel slope of 74 mV dec−1, which is lowest among all the
samples including p-CNT (93 mV dec−1), ox-CNT (147 mV dec−1), and even IrO2-CNT (82 mV dec−1).
Compared with previously reported OER catalysts, the Tafel slope of N, O-CNT is much lower than
those of N, O-doped carbon hydrogels (141 mV dec−1) [21], C3N4/carbon nanotube composites (83 mV
dec−1) [33], and similar to some metal oxide OER catalysts, including Co3O4/carbon nanowires
(70 mV dec−1) [34], CoO/N-graphene (71 mV dec−1) [35], and Co3O4/N-graphene (67 mV dec−1) [31],
implying its enormously beneficial catalytic kinetics for OER. The catalytic kinetics of different samples
can be further evidenced by the electrochemical impedance spectrum (EIS). As illustrated in Figure 5C,
N, O-CNT has a much smaller impedance compared to that of p-CNT and ox-CNT, confirming its
greatly unimpeded reaction kinetics. An electrochemical durability test of N, O-CNT for OER was
then carried out. As illustrated in the inset of Figure 4D, a long-time potential cycling conducted on
N, O-CNT signified insignificant reduction of the catalytic performance after 1000 cycles (Figure 5D).
The LSV curves show that 91.2% of the initial current density remained after 1000 potential cycles,
confirming the remarkable electrochemical stability of the N, O-CNT for OER.
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Figure 5. (A) Oxygen evolution reaction (OER) LSVs at a sweep rate of 5 mVs−1 and (B) OER Tafel plots
of p-CNT, ox-CNT, N, O-CNT, and IrO2-CNT. (C) The electrochemical impedance spectra (recorded
at 0.65 V) of p-CNT, ox-CNT, and N, O-CNT. (D) Electrochemical durability test of N, O-CNT for
OER, the LSV plots before and after 1000 cycles, and inset are the CV plots at 50 mV s−1 for 1000
cycles. (A) The overall LSV curve of N, S-CN in the potential range of −0.8 to 0.8V, ΔE (Ej=10 − Ej=−3)
is a metric for bifunctional ORR and OER activity (Inset: The value of ΔE for various catalysts
reported previously).

To better investigate the overall oxygen electrode activity, the different metrics for OER and
ORR on various catalysts were all compared and displayed in Figure 6A and Table S1, including
onset potential, Tafel slope, the potential at −3 mA cm−2 for ORR (Ej=−3), and Ej=10 for OER [36].
The difference in potential between Ej=10 and Ej=−3 was designated as ΔE, i.e., ΔE = Ej=10 − E j=−3.
The smaller ΔE means better overall oxygen electrode activity. Notably, N, O-CNT displays a ΔE of
0.92 V, much smaller than that of p-CNT (1.40 V) and ox-CNT (1.61 V), which is also superior compared
to the previously reported non-metallic materials (e.g., N-graphene/CNT [37], ΔE = 0.96 V; C3N4-CNT,
ΔE = 1.30 V) [36], noble-metals (e.g., Pt/C, ΔE = 1.16 V; Ru/C, ΔE = 1.01 V; Ir/C, ΔE = 0.92 V) [38], and
transition-metals (e.g., NiCo2S4@N/S-rGO [39], ΔE = 0.98 V; NiCo2O4/G [40], ΔE=1.13 V) [32,38], and
close to that of phosphorus-doped carbon nitride/carbon-fiber paper (PCN-CFP, 0.91 V) [36], N, S-CN
(0.88 V) [6], and Co/N-C-800 (0.86 V) [41]. Figure 6B summarizes a detailed comparison of different
bifunctional oxygen electrocatalysts, demonstrating the excellent catalytic performance of N, O-CNT
towards a bifunctional ORR and OER.

70



Catalysts 2019, 9, 159

 

Figure 6. (A) The overall LSV curve of N, O-CNT in the potential range of −1.0 to 0.8 V, (B) the value
of ΔE of N, O-CNT and the comparison with various catalysts reported previously.

The efficiently bifunctional performance of the N, O-CNT catalyst for ORR and OER could arise
from the following three aspects: First, N, O-CNT contains 2.3% N and 12.6% O, and thus produces a
large population of active sites. The N element has a larger electronegativity and can afford a positive
charge density to the adjacent C atoms, which are generally considered electrocatalytically active
centers [33,42]. Furthermore, N, O-CNT only consists of favored p-N and g-N, while no pyrrolic
N was found, which reportedly has little catalytic effect [11]. Meanwhile, different oxygen groups,
including the C=O and COOH moieties, have been found to facilitate OER and ORR due to the electron
withdrawing effect and enhanced adsorption of reaction intermediates [14,15,43]. A host of oxygen
groups up to 12.6% in N, O-CNT would, therefore, greatly promote the bifunctional activity of obtained
carbons. Secondly, a large surface area of catalysts can enhance the exposure of active sites and assure
their sufficient utilization. The porous structure of N, O-CNT, shown by nitrogen adsorption, can also
be assessed by electrochemical double-layer capacitance (Cdl). Figure 7 displays the Cdl of N, O-CNT
as 4.4 mF cm−2, while the values of p-CNT and ox-CNT are 1.4 and 2.5 mF cm−2. As Cdl reflects the
electrocatalytic active surface area, the bigger Cdl of N, O-CNT illustrates the larger active surface of N,
O-CNT, which can promote its apparent ORR and OER performance. Moreover, the different porous
structures of N, O-CNT can guarantee an unblocked channel for benign mass transfer [22]. Thirdly,
the employed CNT substrate can provide excellent electronic conductivity, which has been confirmed
by the EIS study. Additionally, PDA-derived defective carbons can be firmly incorporated with CNTs
because of the robustly adhesive PDA, which ensures an unimpeded charge transfer and the long-term
stability of the integrated carbons. All these manifold virtues come together to make the developed N,
O-CNT an advanced bifunctional ORR and OER electrocatalyst.
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Figure 7. CV curves at different scan rates (2, 4, 6, 8, and 10 mV s−1) of (A) p-CNT, (B) ox-CNT, and (C)
N, O-CNT. (D) The corresponding difference in the current density at 0.025 V plotted against scan rate;
the calculated Cdl values are shown as the inset.

3. Materials and Methods

3.1. Preparation of N, O-CNT

The ox-CNT was synthesized first. The purchased primitive CNTs were ultrasonicated in a mixed
solution of sulfuric acid (98%) and nitric acid (70%) with 3:1 v/v for 10 h and washed repeatedly with
copious water. The obtained sample was incubated with 5 M HCl at 50 ◦C for 24 h to eliminate metal
impurities. After lyophilization, ox-CNT was sonicated in water to obtain 1 mg mL−1 dispersion.

To prepare N, O-CNT, 100 mg of dopamine (DA) was added into 100 mL of the above ox-CNT
dispersion followed by 100 mL of phosphate buffered saline (PBS, 0.4 M, pH = 8.5) added. Under
a magnetic stirring, the reaction in the mixed solutions was kept for 24 h. The CNT-PDA samples
were obtained by centrifugation and washing with water. The N, O-CNT was synthesized by the
pyrolysis of CNT-PDA in a tube furnace under a N2 atmosphere. The pyrolysis temperature was first
set at 400 ◦C for 2 h with a heating rate of 1 ◦C min−1, then at 800 ◦C for 3 h with a heating rate of
5 ◦C min−1.

3.2. Electrochemical Characterization

The electrochemical measurements were conducted on an electrochemical workstation (CHI 760C,
CH Instruments, Austin, TX, USA). The inks of different catalysts were prepared as follows: The
catalysts of 2 mg were dispersed under ultrasonication into 1 ml water to make a well-distributed
suspension. Then, 20 μL of catalyst ink was dropped on the electrode surface. 5 μL of 0.5 wt.%
Nafion aqueous solution was pipetted on the electrode and air dried. The three-electrode cell system
was employed in a standard five-neck electrolyzer and consisted of an RDE glassy carbon working
electrode, a Ag/AgCl reference electrode in saturated AgCl-KCl solution, and a platinum wire as
counter electrode. Cyclic voltammogram (CV) and linear sweep voltammogram (LSV) tests were
performed with a scan rate of 50 and 5 mV s−1, respectively. The RRDE measurement was conducted
to evaluate the catalytic efficiency of samples for ORR, and its detailed experiments are presented in
the Supplementary Materials.
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The EIS tests of the OER were conducted under an AC voltage with 5 mV amplitude in a frequency
range from 100,000 to 1 Hz and recorded at 0.65 V vs. Ag/AgCl. The Cdl of the as-synthesized
materials was obtained from double-layer charging curves using CVs in a potential range of 0–0.05 V.
The capacitive currents, i.e., ΔJ|Ja−Jc|@ 0.025 V, were plotted as a function of the CV scan rate. The linear
relationship was observed with a slope two-times larger than the Cdl value.

4. Conclusions

In conclusion, by virtue of PDA, a new and simple strategy, with attractive componential and
structural features, was presented to prepare N, O-CNT. The resultant codoped carbon is characterized
by highly efficient N and O components, favorable pore architecture, and high surface areas, and hence
exhibits a remarkably bifunctional performance for ORR and OER with outstanding activity and
excellent stability. Due to the versatile features of PDA, this work could offer a novel insight into
rationally developing PDA-derived doped carbons, which are greatly promising as substitutes for
noble metals in relevant energy conversion fields.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/2/159/
s1, Figure S1: SEM image of N, O-CNT, Figure S2: The magnified TEM images of the N, O-CNT, Figure S3:
XPS high-resolution spectra of C1s of N, O-CNT, Figures S4 and S5: XPS survey scans and the deconvoluted
high-resolution spectra of p-CNT and ox-CNT. Figure S6: LSVs at different rotating speeds from 0 to 2400 rpm
and the K-L plots obtained at different potentials, Table S1: Comparison of the different OER and ORR metrics of
the obtained catalysts.

Author Contributions: Conceptualization, K.Q.; Methodology, J.S. and S.W.; Formal analysis, Y.W. and H.L.;
Data curation, H.Z. and B.C.; Writing—original draft preparation, J.S. and H.C.; Writing—review and editing, K.Q.
and J.Z.; Supervision, X.Z. and K.Q.; Project administration, K.Q.

Acknowledgments: This work was financially supported by the National Natural Science Foundation of
China (21601078, 21503104), Natural Science Foundation of Shandong Province (ZR2016BQ21, ZR2014BQ010,
ZR2016BQ20), Colleges and Universities in Shandong Province Science and Technology Projects (J16LC03, J16LC05,
J17KA097), and the Doctoral Program of Liaocheng University (318051608).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dresselhaus, M.S.; Thomas, I.L. Alternative energy technologies. Nature 2001, 414, 332–337. [CrossRef]
[PubMed]

2. Norskov, J.K.; Christensen, C.H. Toward Efficient Hydrogen Production at Surfaces. Science 2006, 312,
1322–1323. [CrossRef] [PubMed]

3. Chu, S.; Cui, Y.; Liu, N. The path towards sustainable energy. Nat. Mater. 2017, 16, 16–22. [CrossRef]
[PubMed]

4. Steele, B.C.H.; Heinzel, A. Materials for fuel-cell technologies. Nature 2001, 414, 345. [CrossRef] [PubMed]
5. Zhang, Q.; Luo, F.; Ling, Y.; Guo, L.; Qu, K.; Hu, H.; Yang, Z.; Cai, W.; Cheng, H. Constructing Successive

Active Sites for Metal-free Electrocatalyst with Boosted Electrocatalytic Activities Toward Hydrogen
Evolution and Oxygen Reduction Reactions. ChemCatChem 2018, 10, 5194–5200. [CrossRef]

6. Qu, K.; Zheng, Y.; Dai, S.; Qiao, S.Z. Graphene oxide-polydopamine derived N, S-codoped carbon nanosheets
as superior bifunctional electrocatalysts for oxygen reduction and evolution. Nano Energy 2016, 19, 373–381.
[CrossRef]

7. Zhang, J.; Zhao, Z.; Xia, Z.; Dai, L. A metal-free bifunctional electrocatalyst for oxygen reduction and oxygen
evolution reactions. Nat Nano 2015, 10, 444–452. [CrossRef]

8. Chu, Y.; Gu, L.; Ju, X.; Du, H.; Zhao, J.; Qu, K. Carbon Supported Multi-Branch Nitrogen-Containing
Polymers as Oxygen Reduction Catalysts. Catalysts 2018, 8, 245. [CrossRef]

9. Zheng, Y.; Jiao, Y.; Qiao, S.Z. Engineering of Carbon-Based Electrocatalysts for Emerging Energy Conversion:
From Fundamentality to Functionality. Adv. Mater. 2015, 27, 5372–5378. [CrossRef]

10. Jin, H.; Guo, C.; Liu, X.; Liu, J.; Vasileff, A.; Jiao, Y.; Zheng, Y.; Qiao, S.-Z. Emerging Two-Dimensional
Nanomaterials for Electrocatalysis. Chem. Rev. 2018, 118, 6337–6408. [CrossRef]

73



Catalysts 2019, 9, 159

11. Lai, L.; Potts, J.R.; Zhan, D.; Wang, L.; Poh, C.K.; Tang, C.; Gong, H.; Shen, Z.; Lin, J.; Ruoff, R.S. Exploration
of the active center structure of nitrogen-doped graphene-based catalysts for oxygen reduction reaction.
Energy Environ. Sci. 2012, 5, 7936–7942. [CrossRef]

12. Yang, H.B.; Miao, J.; Hung, S.-F.; Chen, J.; Tao, H.B.; Wang, X.; Zhang, L.; Chen, R.; Gao, J.; Chen, H.M.;
et al. Identification of catalytic sites for oxygen reduction and oxygen evolution in N-doped graphene
materials: Development of highly efficient metal-free bifunctional electrocatalyst. Sci. Adv. 2016, 2, e1501122.
[CrossRef] [PubMed]

13. Lv, J.-J.; Li, Y.; Wu, S.; Fang, H.; Li, L.-L.; Song, R.-B.; Ma, J.; Zhu, J.-J. Oxygen Species on Nitrogen-Doped
Carbon Nanosheets as Efficient Active Sites for Multiple Electrocatalysis. ACS Appl. Mater. Interfaces 2018,
10, 11678–11688. [CrossRef] [PubMed]

14. Liu, Z.; Zhao, Z.; Wang, Y.; Dou, S.; Yan, D.; Liu, D.; Xia, Z.; Wang, S. In Situ Exfoliated, Edge-Rich,
Oxygen-Functionalized Graphene from Carbon Fibers for Oxygen Electrocatalysis. Adv. Mater. 2017, 29,
1606207. [CrossRef] [PubMed]

15. Kordek, K.; Jiang, L.; Fan, K.; Zhu, Z.; Xu, L.; Al-Mamun, M.; Dou, Y.; Chen, S.; Liu, P.; Yin, H.; et al. Two-Step
Activated Carbon Cloth with Oxygen-Rich Functional Groups as a High-Performance Additive-Free Air
Electrode for Flexible Zinc–Air Batteries. Adv. Energy Mater. 2018, 2018, 1802936. [CrossRef]

16. Liang, J.; Jiao, Y.; Jaroniec, M.; Qiao, S.Z. Sulfur and Nitrogen Dual-Doped Mesoporous Graphene
Electrocatalyst for Oxygen Reduction with Synergistically Enhanced Performance. Angew. Chem. Int.
Ed. 2012, 51, 11496–11500. [CrossRef] [PubMed]

17. Qu, K.; Zheng, Y.; Zhang, X.; Davey, K.; Dai, S.; Qiao, S.Z. Promotion of Electrocatalytic Hydrogen
Evolution Reaction on Nitrogen-Doped Carbon Nanosheets with Secondary Heteroatoms. ACS Nano
2017, 11, 7293–7300. [CrossRef] [PubMed]

18. Ismagilov, Z.R.; Shalagina, A.E.; Podyacheva, O.Y.; Ischenko, A.V.; Kibis, L.S.; Boronin, A.I.; Chesalov, Y.A.;
Kochubey, D.I.; Romanenko, A.I.; Anikeeva, O.B.; et al. Structure and electrical conductivity of
nitrogen-doped carbon nanofibers. Carbon 2009, 47, 1922–1929. [CrossRef]

19. Qu, K.; Zheng, Y.; Jiao, Y.; Zhang, X.; Dai, S.; Qiao, S.Z. Polydopamine-Inspired, Dual Heteroatom-Doped
Carbon Nanotubes for Highly Efficient Overall Water Splitting. Adv. Energy Mater. 2017, 7, 1602068.
[CrossRef]

20. Qu, K.; Wang, Y.; Zhang, X.; Chen, H.; Li, H.; Chen, B.; Zhou, H.; Li, D.; Zheng, Y.; Dai, S.
Polydopamine-Derived, In Situ N-Doped 3D Mesoporous Carbons for Highly Efficient Oxygen Reduction.
ChemNanoMat 2018, 4, 417–422. [CrossRef]

21. Chen, S.; Duan, J.; Jaroniec, M.; Qiao, S.-Z. Nitrogen and Oxygen Dual-Doped Carbon Hydrogel Film as a
Substrate-Free Electrode for Highly Efficient Oxygen Evolution Reaction. Adv. Mater. 2014, 26, 2925–2930.
[CrossRef] [PubMed]

22. Qu, K.; Zheng, Y.; Dai, S.; Qiao, S.Z. Polydopamine-graphene oxide derived mesoporous carbon nanosheets
for enhanced oxygen reduction. Nanoscale 2015, 7, 12598–12605. [CrossRef] [PubMed]

23. Datsyuk, V.; Kalyva, M.; Papagelis, K.; Parthenios, J.; Tasis, D.; Siokou, A.; Kallitsis, I.; Galiotis, C. Chemical
oxidation of multiwalled carbon nanotubes. Carbon 2008, 46, 833–840. [CrossRef]

24. Jiang, Y.; Yang, L.; Sun, T.; Zhao, J.; Lyu, Z.; Zhuo, O.; Wang, X.; Wu, Q.; Ma, J.; Hu, Z. Significant contribution
of intrinsic carbon defects to oxygen reduction activity. ACS Catal. 2015, 5, 6707–6712. [CrossRef]

25. Ishizaki, T.; Chiba, S.; Kaneko, Y.; Panomsuwan, G. Electrocatalytic activity for the oxygen reduction reaction
of oxygen-containing nanocarbon synthesized by solution plasma. J. Mater. Chem. A 2014, 2, 10589–10598.
[CrossRef]

26. Lu, Z.; Chen, G.; Siahrostami, S.; Chen, Z.; Liu, K.; Xie, J.; Liao, L.; Wu, T.; Lin, D.; Liu, Y. High-efficiency
oxygen reduction to hydrogen peroxide catalysed by oxidized carbon materials. Nat. Catal. 2018, 1, 156.
[CrossRef]

27. Zhang, R.; Jing, X.; Chu, Y.; Wang, L.; Kang, W.; Wei, D.; Li, H.; Xiong, S. Nitrogen/oxygen co-doped
monolithic carbon electrodes derived from melamine foam for high-performance supercapacitors. J. Mater.
Chem. A 2018, 6, 17730–17739. [CrossRef]

28. Zhou, R.; Zheng, Y.; Jaroniec, M.; Qiao, S.-Z. Determination of the Electron Transfer Number for the Oxygen
Reduction Reaction: From Theory to Experiment. ACS Catal. 2016, 6, 4720–4728. [CrossRef]

74



Catalysts 2019, 9, 159

29. Tian, G.-L.; Zhang, Q.; Zhang, B.; Jin, Y.-G.; Huang, J.-Q.; Su, D.S.; Wei, F. Toward Full Exposure of “Active
Sites”: Nanocarbon Electrocatalyst with Surface Enriched Nitrogen for Superior Oxygen Reduction and
Evolution Reactivity. Adv. Funct. Mater. 2014, 24, 5956–5961. [CrossRef]

30. Gao, M.-R.; Xu, Y.-F.; Jiang, J.; Zheng, Y.-R.; Yu, S.-H. Water Oxidation Electrocatalyzed by an Efficient
Mn3O4/CoSe2 Nanocomposite. J. Am. Chem. Soc. 2012, 134, 2930–2933. [CrossRef]

31. Liang, Y.; Li, Y.; Wang, H.; Zhou, J.; Wang, J.; Regier, T.; Dai, H. Co3O4 nanocrystals on graphene as a
synergistic catalyst for oxygen reduction reaction. Nat. Mater. 2011, 10, 780–786. [CrossRef] [PubMed]

32. Masa, J.; Xia, W.; Sinev, I.; Zhao, A.; Sun, Z.; Grützke, S.; Weide, P.; Muhler, M.; Schuhmann, W. MnxOy/NC
and CoxOy/NC Nanoparticles Embedded in a Nitrogen-Doped Carbon Matrix for High-Performance
Bifunctional Oxygen Electrodes. Angew. Chem. Int. Ed. 2014, 53, 8508–8512. [CrossRef] [PubMed]

33. Ma, T.Y.; Dai, S.; Jaroniec, M.; Qiao, S.Z. Graphitic Carbon Nitride Nanosheet–Carbon Nanotube
Three-Dimensional Porous Composites as High-Performance Oxygen Evolution Electrocatalysts. Angew.
Chem. Int. Ed. 2014, 53, 7281–7285. [CrossRef] [PubMed]

34. Ma, T.Y.; Dai, S.; Jaroniec, M.; Qiao, S.Z. Metal–Organic Framework Derived Hybrid Co3O4-Carbon Porous
Nanowire Arrays as Reversible Oxygen Evolution Electrodes. J. Am. Chem. Soc. 2014, 136, 13925–13931.
[CrossRef] [PubMed]

35. Mao, S.; Wen, Z.; Huang, T.; Hou, Y.; Chen, J. High-performance bi-functional electrocatalysts of 3D crumpled
graphene-cobalt oxide nanohybrids for oxygen reduction and evolution reactions. Energy Environ. Sci. 2014,
7, 609–616. [CrossRef]

36. Ma, T.Y.; Ran, J.; Dai, S.; Jaroniec, M.; Qiao, S.Z. Phosphorus-Doped Graphitic Carbon Nitrides Grown
In Situ on Carbon-Fiber Paper: Flexible and Reversible Oxygen Electrodes. Angew. Chem. Int. Ed. 2015, 54,
4646–4650. [CrossRef] [PubMed]

37. Tian, G.-L.; Zhao, M.-Q.; Yu, D.; Kong, X.-Y.; Huang, J.-Q.; Zhang, Q.; Wei, F. Nitrogen-Doped
Graphene/Carbon Nanotube Hybrids: In Situ Formation on Bifunctional Catalysts and Their Superior
Electrocatalytic Activity for Oxygen Evolution/Reduction Reaction. Small 2014, 10, 2251–2259. [CrossRef]

38. Gorlin, Y.; Jaramillo, T.F. A Bifunctional Nonprecious Metal Catalyst for Oxygen Reduction and Water
Oxidation. J. Am. Chem. Soc. 2010, 132, 13612–13614. [CrossRef]

39. Liu, Q.; Jin, J.; Zhang, J. NiCo2S4@graphene as a Bifunctional Electrocatalyst for Oxygen Reduction and
Evolution Reactions. ACS Appl. Mater. Interfaces 2013, 5, 5002–5008. [CrossRef]

40. Lee, D.U.; Kim, B.J.; Chen, Z. One-pot synthesis of a mesoporous NiCo2O4 nanoplatelet and graphene
hybrid and its oxygen reduction and evolution activities as an efficient bi-functional electrocatalyst. J. Mater.
Chem. A 2013, 1, 4754–4762. [CrossRef]

41. Su, Y.; Zhu, Y.; Jiang, H.; Shen, J.; Yang, X.; Zou, W.; Chen, J.; Li, C. Cobalt nanoparticles embedded in
N-doped carbon as an efficient bifunctional electrocatalyst for oxygen reduction and evolution reactions.
Nanoscale 2014, 6, 15080–15089. [CrossRef] [PubMed]

42. Zheng, Y.; Jiao, Y.; Chen, J.; Liu, J.; Liang, J.; Du, A.; Zhang, W.; Zhu, Z.; Smith, S.C.; Jaroniec, M.; et al.
Nanoporous Graphitic-C3N4@Carbon Metal-Free Electrocatalysts for Highly Efficient Oxygen Reduction.
J. Am. Chem. Soc. 2011, 133, 20116–20119. [CrossRef] [PubMed]

43. Li, L.; Yang, H.; Miao, J.; Zhang, L.; Wang, H.-Y.; Zeng, Z.; Huang, W.; Dong, X.; Liu, B. Unraveling
Oxygen Evolution Reaction on Carbon-Based Electrocatalysts: Effect of Oxygen Doping on Adsorption of
Oxygenated Intermediates. ACS Energy Lett. 2017, 2, 294–300. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

75





catalysts

Article

Facile Synthesis and Characterization of Two
Dimensional SnO2-Decorated Graphene Oxide as
an Effective Counter Electrode in the DSSC

Mohamed S. Mahmoud 1,2, Moaaed Motlak 3 and Nasser A. M. Barakat 1,*

1 Chemical Engineering Department, Minia University, El-Minia 61111, Egypt; msmm122@yahoo.com
2 Collage of Applied Science, Department of Engineering, Sohar 311, Oman
3 Department of Physics, Collage of Science, University of Anbar, Al Ramadi 31001, Iraq;

moaaed.motlak@yahoo.com
* Correspondence: nasbarakat@minia.edu.eg; Tel.: +20-8623234008

Received: 1 December 2018; Accepted: 22 January 2019; Published: 1 February 2019

Abstract: SnO2-decorated graphene oxide (SnO2/GO) was synthesized by the modified Hummers’s
method, followed by a chemical incorporation of SnO2 nanoparticles. Then, the nanocomposite was
used as anon-precious counter electrode in a dye-sensitized solar cell (DSSC). Although GO has
a relatively poor electrical conductivity depending essentially on the extent of the graphite oxidation,
presence of SnO2 enhanced its structural and electrochemical properties. The Pt-free counter electrode
exhibited a distinct catalytic activity toward iodine reduction and a low resistance to electron transfer.
Moreover, the decorated GO provided extra active sites for reducing I3

− at the interface of the
CE/electrolyte. In addition, the similarity of the dopant in the GO film and the fluorine-doped tin
oxide (FTO) substrate promoted a strong assimilation between them. Therefore, SnO2-decorated
GO, as a counter electrode, revealed an enhanced photon to electron conversion efficiency of 4.57%.
Consequently, the prepared SnO2/GO can be sorted as an auspicious counter electrode for DSSCs.

Keywords: dye sensitized solar cell; SnO2-decorated graphene oxide; counter electrode; solar energy

1. Introduction

Basically, the conversion of solar energy into electricity proceeds through direct or indirect
routes. Currently, direct conversion of solar radiation-to-electricity is receiving the maximum attention.
In this regard, silicon-based photovoltaic cell (PV panel) is the most widely used. However, PV cells
are suffering from high fabrication cost ($/kW) because their function counts on the presence of
a relatively thick layer of doped silicon to obtain an acceptable photon capture rate. Comparably,
the dye sensitized solar cell (DSSC) provides a low-cost transfer route of photons to electrons, due to
its superior advantages over the traditional PV cells; it absorbs more solar radiation per surface area
than the traditional PV cells [1,2]. Recently, the efficiency of the DSSCs has been increased to 17%,
which puts it in the market race with the conventional PV [3]. Mainly, the DSSC consists of a porous
layer of titanium oxide nanoparticle coated with a solar sensitive organometallic dye, the counter
electrode (Pt), and the working electrolyte (e.g., the redox couple I3

−/I−). Its mechanism of work
is discussed in details elsewhere [4,5]. Numerous efforts to enhance the solar energy-to-electricity
efficiency of the DSSCs have been reported. These attempts focused on optimizing the properties of
the four components of the DSSC:

1. The sensitized dye
2. The material of the photoanode
3. The redox couple electrolyte and

Catalysts 2019, 9, 139; doi:10.3390/catal9020139 www.mdpi.com/journal/catalysts

77



Catalysts 2019, 9, 139

4. The non-precious counter electrode

In this regard, there have been several attempts to develop stable solar-sensitive dyes [3,6] and
electrolytes [6,7]. Similarly, developing the photoanode has been investigated by altering the type of
the mesoporous film that is coated over the photo anode glass, such as TiO2 nanofibers [8,9], ZnO
and ZnO/TiO2 nanocomposite [10,11], SnO2 [12,13], or CdO [14]. These oxides are mixed with the
organometallic dye to form the photoanode of the DSSC.

Compared to the photoanode, the counter electrode (CE) is more expensive because it is usually
fabricated from precious metals (e.g., Pt), which adds an additional capital cost. Therefore, developing
effective counter electrode from cheap materials can strongly enhance the DSSC’s rank. Typically,
the CE should assure three attributes [15]: (i) As a catalyst, it should transfer the electron to the oxidized
redox couple (I−). (ii) As a cathode, it should collect the electrons coming from the outside circuit and
get them ready to be transferred to the cell. (iii) As a mirror, it should reflect the transmitted light
back to the DSSC to enhance the use of photons [16]. The main characteristics of the optimal CE are
summarized as follows [17]: high catalytic activity, high electrical conductivity, maximum reflectivity,
low-cost, large surface area, porous nature, optimal thickness, electrochemical and mechanical stability,
energy level that matches the potential of the redox couple electrolyte, and high adhesivity with the
FTO [17]. As a heterogeneous catalytic reaction is taking place on the surface of the counter electrode,
the reduction of the electrolyte (e.g., iodine ion) can be considered a combination of adsorption and
electrochemical reaction processes. Accordingly, to exploit their high adsorption capacity, carbon
nanomaterials such as nanotubes [18], graphene [19], and nanofibers [20] have been utilized as support
for the counter electrode materials. Moreover, some carbonaceous nanostructures show a distinguished
activity individually [21,22]. Graphene is branded by its amazing electrical and mechanical properties.
Therefore, many researchers show interest in using this nanomaterial in different applications [23].
However, its high hydrophobicity negatively affects the performance in the aqueous media due to the
poor contact which adds an additional resistance to the reactants transfer. On the other hand, due to
possessing oxygenated groups on the surface, graphene oxide (GO) is more hydrophilic than graphene.
However, the newly added active groups decrease the electrical conductivity of GO compared to
graphene. The conductivity of GO depends on the C/O ratio in the sample. During the oxidation step,
the sp2 carbons are removed and replaced by sp3 ones having oxygen functionalities. This process
creates a band gap by pulling the bands apart. Hence, when graphene is fully oxidized, the bands
are far apart, and the GO behaves as an insulator. In the middle of this fully oxidized GO and pure
graphene, it behaves as a semiconductor. Partially oxidized GO shows the appearance of sp3 regions
and sp2 regions [24], and the GO can conduct through these sp2 regions via Klein tunneling [24].
In addition, insertion of a transition metal oxide in the GO layers could play a crucial role in enhancing
the electron conduction of the GO. SnO2 is a crucial semiconductor that is used as a transparent
conducting oxide (TCO). This TCO normally coated over the glass substrate and used for optical
applications. Hitherto, SnO2 is usually considered as an oxygen-deficient n-type semiconductor [25].
Therefore, doping GO with SnO2 nanoparticles may enhance the conductive properties of the GO and
promote the electron transfer to the redox chattel in the DSSC. Even though there are intensive studies
on alternatives of counter electrode, thus far, to our best knowledge, there is no report regarding
the application of SnO2-decorated GO as counter electrode in the DSSC. In this work, we report
the synthesis of SnO2-decorated GO, its characterization, and application as a counter electrode in
the DSSC.

2. Results and Discussion

Figure 1a shows the transmission electron microscope (TEM) image of the prepared material. It is
noticeable that the sample composed of a sheet of GO contains randomly distributed nanoparticles.
High resolution TEM (HR-TEM) image shown in Figure 1b affirms that the attached nanoparticles
appear as textured crystalline mode, which indicates that these nanoparticles are SnO2-based, highly
crystalline compound. However, the distribution of these nanoparticles is random. The higher
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magnification image indicates that the interlayer distance is 0.26 nm and the particle size is less than
20 nm.

 
Figure 1. Transmission electron microscope (TEM) (a); and High resolution TEM (HR-TEM) (b) images
of SnO2-incorporated GO.

Figure 2 displays the X-ray diffraction (XRD) patterns of both pristine and decorated GO. Initially,
from XRD pattern, it is easy to confirm the formation of GO from the utilized precursor. Typically,
the graphite reveals a sharp peak in the XRD pattern at 2θ value of ~26◦. Due to exfoliation,
the graphite-identified peak disappears and another peak is formed at ~10◦, while graphene is
distinguished by a very broad peak centered at ~24◦ [26]. As shown, the GO main peak at 2θ values
of 10.2◦, corresponding to the (001) basal plane of GO with a d-spacing value of (d001 = 0.961 nm),
appears in both samples. However, the intensity of such peak in the SnO2/GO sample has a lower
intensity than pure GO. Typically, the intensity of the GO main identification peak is 867 and
1957 count/s for the SnO2/GO and pristine GO, respectively. The reason of low peak intensity
is probably due to the heat treatment and incorporation of foreign atoms in the GO layer, which was
also noticed by R. Krishna et al. [27]. In addition, the strong diffraction peaks at 2θ values of 26.38◦,
33.48◦, 37.76◦, and 51.46◦ corresponding to (110), (101), (200) and (211) crystal planes (JCPDS:41-1445),
respectively, confirm the incorporation of tetragonal crystals of SnO2 inside the GO layer. It is also
noticeable that the SnO2 peaks are broadened, indicating the presence of small crystalline size. It is
important to determine the crystal structure of the SnO2-decorated GO due to its direct effect on the
power conversion efficiency of the DSSC. According to Scherer’s equation (τ = Kλ/βcosθ, where τ

is the ordered (crystalline) domains mean size, λ is the wavelength of the utilized X-ray irradiation
(0.1504 nm), K is a constant value with a typical value of 0.9 referring to the shape factor, β is the line
broadening at half the maximum intensity (FWHM) in radians and θ is the Bragg angle), the average
grain size was determined to be 5.1 nm.

 
Figure 2. XRD patterns for the pristine and SnO2-incorporated graphene oxide.
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Figure 3 displays the Raman spectra of pristine and SnO2-incorporated GO in the range of
100–3000 cm−1. In the GO spectrum, two protuberant peaks corresponding to D and G bands,
the characteristic peaks of GO, are located at 1354 and 1591 cm−1 with respective ID/IG intensities
ratio of 1.07. The inset confirms the stability of the prepared GO during the achieved GO decoration
process by SnO2 nanoparticles. As shown in the inset, there is no considerable change in the ID/IG

intensities ratio. Moreover, in the Raman spectrum, the pristine graphene reveals an additional peak
(2D), indicating an increase in the average size of sp2 domains at ~2790 cm−1 [28]. As shown, the
2D peak does not appear in the SnO2-GO spectrum, which confirms maintaining the composition of
the GO. In other words, the utilized treatment process did not affect the content of the oxygenated
groups covering the surface of GO sheets. The crystalline structure of SnO2 is a tetragonal rutile
with point group D4h [29]. Typically, three modes identifying SnO2 can be found in the Raman
spectrum: 474 cm−1 (Eg), 631 cm−1 (A1g) and 775 cm−1 (B2g) [30]. When the particle size decreases,
A1g and B2g modes of SnO2 are shifted to lower wave numbers and Eg mode is shifted to higher
wave number [30]. The obtained results show peaks at 615, 435, 245, and 120 cm−1. The band at
435 cm−1 probably corresponds to the (Eg) mode of the oxide. Similarly, the mode at 615 cm−1 can be
assigned to symmetric O-Sn-O stretching (A1g) shifts due to the relatively small particle size of SnO2

nanoparticles. The position and the intensity of SnO2 peak in the Raman spectrum depends on the
crystal size. The vibrational mode (B1g) peak appears only along with nanomaterials. Thus, in the
Raman spectrum, the presence of a peak at 120 cm−1 is associated with non-degenerated B1g mode of
SnO2 and its appearance is caused by lowering the surface phonon frequencies that leads to increase
in the inter-atomic distance on the surface [30].

 
Figure 3. Raman spectroscopy analyses for the pristine and SnO2-decorated graphene oxide. The inset
displays high magnification of the D and G bands.

Overall, based on the aforementioned analytical technique, it is safe to claim that the proposed
material is GO sheets decorated by small and highly crystalline SnO2 nanoparticles.

It is worth mentioning that the function of the redox shuttle (I3
−/I−) is very important to

ensure a stable transfer of electrons between the photoanode and the counter electrode of a DSSC.
The photon-induced excitation of the dye leads to transfer of electrons to the oxide semiconductor.
Then, the electron donor (I3

−) must rapidly return the excited dye back to its ground state. Afterwards,
the electron acceptor (I−) should move to the CE to get the missing electrons to regenerate the electron
donor (I3

−). The electron migration through the external circuit will close the circuit [2,4].
To verify the electrocatalytic activity of the as-prepared SnO2-incorporated GO, cyclic voltammetry

(CV) analysis of the prepared catalyst was achieved using a conventional three-electrode system.
SnO2-doped GO, Pt wire and Ag/AgCl served as working, counter and reference electrodes,
respectively. The electrolyte solution consisted of 10 mM LiI, 1 mM I2, and 0.1 M LiClO4 in
acetonitrile. Figure 4a shows the cyclic voltammograms (CV) at scan rate of 25 mV/s. It is clear
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that the introduced SnO2/GO shows both oxidation and reduction peaks, which indicate achieving
the following reactions [20].

I3
− + 2e− → 3I− (1)

3I2 + 2e− → 2I3
− (2)

The counter electrode exhibits high redox current densities, indicating that the speed of the redox
reaction on the surface of the modified GO is fast. Besides the activity of the SnO2 nanoparticles
attached on the surface of the GO, the enhancement in the surface area after the decoration process can
be assigned as a second reason for the observed high performance. Typically, the measured surface
area of the pristine and decorated GO was 159.7 ± 2 and 210.5 ± 3 m2/g, respectively. The increase
in the surface area can be attributed to the high exfoliation rate upon addition of the tin precursor.
Therefore, the improved specific surface area of the modified GO can be considered as a stimulator for
such boost of the electrocatalytic activity toward the reduction of I3

− ions. Incidentally, the modified
GO is responsible for the efficient reduction of I3

− ions by providing sufficient superficial area and
promoting fast electronic transformation, which results in higher Jsc and solar-electrical conversion
efficiency in the DSSC.

Figure 4b illustrates CV curves of the SnO2-incorporated GO electrode in the prepared electrolyte
solution at different scan rates (10–50 mV/s). It is clear that altering the scan rate increased the current
density values. In addition, it slightly shifted the potential peaks of the anodic and cathodic reactions.
The inset of Figure 4b shows the influence of the scan rate on the anodic and cathodic peak currents.
It is noticeable that they are linearly dependent on the scan rate. Such finding discloses that the rate of
diffusion of I3

− ion is the hindering step in the oxidation–reduction process [20].

 
Figure 4. (a) Cyclic voltammetry analyses of the introduced SnO2/GO in presence of iodine solution
with a scan rate of 25 mV/s in the potential range from −1 to 1 V vs. Ag/AgCl; and (b) the cyclic
voltammograms at different scan rates.

Performing the electrochemical impedance spectroscopy (EIS) analysis of a DSSC helps to
get insight about some important performance parameters, such as charge transport through the
photoanode and near the counter electrode, charge transfer due to electron back reaction, and capacitive
accumulation of the charges at different processes in the cell. It was used to measure the resistances of
the individual interfaces of the fabricated DSSC based on the introduced SnO2/GO counter electrode.
The merit of EIS spectrum over the I–V curve is that EIS indicates the response of the solar-induced
current on the electrical bias voltage values, which cannot be indicated through the I–V curve.

The impedance spectrum of a DSSC typically shows three semicircles in the Nyquist plot.
According to the direction of decreasing frequency, the first semicircle corresponds to the charge
transfer processes which happens in the CE/electrolyte interface with a characteristic frequency ωCE;
the second or middle semicircle corresponds to the diffusion of the electron through the TiO2 layer
and the reversible electron reaction with the oxidized state of the redox species at the TiO2/electrolyte
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boundary; and the third semicircle at the low frequency region corresponds to the diffusion of I3
−

in the electrolyte, with a characteristic frequency ωD [31]. The characteristic frequency for electron
transport or diffusion (ωd) appears in the middle semicircle at the high frequency region, while the
peak frequency (ωk) of that semicircle corresponds to the electron reversible reaction. Figure 5 shows
the Nyquist and Bode plots of GO and SnO2/GO as counter electrodes in the DSSC. In the case of
GO, as shown in Figure 5A, only one semicircle appears, indicating an insignificant charge transfer
at the GO/electrolyte interface. For the SnO2/GO plot, two semicircles signify two different kinds
of impedance. In the high-frequency region (103–106 Hz), the semicircle denotes the resistance due
to the charge transfer (RCE) at the counter electrode/electrolyte interface. In the middle-frequency
(1–103 Hz) region, the semicircle denotes the diffusion through the TiO2 layer and electron reversible
reaction with the oxidized state of the redox species at the TiO2/electrolyte boundary (RCT). However,
in the low-frequency region (0.1–1 Hz), no semicircle of the complete response appears, which could
be attributed to the small distance between the working and counter electrodes and the low viscosity
of the electrolyte.

These data indicate that the low (RCE) is related to a comparatively high rate of electron transfer at
the interface of electrolyte/counter electrode, which leads to improve the catalytic activity toward the
redox couple in the electrolyte. In the DSSC cell, the (RCE) value was found to be 43.1 Ω, which indicates
that the SnO2/GO revealed an effective catalytic activity toward the reduction of I3

− ions in redox
electrolyte. Moreover, the cell shows low series resistance (Rs) value of 23.6 Ω, which is attributed to an
excellent conductivity of SnO2/GO film and strong contact between the film and FTO substrate [20].

The catalytic activity of the SnO2-incorporated GO counter electrode can be presented using
current density (J), which is calculated from the charge transfer resistance (RCT) [32]:

RCT = RT/nFJ (3)

where R is the gas constant (J/mol·K), T is temperature (K), n is the number of involved electrons
(n = 2), and F is the Faraday constant.

 
 

(A) (B) 

Figure 5. Electrochemical impedance of the DSSC fabricated with GO and SnO2-incorporated GO-based
counter electrode: (A) Nyquist plot; and (B) Bode diagram.

Figure 6 depicts the J–V curves of DSSCs under metal halide lamp illumination. Table 1 displays
the photovoltaic parameters from J–V curves and a brief comparison with other counter electrodes.
The data indicate that the cell based on the introduced SnO2/GO exhibited an energy conversion
efficiency of 4.57%, which is slightly lower than the standard Pt counter electrode. Such energy
conversion efficiency of the cell is linked to the activity of the counter electrode, which synergizes
the reduction reaction at the interface of electrolyte/counter electrode, which in turn assists the
regeneration of the ground state of the organometallic dye at the interface of electrolyte/photoanode.
As shown in Table 1, the other parameters for the fabricated cell are Voc of 0.67 V, Jsc of 14.04 mA−2
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cm and FF of 0.49. These results are lower than those reported from GO–Pt composite fabricated
by low-temperature electrodeposition process, which revealed an energy conversion efficiency of
7.05% [33]. However, the authors used Pt precious metal, which is not aligned with our goals.

 
Figure 6. Photovoltaic characteristics (J–V) of fabricated DSSCS using SnO2-incorporated GO based
counter electrode measured under the irradiance of AM 1.5 G sunlight of 100 mW cm−2.

Table 1. The detailed photovoltaic parameters from J–V curves and a brief comparison with
other works.

Type of CE η, % FF VOC, V Jsc, mA/cm2 Ref.

Pt layer 5.9 0.51 0.718 16.12 [20]
CoS/rGO 9.39 0.63 0.764 19.42 [34]

Mw-Pt NPs@GO 7.96 0.71 0.7 16.02 [35]
GO/FTO 3.99 0.38 0.71 14.02 [36]

GO-ED Pt/FTO 7.05 0.66 0.71 14.98 [37]
POMA-FGO (1%) 7.26 0.61 0.73 16.31 [38]
CuS5/FTO5 μm 1.12 0.52 0.37 5.81 [39]

SnO2/GO 4.57 0.49 0.67 14.04 This study

3. Materials and Methods

3.1. Catalyst Preparation

To prepare the electrode, all the involved chemicals, e.g., SnCl2, thiourea, graphite, and KMnO4,
were obtained from Sigma Aldrich Co., Seoul, South Korea. The procedure started with slowly
dissolving 0.42 g of tin chloride in 20 mL distilled water. Parallelly, 0.15 g of thiourea were also
dissolved in 20 mL distilled water individually for 20 min. Then, the two solutions were mixed using
a magnetic stirrer for 1 h. The GO was prepared by a modified Hummers’s method. The next step was
to disperse 0.2 g of GO in 100 mL distilled water, and then ultra-sonication for 40 min. Afterwards,
the two mixtures were mixed for 20 min, and then 200 mL of hydrazine were added just before the
hydrothermal step. Next, hydrothermal treatment was done for 10 h at 180 ◦C. Finally, the sample was
filtered and dried at 60 ◦C overnight.

3.2. The DSSC Fabrication

The fabrication of DSSCs consisted of three steps [18,39]: fabrication of the photoanode, fabrication
of the counter electrode and the addition of the working electrolyte. Typically, FTO substrate glass (FTO
10 Ω/sq.) was used to prepare the photoanode. Preparation started by plating nanocrystalline TiO2

(Degussa P-25) thin film over FTO glass by simple doctor blade technique. The prepared photoanode
had an active area of 0.25 cm2 with the film thickness of 8–10 μm. Then, the FTO was annealed at
450 ◦C for 30 min. Afterwards, the photoanodes were immersed in the dye solution consisting of
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0.3 mM ruthenium(II) 535 bis-TBA (N-719, Solaronix; Sigma, Seoul, South Korea), rinsed with ethanol
and dried for 24 h under nitrogen flow. Similarly, the SnO2-decorated GO was pasted over the FTO
glass by simple doctor blade technique. The obtained film was cleaned by ethanol and then dried at
60 ◦C for 30 min. To complete the fabrication of DSSC, the SnO2-decorated GO counter electrode was
placed over the dye-adsorbed TiO2 photoanode and sealing was made using Surlyn sheet (SX 1170-60,
Solaronix, 60 μm thick) between the two electrodes. Finally, the electrolyte, consisting of lithium iodide
(LiI 0.5 M), Iodine (I2 0.05 mM), and tetra-butyl-pyridine (C9H13N 0.2 M) in acetonitrile, was inserted
into the holes in the counter electrode using a syringe.

3.3. Characterization and Application

The TEM images of the prepared catalyst were retrieved using JEOL JEM 2010 transmission
electron microscope, working at a voltage of 200 kV, (JEOL Ltd., Tokyo, Japan). Clarification of
the distance of the TEM images was acquired by ImageJ 1.47v software. To determine the crystal
structure of the prepared catalyst, Rigaku X-ray diffractometer (XRD, Rigaku, Tokyo, Japan) with
Cu Kα (λ = 1.5406 Å) was utilized. The Raman spectrum was also acquired using Dispersive
Raman spectrometer (BRUKER-SENTERRA, Boerdestr, Warstein, Germany) equipped with an
integral microscope (Olympus, Tokyo, Japan). The excitation source was neodymium-doped yttrium
aluminum garnet (Nd/YAG) laser (532 nm), and providing a power of 20 mW on the sample,
and analyzed by X-ray Diffraction Microanalysis (XPERT-PRO-P-Analysis, The Woodlands, TX, USA).
The electrochemical impedance spectroscopy (EIS) and cyclic Voltammetry (CV) measurements were
performed using a VersaSTAT 4 (AMETEK, New York, NY, USA) electrochemical analyzer using
a conventional three-electrode cell structure. In the utilized cell, glassy carbon, Pt and Ag/AgCl
served as working, counter and reference electrodes, respectively. To deposit the proposed GO-based
material on the active surface of the working electrode, 2 mg of the function material were added to
20 μL Nafion solution (5 wt %) and 400 μL isopropanol. Afterwards, the suspension was subjected
to utltra-sonication process for 20 min. Then, 15 μL of the suspension were poured in three steps on
the electrode active area. Finally, the electrode was dried at 80 ◦C. Current–voltage characteristics
of DSSCs were measured by using digital Multimeters (Model 2000, Keithley, Filderstadt, Germany)
and a variable load. As a simulation of the solar radiation, a 1000 W metal halide lamp served as
a light source, and its light intensity (or radiant power) was adjusted to simulate mornign. Then,
1.5 radiation at 100 mW cm−2 with a Si photo detector fitted with a KG-5 filter (Schott, Cheney, KS,
USA) as a reference was calibrated at NREL (New York, NY, USA). The metal uptake, during the
decoration process, was determined by estimating the remaining tin ions in the initial solution using
the titration procedure. Briefly, the solution was hot treated with hydrochloric acid, and then drops of
starch indicator solution were added. Finally, the solution was titrated against iodate–iodide standard
solution. The uptake was determined to be around 15 wt %.

4. Conclusions

SnO2 nanoparticles-decorated graphene oxide can be synthesized by hydrothermal treatment of
GO prepared by Hummers’s method in presence of tin chloride. The active chemical groups covering
the prepared GO upon using the chemical route lead to a homogeneous distribution for the metallic
nanoparticles. Moreover, these groups procure to a good attachment of the inorganic oxide with the
carbonaceous support. The prepared SnO2/GO catalyst improves the electrocatalytic activity toward
iodine redox reaction. Moreover, a decrease in the electron transfer was observed due to the harmony
between the metallic nanoparticles in the proposed composite and the tin oxide existing in the utilized
transparent glass electrodes (FTO). Accordingly, exploiting the prepared catalyst as a counter electrode
in the DSSC showed a relatively good energy conversion with an efficiency of 4.57%. Overall, it can be
claimed that the SnO2-decorated GO might be a new effective counter electrode for DSSCs.
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Abstract: Ethanol oxidation reaction (EOR) is an important electrode reaction in ethanol fuel cells.
However, there are many problems with commercial ethanol oxidation electrocatalysts today, such as
poor durability, poor anti-CO poisoning ability, and low selectivity for C–C bond cleavage. Therefore,
it is very meaningful to develop a high-performance EOR catalyst. Herein, we designed ternary
N, S, and P-doped hollow carbon spheres (C–N,P,S) from polyphosphazene (PCCP) as Pd supports
for EOR. Using SiO2 spheres as the templates, the PCCP was first coated on the surfaces of SiO2

spheres by in situ polymerization. Through high-temperature pyrolysis and hydrofluoric acid-etching,
the hollow PCCP has a large surface area and porous structure. After loading Pd nanoparticles (NPs),
the Pd/C–N, P, S catalysts with Pd NPs decorated on the surfaces of C–N, P, S can achieve a high mass
peak current density of 1686 mA mgPd

−1, which was 2.8 times greater than that of Pd/C. Meanwhile,
the Pd/C–N, P, S catalyst also shows a better stability than that of Pd/C after a durability test of 3600s.

Keywords: ethanol oxidation reaction; palladium; hollow carbon sphere; alkaline medium

1. Introduction

Recently, direct ethanol fuel cells (DEFCs) have become the ideal solution to the energy crisis and
environmental issues and, therefore, have attracted enormous interest. Specifically, DEFCs have many
advantages such as high efficiency, high energy density, low pollution, and excellent electrochemical
stability. Besides, the biomass fuel ethanol is widely used because of its many advantages, such as
easy to store, non-toxic, simple to synthesize [1–4]. The ethanol oxidation reaction (EOR) is a crucial
reaction in DEFCs, which is the most important part of determining the performance of the entire
fuel cell. Platinum (Pt) is the most widely used precious metal for EOR in acidic media because of its
attractive characteristics of high electrochemical activity and low over potential. Unfortunately, high
cost and poor anti-poisoning have inhibited Pt-based catalysts application in DEFCs [5,6]. Because of
this, many researchers have turned their attention to another metal. Some studies have found that
Palladium (Pd) is a more suitable alternative than Pt in DEFC. Although the Pd-based catalyst activity
in the acidic medium is not as good as that of the Pt-based catalyst, the Pd-based catalyst performs
better than the Pt-based catalyst in the alkaline medium. Regarding price, Pd is cheaper than Pt, which
significantly reduces the cost of experimentation and research [7–11].
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As we all know, the activity and stability of an electrocatalyst depends significantly on the
composition and structure of the supported catalysts and metallic nanoparticles. Therefore, the
construction of a new type of Pd-incorporated supported catalyst can play an important role in DEFCs.
Carbon-based materials often serve as catalyst supports because of their good electrical conductivity
and stability. So far, graphene, carbon microspheres, carbon nanotubes and carbon black have widely
been employed as supporting materials of Pd [12–15]. As is well-known, catalyst supports need not
only a large specific surface area but also good electrical conductivity, so that the noble metal particles
have a high dispersion state while exposing more active sites. Many studies have shown that materials
with hollow structures and mesopores can serve as good supports for electrocatalysts. Material such
as mesoporous hollow carbon hemispheres [16], spherical carbon capsules [17], hollow graphitized
carbon nanocage [18] were used as supports of noble metals electrocatalysts due to their large specific
surface area and high stability. Moreover, core-shell structures are widely used in the preparation of
catalysts, such as Pd@porous SiO2 yolk-shell nanostructure [19], PdO/ZnO@mSiO2 [20], Cu@Cu2O
core-shell nanocatalyst [21].

On the other hand, heteroatom-doped carbon materials are considered to be better catalyst
supports than pristine carbon-based supports. Studies have indicated that heteroatom doping can
effectively improve catalyst activity and make more active sites exposed [22–24]. In particular, when
two or more elements, such as N, S, etc. are doped in the structure of carbon, the catalyst activity can
improve obviously. That is because N and S as dopants can create synergistic effects that make them
easier to modulate for some conjugated bonds and electron distribution, and then making catalysis
more efficient [25]. Furthermore, P atom doping could also improve the active sites of the carbon
materials [26–28].

In summary, N, S, and P- ternary hollow carbon sphere materials can be used as good precious
metal carriers. In this work, N, S, and P- ternary hollow carbon sphere materials (C–N,P,S) were
fabricated by a one-step procedure with high-temperature pyrolysis of polyphosphazene coated SiO2

spheres template composites, followed by removing SiO2 spheres template via HF solution etching.
Finally, Pd nanoparticles were grown on the surfaces of C–N,P,S via the immersion reduction method.
The as-prepared Pd/C–N,P,S catalysts exhibited superior electrocatalytic performance toward EOR
than that of Pd/C. We have reason to believe that the Pd/C–N,P,S catalyst can be a commercial Pd/C
alternative in practical applications towards EOR in the future.

2. Results and Discussion

The morphologies and microstructures of the precursors and Pd/C–N,P,S catalysts were first
investigated by scanning electron microscope (SEM) and transmission electron microscope (TEM)
images. As shown in Figure 1a, the SEM image of pure SiO2 microsphere templates exhibits uniform
with the diameters ranged from 300 to 500 nm. Through in situ polymerization, the polyphosphazene
(PCCP) was coated on the surfaces of SiO2 microspheres. From the Figure 1b, the obtained PCCP-coated
SiO2 microspheres (PCCP@SiO2) show the core-shell structures. From the edge, the thickness of the
PCCP layer is about 140 nm. Afterward, the PCCP@SiO2 was pyrolyzed at 900 ◦C. From the SEM
image (Figure 1c), the pyrolyzed PCCP@SiO2 still remained spherical with a certain fusion. After
etching by HF solution, the SiO2 templates were removed and C–N,P,S were formed. Finally, using
C–N,P,S as the supports, the Pd/C–N,P,S was prepared by using in situ reduction. As observed in
Figure 1d, Pd/C–N,P,S shows the distinct uniform hollow struture with Pd NPs decorated on the
surface. In the EDS elemental mapping (Figure 1e–i), the C, N, P, S, Pd elements are distributed on the
surfaces of Pd/C–N,P,S, demonstrating su18ccessful fabrication of Pd/C–N,P,S catalysts.
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Figure 1. Scanning electron microscope (SEM) images of (a) SiO2, transmission electron microscope
(TEM) image of (b) PCCP@SiO2, (c) SEM image of C–N,P,S, (d) TEM image of Pd/C–N,P,S
and electrospray ionization (EDS) elemental mapping of (e–i) C, N, P, S, and Pd elements for
Pd/C–N,P,S catalysts.

Furthermore, from the high-resolution TEM (HRTEM) image of the Pd/C–N,P,S (Figure 2a), the
metallic Pd NPs with distinct lattice fringe were close contact with the surface of C–N,P,S which benefits
the synergistic effect between the Pd and C–N,P,S. The diameter of Pd NPs is ~ 5 nm. The lattice
fringe spacing of d = 0.22 nm is attributed to the (111) planes of metallic Pd. Figure 2b shows the X-ray
diffraction (XRD) patterns of as-prepared Pd/C and Pd/C–N,P,S. The characteristic peak at 2θ = 25◦ is
corresponded to the C (002) crystal plane. The Pd/C and Pd/C–N,P,S all show characteristic peaks at
2θ values of 39.1◦, 45.1◦, 66.1◦, and 79.7◦, which were assigned to (111), (200), (220) and (311) crystal
planes of face-centered cubic (fcc) Pd (JCPDS 65–6174), respectively. This agrees with the analysis of
the HRTEM image. Figure 3 is the X-ray photoelectron spectroscopy (XPS) spectra of the Pd/C–N, P,
S catalyst. The coexistences of C, O, N, P, S, and Pd elements are all in the structure of Pd/C–N,P,S
(Figure 3a).The presence of O element may come from the surface hydroxyl groups. In Figure 3b,
the high-resolution C 1s XPS spectra were deconvoluted into three distinct peaks which are located
at 284.6, 285.5, and 286.7 eV, respectively. The first peak is the classical peak of the sp2− hybridized
C–C bond, while the second peak contributes to the C–N or C–S backbone. Besides, the third peak is
determined as the C–O groups [23,29]. Furthermore, we also carried out high-resolution XPS analysis
of N 1s, P 2p, S 2p and Pd 3d. As shown in Figure 3c, there are two peaks at 398.4 (pyridinic-N) and
402.1 eV (pyridinic-oxide-N) in the deconvoluted N 1s peak [30,31]. The P 2p peak at 133.8 eV can be
assigned as the P–N bond (Figure 3d) [26,32]. From the S 2p spectra (Figure 3e), the two peaks at 164.4
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and 168.5 eV are contributed to the –S–C–S– and –C–S (O) X –C– groups, which prove that the doped
S atoms are tightly bound to the adjacent C atoms [32]. Meanwhile, the high-resolution Pd 3p XPS
spectra shown in Figure 3f were deconvoluted into two groups peaks: the peaks at 335.7 and 341 eV
are contributed to the metallic Pd. In addition, the other XPS peaks at 337.0 and 342.5 eV could be
ascribed to Pd oxide species [33,34].

Figure 2. (a) The high-resolution TEM (HRTEM) image of the sample Pd/C–N,P,S, (b) X-ray diffraction
(XRD) patterns of C–N,P,S, Pd/C and Pd/C–N,P,S.

Figure 3. (a) X-ray photoelectron spectroscopy (XPS) surveys of the Pd/C–N,P,S catalyst and core-level
spectra for (b) C 1s, (c) N 1s, (d) P 2p, (e) S 2p and (f) Pd 3d.
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Figure 4a,b show the N2 adsorption–desorption isothermals over typical samples of C–N,P,S, and
Pd/C–N,P,S. According to the original International Union of Pure and Applied Chemistry (IUPAC)
classification, the C–N,P,S, and Pd/C–N,P,S both exhibit type-IV isotherms, and their hysteresis loops
are clear H4 type hysteresis loops. The BET specific surface areas of C–N,P,S, and Pd/C–N,P,S are 801
and 212 m2 g−1,respectively. Furthermore, from the inset BJH pore size and pore size distributions,
the pore sizes of the C–N,P,S, and Pd/C–N,P,S are about ~ 4 nm. The large specific surface area of
C–N,P,S supports with porous structure can facilitate the infiltration of electrolyte and charge transport
in EOR, thereby enhancing the electrochemical activity. As can be seen from Figure 4c, in the Fourier
transform–infrared (FT–IR) spectra of SiO2, PCCP@SiO2 and pyrolytic PCCP@ SiO2 composites, the
characteristic peaks at 464, 795, and 1092cm−1 are attributed to the bending and symmetrical stretching
vibrations of Si–O–Si, respectively. Besides, the peak at 952 cm−1 is attributed to the specific vibration
of Si–O. The peak at 3453 cm−1 is assigned to the vibration of hydroxyl groups on the surfaces of SiO2

microspheres. As templates, the PCCP@SiO2 with PCCP is coated on the surfaces of SiO2 microspheres.
Toward PCCP@SiO2, the absorption peaks at 1588 and 1490 cm−1 originate from the benzene ring in
PCCP. The peaks at 1295 and 1154 cm−1 are ascribed to the sulfone in PCCP. Furthermore, the peaks
at 1187 and 887 cm−1 originate from the vibrations of P=N and P–N in the structure of PCCP. More
importantly, the characteristic peak at 949 cm−1 implied the formation of P–O–benzene ring. Therefore,
the PCCP can be grafted onto the surfaces of SiO2 microspheres via in situ polymerization. As for
sample pyrolytic PCCP@SiO2, the characteristic peaks of PCCP disappeared. The peaks at 470 and
800 cm−1 are corresponded to the symmetrical stretching vibration of Si–O. It demonstrates that the
layer of PCCP in the PCCP@ SiO2 has already changed into porous carbon structure. Figure 4d shows
the Raman spectra for the samples of C–N,P,S and Pd/C–N,P,S composites. The D and G bands of
carbon were observed at ~1335 and ~1595 cm−1 [35]. The value of ID/IG for the C–N,P,S (≈1.1) was
lower than that of the Pd/C–N,P,S (≈1.18), which could be due to increased defects in C atom for the
Pd/C–N,P,S after Pd NPs decoration.

Figure 4. (a) N2 adsorption–desorption isotherm images of C–N,P,S and (b) Pd/C–N,P,S and pore-size
distributions, (c) Fourier transform–infrared (FT–IR) spectra for SiO2, PCCP@SiO2 and pyrolytic
PCCP@ SiO2, (d) Raman spectra for the samples of C–N,P,S and Pd/C–N,P,S.
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The cyclic voltammetry (CV) curves of Pd/C and Pd/C–N,P,S catalysts were measured in 1 mol/L
sodium hydroxide water solution. As shown in Figure 5a, the hydrogen adsorption–desorption peak
of Pd/C–N,P,S catalyst shows a higher current density between −1.0 and −0.7 V vs. SCE. Besides, the
peaks which is located at around −0.35 V is the reduction peak of PdOx. It is noting that there is a
negative shift of ~ 2 mV for the Pd/C–N,P,S catalyst in comparison with Pd/C, indicating that the
decreased oxophilicity on the Pd surfaces can reduce chemisorptions of these oxygen species, which
benefits the EOR in the alkaline condition. Furthermore, the CV curves of Pd/C–N,P,S and Pd/C in the
sodium hydroxide and ethanol mixture solution were shown in Figure 5b. Obviously, the mass peak
current density for Pd/C–N,P,S catalyst can reach ~1686 mA mg−1, which is 2.8 times higher than that
of Pd/C. Also, the mass peak current density of Pd/C–N,P,S catalyst is higher than previously reported
Pd-based EOR catalysts (Table S1), such as Pd–Ag nanoparticles, Pd7/Ru1,etc. [36–42]. Considering the
structure of the Pd/C–N,P,S catalyst, the doped N, P, and S atoms can significantly tune the electronic
structure of the carbon shell of C–N,P,S. On the one hand, the C–N,P,S with large surface area are
conductive to the diffusion of electrolyte and charge transportation; on the other hand, the electrons
can transfer from Pd to C–N,P,S due to the existences of heteroatoms. The synergic effects between Pd
and C–N,P,S contributed the high electrochemical activity. More importanly, the C–N,P,S supports also
can faciliate the COad intermediates.

Figure 5. (a) Cyclic voltammetry (CV) of Pd/C and Pd/C–N,P,S catalysts in sodium hydroxide (1
mol/L), (b) CVs of Pd/C and Pd/C–N,P,S catalysts in sodium hydroxide (1 mol/L) and ethanol (1
mol/L) mixture solution, (c) CO monolayer stripping voltammograms of the Pd/C and Pd/C–N,P,S
catalysts in diluted sulfuric acid solution (0.5 mol/L), (d) chronoamperometric curves for the the Pd/C
and Pd/C–N,P,S catalysts in sodium hydroxide (1 mol/L) and ethanol (1 mol/L) mixture solution at
−0.20 V. Scan rate: 50 mV/s.

The CO monolayer stripping curves of the Pd/C and Pd/C–N,P,S catalysts were recorded in
0.5 mol/L of sulfuric acid. As shown in Figure 5c, the onset potential of CO oxidation on Pd/C–N,P,S
catalyst is 0.665 V. In comparison with Pd/C, there is a negative shift of 2.1 mV, indicating the COads can
be oxidized at a lower potential on Pd/C–N,P,S catalyst. From CO-stripping CV, the electrochemical
surface areas (ECSA) can be calculated by CO desorption [43]. Considering the 420 μC cm−2 is the
charge required to oxidize a monolayer of COads on Pd surface [44]. Therefore, the ECSA of the
Pd/C–N,P,S catalyst is 76.31 m2 g−1, which was 2.76 times higher than that of the Pd/C. This indicated
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that the synergistic effects between the ternary doped hollow carbon sphere and those uniformly
dispersed Pd particles which ensure the Pd/C–N,P,S catalyst with large ECSA and better anti-CO
poisoning ability. Generally, the stability of an electrocatalyst is a very important factor for further
practical application. The chronoamperometric measurement was carried out in the sodium hydroxide
and ethanol mixture solution at a constant potential of −0.2 V. As shown in Figure 5c, the Pd/C–N,P,S
catalyst always exhibits the higher oxidation current density than that of the Pd/C after different
periods. After a repetitive 200 potential cycling tests, the peak current density of Pd/C–N, P, S has
decreased by ~4.2%, and the peak current density of Pd/C has decreased by ~18.6%. Obviously, the
Pd/C–N, P, S shows higher structural stability than that of Pd/C. From Figure 5d, towards the ratio
(i3600/i10) of the peak current density after 3600 s to that after 10 s, the i3600/i10 of Pd/C–N, P, S is 8.6%
higher than that of Pd/C (6.7%).

3. Materials and Methods

3.1. Materials

Tetraethoxysilane (TEOS), hexachlorocyclotriphos (HCCP), 4,4-sulfonyldiphenol (BPS),
triethylamine (TEA), ethylenediaminetetraacetic acid (EDTA), acetonitrile, sodium carbonate,
potassium tetrachloropalladate (II) (99.95%), sodium tetrachloropalladate (99.95%) were all obtained
from Shanghai Aladdin Bio-Chem Technology Co.,Ltd (Shanghai, China). Ammonia water and ethanol
were purchased from the Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). All chemicals and
solvents were of analytical grade and used without further purification.

3.2. Synthesis of C–N,P,S

Figure 6 shows the schematic illustration of fabrication for C–N,P,S hollow microsphere. Uniform
SiO2 microsphere templates were fabricated by a reported method [45]. First, 0.2 g of SiO2 was
dispersed into 200 mL of acetonitrile. Then, a certain amount of HCCP, BPS and TEA were added to
the above SiO2/acetonitrile dispersion with continuous stirring. After 6 h of stirring, the products
of PCCP@SiO2 was separated by centrifuge washing with water and ethanol, and then vacuum
dried at 50 ◦C for 12 h. Then, PCCP@SiO2 was subjected to pyrolysis under a nitrogen atmosphere.
The pyrolysis condition is 600 ◦C for 1 h, and then 900 ◦C for 3 h (2 ◦C/min). After being pyrolyzed,
the C–N, P, S@SiO2 was collected. IThen, the above C–N, P, S@SiO2 was etched in HF to remove SiO2

microsphere templates. Finally, the C–N, P, S was then washed by lots of water and vacuum dried
overnight at 50 ◦C.

Figure 6. Schematic illustration for fabrication of hollow C–N,P,S sphere.

3.3. Preparation of Pd/C–N,P,S Catalysts

The Pd/C–N,P,S was prepared by a simple and efficient chemical reduction impregnation method.
50 mg of C–N,P,S was first dispersed into 30 mL of H2O with bath sonication of 30 min. Then, 50 mg
of K2PdCl4 and 50 mg of EDTA were added into a C–N,P,S/water dispersion with continuous stirring.
In the next stage, the pH value of above mixture solution was adjusted to about 10 by concentrated
ammonia water. After that, 0.1 g of Na2CO3 and 0.1 g of NaBH4 were dissolved in 20 mL of H2O as
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reductant solution. The reductant solution was slowly added dropwise to the previous dispersion.
After reaction of 4 h with stirring, the Pd/C–N,P,S was collected by centrifugation. After washing by
water and ethanol, the Pd/C–N,P,S was vacuum dried at 70 ◦C for 12 h.

3.4. Electrocatalytic Activity Test

A CHI 660E electrochemistry workstation (Shanghai, China) was used for testing the
electrocatalytic performance of all catalysts with a conventional three-electrode method. The graphite
rod electrode was employed as counter electrode. A saturated calomel electrode (SCE) was the
reference electrode. The Pd/C–N,P,S and Pd/C modified glassy carbon electrodes (Φ = 3 mm) were
used as the working electrodes. CO stripping experiment was peformed in diluted sulfuric acid
solution. CV tests and chronoamperometry were undertaken in the sodium hydroxide and ethanol
mixture solution.

3.5. Catalysts Characterization

X-ray diffraction (XRD) patterns were obtained from a Bruker D8 Advance X-ray diffractometer
(Karlsruhe, Germany). The morphology and microstructure of all catalysts were characterized by
field-emission scanning electron microscopy (FE-SEM, JSM-7800F, Tokyo, Japan) and transmission
electron microscopy (TEM, JEOL JEM-2100F electron microscope, Tokyo, Japan). XPS measurements
were performed on a Kratos Axis Ultra DLD (Kratos Analytical, Manchester, UK) with an Al Kα

X-ray (1486.6 eV). Fourier transform–infrared spectroscopy (FT–IR) analyses were obtained with a
FTIR-8400S spectrometer (Kratos Analytical, Manchester, UK).

4. Conclusions

In summary, the Pd/C–N,P,S with Pd NPs decorated on the surfaces of ternary N, S, and P-doped
hollow carbon microspheres was successfully prepared using the SiO2 microspheres and PCCP as
templates and carbon source. As EOR catalyst, the Pd/C–N,P,S exhibits high electrochemical activity
with a mass peak current density of 1686 mA mg-1 which is 2.8 times higher than that of Pd/C.
Remarkably, the ECSA of the Pd/C–N,P,S catalyst can reach ~76.31 m2 g−1 which is 2.76 times higher
that of the Pd/C. In addition, the Pd/C–N,P,S catalyst also shows good stability. The high performance
of Pd/C–N,P,S catalysts may be mainly due to the following reasons: (1) the porous C–N,P,S with
large surface area are conductive to the diffusion of electrolyte and charge transportation, and (2) the
electrons can transfer from Pd to C–N,P,S due to the existences of heteroatoms. Also, the C–N,P,S
supports can also faciliate the COad intermediates. The synergic effects between Pd and C–N,P,S
contributed to the high electrochemical activity. Therefore, the Pd/C–N,P,S catalyst has promising
prospects for high-performance EOR catalysts.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/2/114/s1:
Figure S1: CVs of Pd/C–N,P,S catalysts in sodium hydroxide (1 mol/L) at different scan rates; Figure S2: The
calibration plot of oxidation and reduction peaks currents vs. scan rate; Figure S3: CVs of Pd/C-N,P,S and
Pd/C after 200 repetitive potential cycling tests, Table S1: The mass peak current densities of various reported
EOR catalysts.
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Abstract: Heteroatom-doped carbon materials have been extensively studied in the field of
electrochemical catalysis to solve the challenges of energy shortage. In particular, there is vigorous
research activity in the design of multi-element co-doped carbon materials for the improvement
of electrochemical performance. Herein, we developed a supramolecular approach to construct
metallosupramolecular polymer hollow spheres, which could be used as precursors for the generation
of carbon shells co-doped with B, N, F and Fe elements. The metallosupramolecular polymer hollow
spheres were fabricated through a simple route based on the Kirkendall effect. The in situ reaction
between the boronate polymer spheres and Fe3+ could easily control the component and shell
thickness of the precursors. The as-prepared multi-element co-doped carbon shells showed excellent
catalytic activity in an oxygen reduction reaction, with onset potential (Eonset) 0.91 V and half-wave
(Ehalf-wave) 0.82 V vs reversible hydrogen electrode (RHE). The fluorine element in the carbon matrix
was important for the improvement of oxygen reduction reaction (ORR) activity performance through
designing the control experiment. This supramolecular approach may afford a new route to explore
good activity and a low-cost catalyst for ORR.

Keywords: carbon shell; metallosupramolecular polymer; hollow particles; doping; oxygen
reduction reaction

1. Introduction

During the commercialization process of hydrogen fuel cells, exploring electrocatalysts with
high oxygen reduction reaction (ORR) activity and outstanding stability is the primary task [1–3].
At present, precious metals incorporating carbon materials, such as commercial Pt/C, have been
successfully used as ORR catalysts [4,5]. However, their expensive cost and scarcity greatly limit
their broader application [6–8]. Therefore, fabricating non-precious metal composite materials with
low-cost, and a catalytic performance comparable or better than commercial Pt/C toward ORR, is of
great significance to commercial applications [9,10].

Pure carbon materials have many advantages, including excellent electrical transport properties,
a highly active surface area, chemical stability and superior thermal stability. They have thus become
an ideal choice for electrochemical energy storage materials [11–15]. However, pure carbon materials have
a highly hydrophobic surface and limited active sites, which bring many problems for the application
in hydrogen fuel cells. Heteroatom-doping has been recognized as an effective approach to increase
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the electrochemical activity and surface wettability of carbon materials [16,17]. The chemical elements
used for doping carbon materials include nitrogen, phosphorus, boron, fluorine and non-precious
metals [18–22]. Notably, N, B co-doped carbon materials have shown excellent ORR performance,
because they possess large amounts of defects and active sites [23,24]. Except for the heteroatom-doping
materials, carbon materials incorporated with metal and N elements (M–N–C) have been considered as
one of the promising candidates. Most of the M–N–C catalysts were prepared via heat-treating the carbon
materials with an N-containing compound, as well as metal salts, or obtained from the simple pyrolysis
of transition metal macrocyclic polymers [25–27]. Nevertheless, these approaches have shortcomings,
such as inhomogeneity of the carbon materials, the aggregation of the active sites, complicated synthesis,
as well as high-cost [28,29]. Hence, there exists a need to develop a facile and effective route to fabricate
polymeric precursors, containing multiple elements like B, P, S, F, Co and Fe. This is of great importance
to incorporate multi-elements into the carbon materials.

We have developed a supramolecular approach, in which the condensation reaction between boronic
and catechol monomers is accompanied with the formation of B–N dative bonds, and can organize as
formed boronate polymers into nanospheres with controllable sizes [30]. The catechol moiety has a high
coordination efficiency with transition metal ions and the Kirkendall effect occurs during the reaction
between boronate polymer nanospheres and transition metal ions, thus resulting in the formation of
metallosupramolecular polymer hollow spheres [31]. In this work, we extended this approach through
the design of the building blocks of the boronate polymers, and therefore metallosupramolecular polymer
hollow sphere precursors, containing B, N, F and Fe elements, could be fabricated. Carbonation of the
metallosupramolecular polymer hollow sphere precursor at 650 ◦C afforded carbon shells co-doped with
B, N, F and Fe elements. We focused on the control over the thickness of the shell, the influence of the
shell thickness and doping elements (B, N, F and Fe) on the ORR performance of the carbon materials.

2. Results and Discussion

2.1. Morphology Evolution

The synthetic process of carbon spheres (CSs) is shown in Scheme 1. We firstly prepared the
boronate polymer nanospheres through a simple condensation reaction between 4,4′-((1E,1′E)-
(((((perfluoropropane-2,2-diyl)bis(4,1-phenylene))bis(oxy))bis(4,1-phenylene))bis(azanylylidene))bis
(methanylylidene))bis(benzene-1,2-diol) (DFC) and (((1E,1′E,1′ ′E)-((nitrilotris(benzene-4,1-diyl)
tris(azanylylidene))tris(methanylylidene)) tris(benzene-4,1-diyl))triboronic acid (TBB). The catechol
moiety has a high coordination ability to transition metal ions. This coordination interaction is of
particular interest in the fabrication of supramolecular polymers, assemblies, smart hydrogels and
metal–organic frameworks [32–34]. Since the boronate moiety is dynamic, there probably existed
free catechol groups in our boronate polymer nanospheres. Thus, we intended to introduce Fe3+

into the boronate polymer nanoparticles through the catechol–Fe3+ coordination, thereby forming
metallosupramolecular polymers, which comprise Fe, N, B and F elements. After carbonization,
carbon materials co-doped with Fe, N, B and F could be obtained.

Scheme 1. Synthetic process of the carbon spheres (CSs).
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With the assistance of the B–N coordination, a cross-linking reaction between DFC and TBB
adopted a typical cooperative polymerization mechanism, and therefore, mono-dispersed boronate
polymer nanospheres (BPN) could be formed in one-step (Figure 1a,b) [30]. The coordination
reaction between catechol and Fe3+ could evidently change the morphology of the boronate polymer
nanospheres, which accorded well with a previous report [31]. The metallosupramolecular polymer
could be easily carbonized to afford CSs with hollow structures.

 
Figure 1. SEM (a) and TEM (b) images of boronate polymer nanosphere (BPN) nanoparticles.
TEM images of CS6-650 (c), CS12-650 (d) and CS18-650 (e). High-angle annular dark-field imaging scanning
transmission electron microscope (HAADF-STEM) image (f) and corresponding energy-dispersive
X-ray (EDX) mappings (g–l) of CS12-650.

Figure 1c–e show the TEM images of the CSs prepared from precursors derived from different
reaction times. Small pores were created in the interior of the nanospheres within a 6 h reaction time
(Figure 1c). When the reaction time was 12 h, hollow nanospheres with shell thickness ~70 nm were
obtained (Figure 1d). However, too long of a reaction time was likely to destroy the nanospheres,
because many of the obtained particles collapsed (Figure 1e). As demonstrated by the previous
report, hollow structural metallosupramolecular polymer precursors were generated according to
the Kirkendall effect during the reaction between boronate polymer nanospheres and Fe3+ [31].
This process greatly relied on the removal of the boronic acid component. Too long of a reaction
time between the boronate polymer nanospheres and Fe3+ can result in excessive removal of the
boronic acid component, therefore leading to the collapse of the particles. Dark-field TEM imaging
of carbon particles obtained from a 12 h reaction time between the boronate polymer nanospheres
and Fe3+ confirmed the hollow structure (Figure 1f). Energy-dispersive X-ray (EDX) mapping of
representative hollow particles indicated the coexistence of C, N, B, F, O and Fe elements (Figure 1g–l).
The carbonization temperature likely had no evident effect on the morphology of the carbon materials,
as the TEM images of CS12-550 and CS12-750 (Figure S1), display similar morphology to CS12-650.

2.2. Composition and Structure Characterization

Figure 2a gives the Raman spectra of the CSs. The two prominent peaks at 1340 and 1571 cm−1

represent the D band of disordered graphitic structure and the G band of ordered carbon matrix,
respectively. The calculated intensity ratio from the D band and the G band (ID/IG) was applied to
evaluate the disorder degree of the carbon materials. The calculated ID/IG value of CS6-650, CS12-650

and CS18-650 were 1.22, 1.26 and 1.29, respectively. Probably, the content defect site in the carbon
materials increased with the increasing reaction between BPN and Fe3+. The calculated ID/IG value of
CS12-550 and CS12-750 were 0.94 and 1.19, respectively, which were lower than that of CS12-650.

The crystalline structures of CSs were characterized through XRD. As shown in Figure 2b,
an evident broad diffraction peak located at about 25◦ could be attributed to the (002) plane of
ordered graphitic structure. The sharp peak at about 45◦ was the (110) plane of iron, reduced by the
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hydrogen–argon mixture gas. Two broad diffraction peaks at about 35◦ and 43◦ were derived from
the (311) and (222) planes of Fe3O4 [35]. With the elongation of reaction time between BPN and Fe3+,
the characteristic peaks of both iron and Fe3O4 were obviously enhanced. It is likely that penetration
of Fe3+ into BPN and formation of metallosupramolecular polymers was time dependent. The effect
of carbonization temperature on the crystalline structure of CSs was studied by XRD. CSs obtained
from different carbonization temperatures generally had similar peak positions. However, with the
carbonization temperature increased from 550 ◦C to 750 ◦C, the shape, width and intensity of the peak
at 25◦ changed. Therefore, the carbonization temperature could affect the carbon matrix crystalline
structure of CSs. It was observed that CS12-650 prepared by the carbonization temperature of 650 ◦C
had the best crystallinity.

Figure 2. Raman spectra (a) and XRD patterns (b) of CSs.

The pore character of CSs was tested by physisorption of nitrogen at 77 K. As shown in Figure 3,
CSs comprise both microporous and mesoporous structures. Detailed Brunauer–Emmett–Teller (BET)
data is also listed in Table 1. The surface areas of CS6-650, CS12-650 and CS18-650 are 361.62, 439.47 and
451.13 m2 g−1, with relative pore volumes of 0.34, 0.40 and 0.36 cm3 g−1, respectively. Obviously,
their surface areas mainly resulted from the microporous- and mesoporous-pore structures. The specific
surface area of the CSs increased gradually with the increase of reaction for the generation of the
precursor. The mesoporous-pore volumes of CS6-650, CS12-650 and CS18-650 were 212.08, 258.68 and
190.00 m2 g−1, respectively. Apparently, CS12-650 had the maximum mesoporous-pore compared with
CS6-650 and CS18-650. The mesoporous-pore is important and beneficial for ORR. The surface areas of
CS12-550 and CS12-750 were 394.38 and 445.20 m2 g−1, with relative pore volumes of 0.34 and 0.35 cm3 g−1

(Table 1), respectively, which were lower than that of CS12-650 and CS18-650. This result indicated that the
precursor might be not completely carbonized at 550 ◦C, and a carbonization temperature of 750 ◦C was
not helpful for the development of the pore structure.

Figure 3. N2 adsorption and desorption isotherms (a) and density functional theory (DFT) pore size
distribution (b) of CSs.
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Table 1. Surface area, porosity of CSs.

Samples SBET
a [m2 g−1] Smicro

b [m2 g−1] Smeso + macro
c [m2 g−1] Vtotal

d [cm3 g−1]

CS6-650 361.62 149.54 212.08 0.34
CS12-550 394.38 182.54 211.84 0.34
CS12-650 439.47 180.79 258.68 0.40
CS12-750 445.20 178.97 266.23 0.35
CS18-650 451.13 261.13 190.00 0.36

a Specific surface area obtained from BET, b Surface area of micropores calculated by the t-plot method, c Surface
area of mesopores and macropores calculated by the t-plot method, d Total pore volume.

The X-ray photoelectron spectroscopy (XPS) survey spectra of CS6-650, CS12-650 and CS18-650 are
shown in Figure 4a. In addition, the high-resolution XPS spectra of C 1s, N 1s, B 1s, F 1s and Fe 2p of
CS12-650 were characterized (Figure 4b–f). The C 1s signal can be split into four representative peaks at
about 288.2 (C=O), 285.4 (C–O, C–N), 284.4 (C–C, C=C) and 283.6 eV (C–B) (Figure 4b). The six peaks
of N 1s spectrum shown in Figure 4c at 403.2, 401.3, 400.3, 399.4, 398.3 and 397.7 eV are attributed to
oxidized N, graphitic N, pyrrolic N, amine, pyridinic N, as well as N–B [23]. Notably, pyridinic N
was recognized to produce excellent oxygen reduction reaction activity [24]. Three typical peaks of B
1s at 192.1, 190.8 and 189.2 eV were assigned to B–O, B–N, B–C (Figure 4d), separately [36]. The F 1s
signal is displayed in Figure 4e. This indicated that fluorine remains in the carbon matrix. The weak
peak at 685.7 eV was assigned to the F− anions. The existence of the F element had the ability to
accelerate the oxygen reduction reaction process of carbon catalysts [37]. For the Fe 2p spectrum shown
in Figure 4f, the peak at 723.2 eV was assigned to the binding energy of Fe2+, and the peak for Fe3+ was
detected at 725.4 eV for the 2p1/2 band. Another two peaks at 714.4 and 710.5 eV could be respectively
attributed to the binding energies of the 2p3/2 orbitals of Fe3+ and Fe2+ species [38]. The Fe 2p3/2
peak at approximately 703.5 eV corresponded to Fe0. The last peak at 719.6 eV was a satellite peak.
The XPS results, in combination with the XRD results, clearly confirmed that only a small amount of
iron element was transformed into Fe3O4, and most of iron element was changed into zero-valent iron,
which may be of potential in improving the electrical conductivity of the carbon materials.

Figure 4. X-ray photoelectron spectroscopy (XPS) survey spectra of CS6-650, CS12-650 and CS18-650 (a).
High-resolution XPS spectra of (b) C 1s, (c) N 1s, (d) B 1s and (e) F 1s, (f) Fe 2p for the CS12-650.
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The XPS survey spectra of CS12-550 and CS12-750 are shown in Figure S2. CS12-550 obtained at
550 ◦C had F content of 0.94%. However, at carbonization temperature of 750 ◦C, the prepared CS12-750

comprised no fluorine element (Table S1). Because the C–F bond in the precursor accorded to a regular
fracture, the temperature of 650 ◦C was the highest temperature that could retain the fluorine element
in the carbon matrix, as well as endow the materials with adequate carbonization.

2.3. ORR Performances

We then tested the electrochemical performance of the CSs to evaluate their potential as ORR
electrocatalysts. The cyclic voltammetry (CV) curves of CS6-650, CS12-650 and CS18-650 were tested in Ar-
or O2-saturated 0.1 M KOH solution (Figure 5a). All samples only displayed an obvious reduction peak
in O2-saturated solution. The linear sweep voltammetry (LSV) curves of CSs are shown in Figure 5b–d.
The onset potential (Eonset) of CS6-650, CS12-650 and CS18-650 for the oxygen reduction reaction were
0.83 V, 0.91 V and 0.78 V, respectively. The half-wave (Ehalf-wave) potentials of CS6-650, CS12-650 and
CS18-650 for the oxygen reduction reaction were 0.79 V, 0.82 V and 0.76 V. This result was also confirmed
by a LSV test in the O2-saturated 0.1 M KOH solution, at a rotation rate of 1600 rpm, with a scan rate
of 10 mV/s (Figure 5e). On the other hand, the catalytic activity of the commercial 20 wt% Pt/C was
tested under identical experimental conditions (Figure 5e). In comparison, the Eonset and Ehalf-wave of
CS12-650 were 0.91 V and 0.82 V, respectively, which were close to that of the commercial 20 wt% Pt/C
catalyst with the onset and half-wave potentials of 0.95 V and 0.85 V vs. RHE.

Figure 5. CV curves of CS6-650, CS12-650 and CS18-650 in Ar- or O2-saturated 0.1 M KOH aqueous
solution at a scan rate of 50 mV/s (a). Linear sweep voltammetry (LSV) curves of CS6-650 (b), CS12-650

(c) and CS18-650 (d) in O2-saturated 0.1 M KOH aqueous solution at different rotation speeds. LSV curves
of CS6-650, CS12-650 and CS18-650 and the commercial 20 wt% Pt/C in O2-saturated 0.1 M KOH aqueous
solution at a rotation rate of 1600 rpm and a scan rate of 10 mV/s (e). Electron transfer numbers
obtained from The Kouteckye–Levich (K–L) plots of CS6-650, CS12-650 and CS18-650 (f).
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The evidently improved electrocatalytic performance of CS12-650 could be explained by the
following two reasons. First, CS12-650 had relatively higher specific surface area compared with CS6-650

as proved by BET results, thus leading to the exposure of more active sites. CS12-650 also had a higher
content of mesoporous-pore than CS6-650 and CS18-650, and the mesoporous-pore was beneficial for ORR.
Second, CS12-650 had relatively thin shell thickness and a regular hollow morphology, which was
beneficial for the transfer of water and oxygen during the catalytic reaction. As illustrated by the
LSV results, the second platform of the LSV curves of CS12-650 became very flat in comparison with
CS18-650, indicating the equilibrium of the catalytic reaction. As the morphology of CS18-650 was
completely damaged and collapsed, the irregular structure could have increased the specific surface
area of CS18-650 to some extent, but also could have prevented the generation and loading of active
sites during carbonization. The activity of CS18-650 was thus reduced. Therefore, we consider that
a synergistic effect between surface area, shell thickness, morphology and enough available active sites,
directly led to the optimization of ORR catalytic activity of CS12-650.

The LSV curves at different rotating rates were tested to study the reaction kinetics of the ORR
catalyzed by CSs. The current density of CS6-650, CS12-650 and CS18-650 increased when increasing
the rotating rate from 400 to 2500 rpm, as shown in Figure 5b–d. This could be attributed to
the decrease of the diffusion distance. The Kouteckye–Levich (K–L) plots were calculated from
the above LSV curves, which revealed a clear linear relationship and quite similar slopes at the
corresponding potential, ranging from 0.3 V to 0.5 V (Figure S3a–c). Obviously, the ORR catalyzed by
CSs accorded classic first-order reaction kinetics. By calculating underlying scope shown in Figure 5f,
the electron transfer numbers (n) derived from the corresponding slopes of Kouteckye–Levich (K–L)
plots were approximately 3.94 for CS6-650, 3.96 for CS12-650 and 3.88 for CS18-650, verifying an atypical
four-electron transfer process. This is the same as the many reported B and N elements co-doped
carbon materials [23,24,39].

The CV curves of CS12-550 and CS12-750 were also tested in Ar- or O2-saturated 0.1 M KOH solution
(Figure 6a), and the corresponding LSV curves of CS12-550 and CS12-750 are shown in Figure 6b,c.
The onset potential (Eonset) of CS12-550 and CS12-750 were 0.85 V and 0.86 V. The half-wave (Ehalf-wave)
potentials of CS12-550 and CS12-750 were 0.74 V and 0.77 V. In comparison, the Eonset and Ehalf-wave of
CS12-650 were 0.91 V and 0.82 V, respectively, which were much better than the CS12-550 and CS12-750.
The electron transfer numbers (n) derived from the corresponding slopes of Kouteckye–Levich (K–L)
plots (Figure S3d–f) were approximately 3.26 for CS12-550 and 3.56 for CS12-750, verifying a typical
four-electron transfer process.

Since they were derived from the same precursor, we considered that the carbonization
temperature could evidently affect the ORR performance of the CSs. First, CS12-650 had higher ID/IG

value than CS12-550 and CS12-750, implying more defect sites in the carbon matrix. Second, CS12-650 had
relatively higher specific surface area relative to CS12-550, as proved by BET results, and thus lead to the
exposure of more active sites. The specific surface area of CS12-650 and CS12-750 was nearly the same,
so CS12-650 and CS12-750 had the same utilization towards the active site in the same condition. Third,
comparing CS12-650 and CS12-750, the existence of the fluorine element in CS12-650 was important for
the improved ORR performance of CS12-650. Therefore, we considered that the fluorine element in the
carbon matrix could promote the generation of defect sites, which was beneficial and important for the
ORR activity.

The durability of CS12-650 was tested at 1600 rpm in O2-saturated 0.1 M KOH aqueous solution
after 1000 cycles of CV curves (Figure 7a). The onset and half-wave potentials of CS12-650 were
kept at 0.90 V and 0.80 V. No evident current decrease in the onset and half-wave potentials was
observed. The attenuation of electrocatalytic activity was less than 5%, which was much better than
the commercial 20 wt% Pt/C catalysts (as shown in Figure S4). Thus, CSs had preferable durability for
ORR in the alkaline condition. The relevant crossover effects test was also carried out by taking CS12-650

as an example through a chronoamperometric experiment. After adding 3.0 M methanol, the methanol
oxidation reaction made the current density of the commercial Pt/C decrease immediately (Figure 7b).
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However, the current density of CS12-650 did not display an evident change. These results directly
confirmed that CS12-650 has good catalytic selectivity for the oxygen reduction reaction.

Figure 6. CV curves of CS12-550 and CS12-750 in Ar- or O2-saturated 0.1 M KOH aqueous solution with
a scan rate of 50 mV/s (a). LSV curves of CS12-550 (b) and CS12-750 (c) and (d) LSV curves of CS12-550,
CS12-650 and CS12-750 and the commercial 20 wt% Pt/C in O2-saturated 0.1 M KOH aqueous solution at
a rotation rate of 1600 rpm and a scan rate of 10 mV/s.

Figure 7. LSV curves of the CS12-650 at 1600 rpm in O2-saturated 0.1 M KOH aqueous solution before
and after 1000 cycles of CV curves with a scan rate of 50 mV/s (a). Current-time chronoamperometric
responses of the commercial 20 wt% Pt/C and CS12-650 at 0.75 V in O2-saturated 0.1 M KOH aqueous
solution followed by addition of 3.0 M methanol. The rotation rate is 1600 rpm (b).

3. Materials and Methods

3.1. Materials

Iron(III) chloride hexahydrate, 4-formylphenylboronic acid and 3,4-dihydroxybenzaldehyde
were purchased from Aladdin Company (Shanghai, China) and directly used as received.
Tris(4-aminophenyl)amine was obtained from J&K Chemical (Beijing, China). KOH, anhydrous methanol
and anhydrous ethanol were supplied by Shanghai Chemical Reagent Industry (Shanghai, China). Nafion
(5 wt%) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Boronic monomer TBB was synthesized
through our reported method [23]. The catechol monomer DFC was directly synthesized through the Schiff
base formation reaction between 4,4′-(((perfluoropropane-2,2-diyl)bis(4,1-phenylene))bis(oxy))dianiline
and 3,4-dihydroxybenzaldehyde (detailed procedure is described in Supporting Information).
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3.2. Catalyst Preparation

DFC and TBB were dissolved in methanol to afford a concentration of 1.0 mg/mL. TBB solution
(6 mL, 0.087 mmol) was added into DFC solution (10 mL, 0.132 mmol) dropwise under N2 atmosphere
with vigorous stirring. The mixture solution became deep orange and a suspension of boronate
polymer nanospheres (BPN) formed. BPN powder was obtained by centrifugation and washed with
anhydrous methanol three times.

BPN was redispersed in 16 mL of methanol to get 2.0 mg/mL of particle suspension. Then 2.37 mL
of methanol solution of FeCl3 (10 mg/mL, 0.037 mmol/mL) was added to the suspension of BPN.
After different reaction times, such as 6, 12 and 18 h, the resultant hollow particles were collected by
centrifugation, washed by anhydrous methanol, and then dried in vacuum oven at 50 ◦C overnight.
The hollow particles were firstly carbonized at 650 ◦C for 2 h in an argon atmosphere with a fixed
heating rate of 5 ◦C /min. The second carbonation was performed at 650 ◦C for 1 h in a mixture
gas containing 5% hydrogen and 95% argon with a fixed heating rate of 10 ◦C /min to reduce Fe3+

into Fe, thus forming B, N, F and Fe co-doped hollow carbon nanospheres (denoted as CSs). CS6-650,
CS12-650 and CS18-650 represent carbon shells prepared from 6, 12 and 18 h reaction times between BPN
and FeCl3, respectively. To evaluate the carbonization temperature on the electrochemical properties
of carbon shells, control experiments were performed at pyrolysis temperatures of 550 and 750 ◦C,
and the prepared samples were denoted as CS12-550 and CS12-750.

3.3. Characterization

The scanning electron microscopy (SEM) were characterized using an SU-70 microscope
(HITACHI, Tokyo, Japan). The morphology of the samples was tested by transmission electron
microscopy (JEM-2100) (JEOL, Tokyo, Japan). The high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images, elemental energy-dispersive X-ray spectroscopy
(EDX) mapping and line scanning analyses were acquired on a FEI TECNAI F20 microscope
(Hillsboro, OR, USA) tested at 200 kV. The Raman spectra were tested on a Labram HR800
Evolution (Horiba, Lille, France). The powder X-ray diffraction (XRD) patterns were obtained
through a desktop X-ray Diffractometer using Cu (600 W) Kα radiation (Rigaku, Tokyo, Japan)
to characterize the crystallographic structure of the samples. The Brunauer–Emmett–Teller (BET)
surface area and pore volume of the samples were tested through an ASAP 2460 system (Norcross,
GA, USA). Before measurement, all of the samples were uniformly degassed at 120 ◦C for 12 h
under vacuum before the test. The X-ray photoelectron spectroscopy (XPS) was tested by PHI
Quantum-2000 photoelectron spectrometer (Physical Electronics, Inc., Chanhassen, MN, USA) through
a monochromatic Al X-ray source of Kα radiation (1486.6 eV), and all of the spectra had been calibrated
with the C 1s peak at 284.6 eV as an internal standard.

3.4. Electrochemical Measurements

The electrochemical properties of the samples were measured on an electrochemical workstation
(CHI 760E), through a conventional three-electrode system. Before testing, 5.0 mg of CSs was dispersed
in 1.0 mL of a mixed solvent containing anhydrous ethanol (500 μL), H2O (450 μL) and 5 wt% Nafion
(50 μL). The above slurry (4.5 μL) was dropped onto a glassy carbon electrode and used as working
electrode. The quality of the commercial 20 wt% Pt/C was half of the CSs catalyst. ORR performance
was tested in freshly made KOH aqueous solution (0.1 M) at room temperature. Pt foil and an Ag/AgCl
(KCl saturation) electrode were used as the counter electrode and the reference electrode, respectively.
The potential in this article was relative to the Ag/AgCl electrode.

4. Conclusions

In summary, a new type of carbon shell co-doped with multi-element including B, N, F and Fe
was designed and synthesized. The morphology and the content of the Fe element of the carbon
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shell could be easily tuned by changing the reaction time between the boronate polymer and Fe3+.
The CS12-650 catalyst showed excellent catalytic activity toward ORR (Eonset = 0.91 V, Ehalf-wave = 0.82 V
vs. RHE), which were comparable to commercial Pt/C in an alkaline system. We verified that the
existence of the fluorine element in the carbon matrix was important for the improvement of ORR
performance. From the prospective of methodology, we consider that the Kirkendall effect-based
route to metallosupramolecular polymer hollow spheres may be of great interest in the design of
precursors incorporated with transition metal elements, thereby generating high-performance doped
carbon materials.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/1/102/s1,
Synthetic routes of DFC and TBB, TEM image of CS12-550 and CS12-750, the corresponding K-L plots of CSs,
XPS survey spectra CS12-550 and CS12-750, the atomic percent of elements of CS12-750 and LSV curves of the
commercial 20 wt% Pt/C before and after 1000 cycles of CV curves are in the supporting information.
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Abstract: The oxygen reduction reaction (ORR) is the most important reaction in life processes and
in energy transformation. The following work presents the design of a new electrode which is
composed by deposited cobalt octaethylporphyrin onto glassy carbon and graphene, where both
carbonaceous materials have been electrochemically oxidized prior to the porphyrin deposition.
The novel generated system is stable and has an electrocatalytic effect towards the oxygen reduction
reaction, as a result of the significant overpotential shift in comparison to the unmodified electrode
and to the electrodes used as target. Kinetic studies corroborate that the system is capable of
reducing molecular oxygen via four electrons, with a Tafel slope value of 60 mV per decade.
The systems were morphologically characterized by scanning electron microscopy (SEM) and atomic
force microscopy (AFM) Electrochemical impedance spectroscopy studies showed that the electrode
previously oxidized and modified with cobalt porphyrin is the system that possesses lower resistance
to charge transfer and higher capacitance.

Keywords: oxygen reduction reaction; glassy carbon electrode; graphene; metalloporphyrins

1. Introduction

The oxygen reduction reaction (ORR) is determinant for the operation of devices associated with
the conversion and storage of energy, such as fuel cells and metal–air batteries, among others [1–5].
In this sense, the development of electrocatalysts for ORR becomes crucial both for the use and
commercialization of these technologies [6]. Nowadays, the best electrocatalysts for ORR are associated
with high cost materials, related to Pt and derived materials, such as Pt nanoparticles onto other
low-cost substrates [7–10]. However, the scarcity of this material, as well as the high cost associated
with it, means that large-scale applications are very difficult [11,12]. On the other hand, the feasibility
of generating low-cost electrocatalysts to reduce molecular oxygen at low overpotentials has been
demonstrated. Consequently, this has proved that carbon-based materials, such as activated carbon
(carbon black), carbon nanotubes, carbon nanofibers, and graphene, among others, play an important
role in overcoming challenges concerning technology, energy, and practical applications. In this
regard, these materials have been widely used and are promising in applications of great importance,
such as in the generation of energy via electrochemical and electrocatalytic processes [13]. Therefore,
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carbonaceous materials, such as glassy carbon (GC) and graphene (GPH), can be excellent choices to
be used as electrode substrates [14]. Thus, since graphene-based materials emerged, they have been
identified as interesting candidates to be applied as catalysts due to their high conductivity, large
surface area, high chemical/electrochemical stability, as well as their strong adherence to compounds
with catalytic characteristics [15–17]. In addition, the large quantities of functional groups that an
oxidized graphene may contain can provide more active sites for nucleation processes and coordinate
catalytic compounds [18]. Thus, several works based on carbonaceous materials have been published,
which demonstrate the effectiveness of these systems for multiple reactions of environmental and
energy interest [19–23].

On the other hand, several studies are focused on substituting the use of Pt as an electrocatalyst
material. In addition, carbonaceous materials allow to reduce costs compared to Pt-based materials,
where both GC and GPH have great advantages in terms of cost. Nevertheless, the use of metal
complexes (non-noble) has been used in order to generate new electrode systems that are capable of
reducing molecular oxygen (e.g., Fe, Ni, Co), where Co(II) complexes have attracted great attention.
Among these complexes, aza-macrocyclic type compounds are found, such as phthalocyanines and
porphyrins, which possess excellent redox properties [24,25] that make them candidates to modify
electrode substrates so as to electrocatalyze multiple reactions, such as oxygen reduction reaction,
hydrogen evolution reaction, and carbon dioxide reduction, which are important reactions in the area
of energy generation and storage. Additionally, multiple electrode systems have been generated using
this type of complexes [26–29], which allows the obtainment of significant potential shifts and high
efficiencies towards ORR. Previously, our group reported a very electrocatalytic system, which was
capable of reducing molecular oxygen via four electrons using a commercial octaethylated cobalt
porphyrin onto oxidized GC. In that study, it was found that oxidized groups serve as anchoring
molecules that permit the coordination of a first layer of metalloporphyrin and provide stability to the
system [30]. After the coordination of the first layer, the porphyrins are then arranged in a columnar
side-to-side form over the covalently modified system, as demonstrated by RAMAN spectroscopy,
X-ray diffraction (XRD), and UV-Vis spectroscopy [31,32].

Finally, considering the abovementioned background, this paper presents the generation of a
simple and active GC/GPH/Co(II)EPO system (Figure 1), where carbon materials are previously
oxidized at a fixed potential (+1.6 V versus Ag/AgCl and +1.0 versus Ag/AgCl for GC and GPH,
respectively). Oxidized groups are generated on the surface in order to serve as anchoring molecules
to coordinate the first layer of cobalt porphyrins. In this way, it is expected that the system could aid as
an electrocatalyst towards the molecular oxygen reduction reaction as a result of the contribution of
glassy carbon, graphene, oxidized groups, and cobalt porphyrin, in a synergistic way. Concomitantly,
the existence of these anchoring molecules is expected to stabilize the generated system, so as to have
stable and reproducible responses over time.

Figure 1. Modification diagram of vitreous carbon electrode (GC = Glassy Carbon, ox = oxidized,
GPH = Graphene, Co(II)OEP = cobalt(II)octaethylporphine, DFM = dimethylformamide, DCM =
dichloromethane).
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2. Results and Discussion

2.1. Morphological Studies of Modified Systems

In order to study the systems in terms of morphology, SEM studies were conducted for the GC,
GC + GPH, GC ox + GPH ox, and GC ox + GPH ox + Co(II)EPO systems. Figure 2 shows the images
corresponding to these studies. As observed, noticeable differences exist in comparison to the surface
morphologies presented by each system.

The addition of GPH onto the GC substrate causes the dispersion of GPH agglomerations along
the entire surface of the electrode. However, when the GPH is deposited on previously oxidized GC
(GC ox + GPH), and also when the GC ox + GPH ox system is subsequently generated, many more
covered substrates are obtained, with larger agglomerations than those observed by the non-oxidized
GC + GPH system.

Finally, it is possible to observe how the metallic cobalt porphyrin deposits change the morphology
of the electrode system, owing to the appearance of fibers on the oxidized surface. It is noteworthy that
these porphyrin deposits are mostly arranged on the agglomerations rather than on the unmodified
surface, which corroborates that the oxidized groups help the metal complex to be coordinated to the
system more easily. On the other hand, AFM images, shown next to each SEM image, complement
the morphological analysis of the resulting surfaces in terms of roughness (Rq) variation. As can be
seen, the initial GC substrate has a Rq value of 6.0 nm, being the lowest in comparison to the modified
systems whose Rq have values of up to 355.0 nm (Table 1). In this regard, the modified system GC ox +
GPH ox + Co(II)OEP presents the highest roughness value in comparison to the rest of the systems,
which would explain the increment in both the capacitance of the system and the total current, as will
be seen later. At the same time, the formation of agglomerations is observed, which may indicate the
formation of columnar systems given the nature of porphyrin complexes that have the ability to be
arranged one over another through π-stacking [30].

Figure 2. Morphological studies by SEM (left) and AFM (right) for (a) GC, (b) GC + GPH, (c) GC ox +
GPH ox and (d) GC ox + GPH ox + Co(II)OEP systems.
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Table 1. Rq values for the GC systems and modified GC systems.

System Rq (nm)

GC 6.0
GC + GPH 6.0

GC ox + GPH ox 60.0
GC ox + GPH ox + Co(II)OEP 355.0

2.2. Electrochemical Response of the Modified Systems

Figure 3a shows the voltammetric responses of GC, GC + GPH, GC + GPH + Co(II)EPO, GC ox +
GPH ox, and GC ox + GPH ox + Co(II)EPO systems. As shown in Figure 3a, all the modified systems
have a different voltammetric profile and potential shifts compared to the initial substrate. In this
regard, a significant shift on the onset potential of 400 mV appears compared to the GC, associated
to the GC ox + GPH ox + Co(II)OEP system, which, in turn, presents a significant current increment,
which reaches a cathodic peak current of 80 μA. Consequently, it is possible to demonstrate the
synergistic effect between the oxidized carbonaceous materials (GC ox + GPH ox) and the porphyrin
cobalt complex (Co(II)OEP), since, in the first case, the potential shift of the onset potential is small in
comparison to the ones shown by the initial substrates (GC + GPH). However, after the deposition
of the cobalt complex, both GC + GPH + Co(II)OEP and GC ox + GPH ox + Co(II)OEP systems
present significant onset potential shifts, due to the contribution of the metallic complex, as has
been demonstrated in previous works with similar systems [30,33–35]. This phenomenon is typical
in electrode systems that are modified with cobalt-containing compounds, such as cobalt oxide (II,
III), Co3O4 [36,37]. It is remarkable that the porphyrin complex deposited on the GC modified with
non-oxidized GPH is substantially less catalytic than the system shown here, where both carbonaceous
substrates have been previously oxidized. This result draws attention because graphene oxidation
should bring about a conductivity loss associated with the loss of sp2 hybridization that is not observed
in the results here obtained. By contrast, oxidized carbonaceous and non-oxidized materials show a
similar profile for the oxygen reduction, with the same onset potentials. In this sense, it is important to
highlight this latter effect: The manifested synergy between the Co(II)OEP and carbon-based materials
is much greater when the carbonaceous materials are previously oxidized.

Thus, the porphyrin-modified oxidized system has the greatest electrocatalytic effect towards
ORR, reducing molecular oxygen to an onset potential of −0.08 V.

As well as the faradaic current increases in the GC ox + GPH ox + Co(II)OEP system, the capacitive
current also presents a high increment in comparison to the bare GC (Figure 3b).

The existence of oxidized groups that serve as covalent anchoring groups to the first layer of
deposited porphyrins generates an increment in the number of components on the electrode surface,
which results in the double layer increment (capacitance) and, therefore, in the capacitive current
presented by the modified system [38].

On the other hand, as seen in Figure 3b, the modified system shows a slight anodic signal at ca.
0.0 V, associated to the Co(II)/Co(III) redox couple. Thus, the generation of μ-oxo bonding is formed
by the porphyrin central metal, which implies the formation of oxidized cobalt species that facilitates,
finally, the molecular oxygen reduction [39].

By contrast, the existence of oxidized graphene provokes a synergistic effect on the electrodic
system, by increasing the electrocatalytic effect that the GC ox + Co(II)OEP system already possesses,
as reported in a previous work of our group [30]. Thus, the existence of oxidized graphene
(GPH ox) is crucial to achieve a greater electrocatalytic effect and the addition of robustness to
the modified electrode.
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Figure 3. (a) Voltammetric profiles of all studied systems, (b) cyclic voltammetry profiles for GC and
GC ox + GPH ox + Co(II)OEP systems, in 0.1 M NaOH saturated with O2. v = 0.1 Vs−1.

2.3. Electrochemical Kinetics

In order to know how ORR occurs at the electrode–solution interphase, the corresponding kinetic
study of the GCox + GPH ox + Co(II) OEP system was conducted. Figure 4a shows the linearity of the
logarithm of the peak current (logIp) vs. logarithm of the scan rate (logv), which gives a slope value of
0.48 (~0.5) that implies that the ORR process is diffusion-controlled [40]. Figure 4b depicts the variation
of the peak current vs. the square root of the scan rate, which affords a linear plot (R2 = 0.998); these
results are consistent with the diffusion-controlled process.

This background enables the determination of the number of transferred electrons, n,
during the reduction reaction using the Randles–Sevcik equation (Equation (1)) for irreversible
diffusion-controlled systems, such as the one shown in this case [40,41]. In this equation, α is the
charge transfer coefficient, na the number of electrons involved in the rate-determining step of the
reaction, Do (2 × 10−5 cm2 s−1) [42] the diffusion coefficient of the electroactive specie, and Co, the
concentration of O2 on the solution, which corresponds to 6.90 × 10−7 mol cm−3 in O2 saturated
aqueous solutions at room temperature [43].

Figure 4. Kinetic studies. (a) Dependence of the logarithm of the peak current on scan rate logarithm.
(b) Dependence of peak current on square-root of scan rate.

Then, considering the information given in Figure 4 and the Randles–Sevcik equation
(Equation (1)) described above, it is possible to infer that:

Ip = (2.99 × 105) n [(1 − α)na]1/2 Co A Do
1/2 v1/2 (1)
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IP

v1/2 = 177 × 10−6 A
(

Vs−1
)−1/2

(2)

IP

v1/2 =
(

2.99 × 105
)

n [(1 – α)na]
1/26.90 × 10−7 mol cm−3 0.070 cm2

(
2 × 10−5 cm2 s−1

)1/2
(3)

177 × 10−6 A
(

Vs−1
)−1/2

=
(

6.46 × 10−5
)

n [(1 – α)na]
1/2 (4)

2.7 = n [(1 – α)na]
1/2 (5)

Furthermore, considering that (1 – α)na must be known, an equation based on its dependence
on the difference between the peak potential (Ep) and the half-peak potential (Ep/2) was employed as
follows [44]:

(1 − α)na = 0.0477 V/|(−0.332 V + 0.184 V)| = 0.32 (6)

[(1 – α)na]
1/2 = 0.6 (7)

n =
2.7
0.6

= 4.6 electrons (8)

Finally, the trend of the system to reduce the electroactive species via four electrons
is demonstrated.

Concomitantly, the Tafel slope for the proposed system was calculated. Figure 5 shows the
obtained plot at low overpotentials, which gives a slope value of 2.303RT/αF ≈ 60 mV per decade that
corresponds to a chemical step subsequent to the first electronic transfer, as the rate-determining step of
the reaction (Rds) [45]. In this sense, there would be a direct oxygen reduction reaction involving four
electrons, where the first electronic transfer is followed by the breaking of the double O–O bond, which
would comprise the slow step, without the formation of peroxide intermediates [46–48]. Consequently,
the following mechanism may be proposed:

Co(II)-O2 + e−  Co(II)-O2−  

Co(II)-O2− + e−  Co(II)-O22−                                                 Consecutive 

Co(II)-O22− + e−  Co(II)-O23−                                                     stages 

Co(II)-O23− + e−  Co(II)-O24− 

Co(II)-O24− + 2H2O  Co(II) + 4OH−                                     Rate determining step 

This mechanism includes the previous stage of an adduct formation between the metallic center
and the oxygen, adduct where internal charge transfer from the metallic center to the oxygen can take
place, which is not included in the above-shown mechanism in order to simplify the steps. In the
four-electron transfer, the Co metal center behaves as an electronic bridge that would transfer the
charge towards the oxygen bond, until this molecule receives four electrons. These first four stages
would occur consecutively, at very close potentials, which give rise to a single, rather wide, cathodic
wave (Figure 3b) due to the small differences in energy that each electron transfer requires. At that
point, considering these four fast steps and close in energy, the rate determining step would comprise
the reaction of the negative charged adduct with water from the medium to break up, generating
hydroxyl ions as final products.
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Figure 5. Potential dependence on current logarithm (Tafel slope), for the GC ox + GPH ox +
Co(II)OEP system.

Finally, in order to corroborate the stability of the generated system, chronoamperometry was
performed at fixed potential during 3600 s. As appreciated in Figure 6, the system attains a current
response that remains constant over time, evidencing that the system, as well as being efficient and
easy to obtain, is stable.

Figure 6. Chronoamperometric study of the GC ox + GPH ox + Co(II)OEP system stability.

2.4. Electrochemical Impedance Spectroscopy

Figure 7 shows the Nyquist diagram for the GC, GC ox + GPH ox, and GC ox + GPH ox +
Co(II)OEP systems, obtained at a fixed potential of −0.4 V. The equivalent circuit, whose parameters
are summarized in Table 2, is also shown. Rs is the solution resistance, while Rct and CPE are the
charge transfer resistance and the constant phase element, respectively.

As is observed, both modified systems, GC ox + GPH ox and GC ox + GPH ox + Co(II)OEP,
show a great decrease of charge transfer resistance, graphically associated to the semicircle closure.
The GC ox + GPH ox + Co(II)OEP system is the one with the lowest charge transfer resistance, which
is consistent with that obtained in the voltammetric studies, which were previously accomplished.

In the equivalent circuit, a constant phase element (CPE) associated with two parameters (T and
P) was used. It is assumed that if P is close to 1, T corresponds to the capacitance. If P is close to
0.5, T is associated with diffusion species, whereas if P is close to 0, T will be a resistance value [49].
Table 2 shows the results obtained for this experiment and it can be observed that, in all cases, the
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parameter associated with P is close to 1, indicating that T would yield capacitance values, which
are higher when rusted systems are used. In addition, it is noteworthy that for oxidized systems, the
capacitance value is similar before and after the porphyrin addition. Consequently, it was corroborated
that the final obtained capacitance is highly influenced by the oxidized groups in the GC and GPH,
respectively, rather than by the presence of the porphyrin complex. Additionally, it can be observed
that the diminution of the Rct value is consistent with the electrocatalytic activity, which is given by
the overpotential onset value. Concomitantly, the system obtained by GC ox + GPH ox + Co(II)OEP is
the most conductive, which evidences its electrocatalytic effect towards ORR.

Figure 7. Nyquist plot and equivalent circuit used for GC, GC ox + GPH ox, and GC ox + GPH ox +
Co(II)OEP systems, in O2-saturated 0.1 M NaOH solution at E = −0.4 V, frequency range 0.1–100,000 Hz.

Table 2. Parameters obtained with the equivalent circuit of Figure 7. EO is the onset potential, Rs is
solution resistance, Rct the charge transfer resistance, and CPE the constant phase element.

System EO (V) Rs (Ω) Rct (Ω) CPE (T, P) (s Ω−1)

GC −0.34 742.1 27,244 3.53 × 10−6, 0.88
GC ox + GPH ox −0.25 810.9 12,999 5.20 × 10−6, 0.88

GC ox + GPH ox + Co(II)OEP −0.08 796.1 11,905 5.22 × 10−6, 0.88

Finally, Table 3 compares the generated material (GC ox + GPH ox + Co(II)OEP) with other
similar systems that have been previously reported in the literature towards the ORR. In this sense,
the electrode here developed is found to be one of the most electroactive systems due to its onset
overpotential. Moreover, this new material is easily achieved, highly stable, and cheap.

Table 3. Comparison between similar systems towards the oxygen reduction reaction (ORR).

Material Medium ORR Onset (V)
Number

Electrons ORR
Reference

GC/GPH 0.1 M KOH −0.18 vs. SCE ≈4 [50]
Cu foil/GPH 0.1 M KOH −0.3 vs. Ag/AgCl ≈2 [51]

GC/GPH Quantum Dots 0.1 M KOH −0.16 vs. Ag/AgCl 3.6–4.4 [52]
CoTPyP/PSS-rGO * 0.1 M KOH −0.15 vs. Ag/AgCl 3.61–3.67 [53]

CoP-CMP800 ** 0.1 M KOH −0.1 vs. Ag/AgCl 3.83–3.86 [26]
GC Co(II)OEP 0.1 M NaOH −0.2 vs. Ag/AgCl - [54]

GC Co(II)OEP-Fe(III)OEP 0.1 M NaOH −0.13 vs. Ag/AgCl ≈4 [54]
GC ox/Co(II)OEP 0.1 M NaOH +0.05 vs. Ag/AgCl ≈4 [30]

GC ox + GPH ox + Co(II)OEP 0.1 M NaOH −0.08 vs. AgAgCl ≈4 This work

* Cobalt porphyrin on poly(sodium-pstyrenesulfonate) modified reduced graphene oxide. ** Cobalt porphyrin-based
conjugated mesoporous polymers.
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3. Materials and Methods

3.1. Equipment

Cyclic Voltammetry (CV), chronoamperometry, and electrochemical impedance spectroscopy
(EIS) studies were accomplished on a CH Instrument 750D potentiostat galvanostat (Austin, USA).
A conventional three-electrode system consisting of a glassy carbon working electrode, a large area
platinum wire counter electrode, and Ag/AgCl (3 M, KCl) reference electrode was used for all the
measurements. All potentials quoted in this work are relative to this reference electrode.

3.2. Reagents

Potassium chloride, sodium hydroxide, and graphene nanoplatelets were purchased from Merck
(Darmstadt, Germany). De-ionized water was obtained from a Millipore-Q system (Darmstadt,
Germany) (18.2 MΩ·cm). Argon (99.99% pure) and dioxygen gas (99.99% pure) were purchased
from Linde Chile (Santiago, Chile). Cobalt porphyrin (2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine
cobalt(II)) as well as dichloromethane (DCM, HPLC grade) and dimethylformamide (99.90% DMF)
were purchased from J.T. Baker (USA).

3.3. Preparation of Modified Electrodes

The glassy carbon electrode was polished to a mirror finish on a felt pad using alumina slurries
(3 μm), sonicated for 120 s to remove the excess of alumina and finally, cycling the potential between
−0.7 V and 0.7 V in a 0.1 M NaOH solution (Ar atmosphere) until stabilization of the electrode response
(20 cycles).

To obtain the GC + GPH system, a drop of 0.5 mg·mL−1 of graphene suspension (5 mg in 10 mL
of dimethylformamide) was placed onto the clean (not oxidized) GC surface, and dried at 95 ◦C for
10 min to evaporate the excess of dimethylformamide (DMF).

The oxidized GC (GC ox) was obtained by applying a constant anodic potential (+1.6 V) until
the system accumulated a charge of 0.1 C (300 s approximately) in 0.1 M NaOH. Then, one drop of
the graphene suspension was placed upon the GC ox surface and dried as aforementioned. After that
procedure, a constant anodic potential (+1.0 V) was again applied for 60 s, in order to generate the GC
ox + GPH ox system. Finally, the obtained system was immersed into a metalloporphyrin solution,
M–OEP (M = Co(II)) 0.2 mM dissolved in CH2Cl2 for 20 min and finally dried at room temperature
for 1 minute (GC ox + GPH ox + Co(II)OEP). To obtain the GC + GPH + Co(II)OEP blank system, the
oxidation procedure was omitted. The electrodes were rinsed with fresh deionized water after each
modification step.

3.4. Instrumentation

All modified electrodes were analyzed using CV in a 0.1 M NaOH solution saturated with
dioxygen (bubbling during 20 min before each measurement) by cycling the potential from 0.4 to −1.1 V.

Chronoamperometry was conducted in a 0.1 M NaOH solution saturated with dioxygen.
The modified electrode was tested by measuring the current at a constant potential of −0.1 V for 1000 s.

Electrochemical impedance spectroscopy (EIS) was performed at a constant potential of −0.4 V in
a 0.1 M NaOH solution saturated with dioxygen at frequencies that range between 0.1 and 100,000 Hz.

The scanning electron microscopy studies were carried out on a SEM LEO 1420 VP equipment
(Cambridge, England).

4. Conclusions

In the current work, a new system consisting of cobalt octaethylporphyrin on glassy carbon
and graphene was obtained; both carbonaceous materials have been previously electrochemically
oxidized to carry out the porphyrin deposition of (GC ox + GPH ox + Co(II)OEP). In addition to
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being stable, this system exhibited the ability to electrocatalyze the ORR via four electrons, showing
a large potential shift towards positive values in relation to independent substrates, unoxidized or
oxidized, and without porphyrin deposit. This new material presents a Tafel slope of 60 mV per
decade, indicating that is a fast kinetic system, where the rate determining step corresponds to a
chemical one. The studies conducted using electrochemical impedance showed that this novel system
possesses lower charge transfer resistance, as well as a higher capacitance compared to glassy carbon
and oxidized carbonaceous substrates.
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Abstract: Carbon nanomaterials are potential materials with their intrinsic structure and property
in energy conversion and storage. As the electrocatalysts, graphene is more remarkable in
electrochemical reactions. Additionally, heteroatoms doping with metal-free materials can obtain
unique structure and demonstrate excellent electrocatalytic performance. In this work, we proposed a
facile method to prepare bifunctional electrocatalyst which was constructed by nitrogen, sulfur doped
graphene (NSG), which demonstrate superior properties with high activity and excellent durability
compared with Pt/C and IrO2 for oxygen reduction (OR) and oxygen evolution (OE) reactions.
Accordingly, these phenomena are closely related to the synergistic effect of doping with nitrogen
and sulfur by rationally regulating the polarity of carbon in graphene. The current work
expands the method towards carbon materials with heteroatom dopants for commercialization
in energy-related reactions.

Keywords: electrocatalysts; bifunctional catalyst; graphene; dopants

1. Introduction

Graphene, a two-dimensional atom-thick conjugated structure, has drawn particular attention
for its good conductivity, mechanical property, electrochemical stability and huge specific surface
area as well as its wide potential applications in catalysts [1,2]. However, graphene oxide has serious
structure disorder and contains oxygen-containing groups, which weaken its electrode transportation
and conductivity [3–6]. Heteroatoms like N and S are adjacent elements to carbon. The doping of
such elements to graphene may change its structure and improve the electrochemical property of
graphene [4,7–10] due to its excellent stability, durability and controllability of nanoparticles [11,12].

On the other hand, fuel cells and metal-air batteries, as promising high-performance
electrochemical energy-related devices, are suffering from bottlenecks because of its sluggish kinetics
in oxygen reduction reaction (ORR, O2 + H2O + 4e− → 4OH−) [13–18]. The platinum (Pt), with the
advantage of low overpotential and high current density, has been served as the most promising ORR
electrocatalyst regardless of the scarcity, high cost, and poor durability which obstruct its application in
the energy field [7,19–22]. To address this problem, seeking alternative ORR and OER electrocatalysts
with low overpotentials and cost is urgent for sustainable energy solutions. Heteroatom doped
carbon-based materials as promising metal-free electrocatalysts have encouraged intensive research,
while it is found that, the hybrids of doped graphene show multi-functions, and have a wide application
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prospect in energy storage and conversion and environmental detection. They can be used as catalysts
for ORR and OER, but the relationship between precursor-doping pattern-ORR activity remains
unclear [16,23–26]. Additionally, the performance of ORR and OER of some metal-free electrocatalysts
can be optimized. Therefore, developing low cost and high electrocatalytic efficiency metal-free
materials has become a focus of study.

Herein, we developed an efficient method to prepare heteroatom nitrogen-, sulfur-doped graphene
as bifunctional materials for ORR/OER by hydrothermal synthesis of graphene oxide and potassium
thiocyanate (KSCN), whether the guest gas (NH3) exists or not.

2. Results and Discussion

2.1. Characterization of Electrocatalysts

The structure and morphology of materials were investigated through scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) [27]. As observed in Figure 1 and
Figure S1, the elements of C, N, O and S were distributed uniformly in NSG, with the fabrication of
stacking graphene sheets. This specific morphology could catalyze the reaction process derived from
the exposing of more active sites. The SEM analyses (Figure 1b) confirm that the heteroatoms were
doped successfully. The microstructure of nitrogen doped graphene (NG) and sulfur doped graphene
(SG) were shown in Figures S2 and S3 where the twisted graphene layers were clearly observed.

Figure 1. Transmission electron microscopy (TEM) (a), scanning electron microscopy (SEM) (b,c) and
mapping (d) of C, N, O, S for NSG.

X-ray photoelectron spectroscopy (XPS) tests were the valid method to analyze the ingredients
and chemical valence of materials [28]. As shown in Figure 2a, Compositions of C, N, O and S were
evaluated through XPS survey spectrum whose atomic percentages respectively are 91.90, 4.18, 3.90 and
0.02 at %, demonstrating the successful doping with nitrogen and sulfur. As observed from Figure 2b,
sp2 hybridized graphitic carbon, C–S and C=O and C=N were corresponding to 284.5 eV, 285.5 eV
and 287.0 eV, respectively. Pyridinic N (397.8 eV), pyrrolic N (398.9 eV) and graphitic N (400.3 eV)
all existed (Figure 2c). As we know, graphitic N is viewed as active sites in the oxygen reduction
reaction [23,28]. Moving to Figure 2d, high resolution S 2p, the peaks of 163.9 and 165.0 eV can ascribe
to the S 2p spin-orbit doublet (S 2p1/2 and S 2p3/2) [29], affected by C–S–C, deeply demonstrating
the successful addition with sulfur [30]. Compared with the high resolution N 1s of NG (Figure S4),
the existence of C–S–C and synergistic effects of N and S doping may be the essential factors of
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performance improvement for NSG. All of this demonstrated the synergy of N and S catalyzed the
activity of NSG.

Figure 2. (a) Full range XPS spectra of NSG; (b–d) XPS spectrum of C 1s, N 1s and S 2p for NSG.

Figure 3a shows distinct Raman spectra at 1345 and 1600 cm−1 which is ascribed to the D and
G band. A recent report indicated that the G band represents the graphitization degree of materials,
structural defects are reflected by the D band [31]. To our best knowledge, the ID/IG ratio represents
structural disorder in graphitic materials [32]. As observed from Figure 3a, the value of NSG (1.09) was
lower than that of SG (1.15) and NG (1.29), indicating the increasing graphitic degree of NSG which
may be derived from the “self-repairing” of intermediate products under experimental conditions with
the repairing of partial sp2-bonded C atoms. The components of the electrocatalysts were also analyzed.
The graphitic C structure existed in NSG, SG and NG at 24◦ with the observation of X-ray diffraction
(XRD) spectrum in Figure 3b [33]. In addition, for SG and NSG, the inconspicuous peak at 667 cm−1

belonged to the vibration of C–S bond which was making a clear indication that S element was doped
with graphene in Figure S5 [5,8].

Figure 3. Raman spectra (a) and X-ray diffraction (XRD) (b) of NSG, NG and SG.
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2.2. Electrocatalytic Properties of Catalysts

In O2-saturated 0.1 M KOH electrolyte, a usual three-electrode electrochemical device consisted
of Ag/AgCl, Pt wire and rotating ring-disk electrode (4 mm diameter) which was orderly used as
a reference electrode, counter electrode and working electrode with the continuous flowing of O2

operated to test the ORR performances of different catalysts which was revealed by linear sweep
voltammetry (LSV) [34]. According to the conversion equation (VRHE = VAg/AgCl + 0.059pH + 0.197),
the potentials tested through Ag/AgCl were converted into reversible hydrogen electrode (RHE).

Compared with commercial Pt/C (20 wt %), the ORR performance of NSG, SG and NG was
investigated via LSV in 0.1 M KOH electrolyte (Figure 4a). Obviously, NSG shows higher onset
potential (0.95 V vs. RHE) compared with SG and NG (0.90 and 0.89 V). For half-wave potential,
as shown in Figure 4b, the value of NSG (0.84 V) is prior to that of Pt/C, SG and NG (0.82, 0.8, 0.77 V),
indicating its preponderant electrocatalytic performance for ORR. In addition, NSG displays large
limited current density, demonstrating a more efficient mass transfer among such electrocatalysts [5].

Figure 4. (a) Oxygen reduction reaction (ORR) polarization curves of Pt/C, NSG, SG, NG in
O2-saturated 0.1 M KOH solution, respectively (rotation speed 1600 rpm, sweep rate 10 mV s−1);
(b) Half-wave potential of NSG, SG, NG and Pt/C; (c) ORR polarization curves of NSG at the various
rotation speeds (sweep rate 10 mV s−1) (inset: Corresponding K-L plots at different electrode potentials);
(d) The electron transfer number n of NSG, NG, SG and Pt/C at different potentials (left), and percentage
(%) of peroxide with respect to the total oxygen reduction products (right); (e) Chronoamperometric
response of NSG and 20% Pt/C at 0.57 V in O2-saturated 0.1 mol L−1 KOH solution. The arrows
indicate the addition of methanol; (f) Durability evaluation of NSG and 20% Pt/C at 0.57 V for 30,000 s
with a rotating rate of 1600 rpm.

In order to quantitatively analyze the mechanism of synthesized catalysts for ORR, further LSVs
were recorded at 400, 800, 1200 and 1600 rpm (Figure 4c, Figure S6a,c). Koutecky-Levich (K-L) plots
were illustrated in Figure 4c and Figure S5b,d. To the best of our knowledge, a function relationship
exists between inverse current density and square root of the rotation rate at a different range
of potentials. According to the calculating formula of K-L equation, 3.86, 3.72 and 3.73, the electron
transfer numbers (n) of NSG, SG and NG, indicate the ORRs mechanism is a four-electron process.

To further explore the performance of synthesized electrocatalysts, the electron transfer number
(n) and percentage (%) of peroxide species were tested through a rotating ring disk electrode (RRDE).
As shown in Figure 4d, the four-electron process of the as-prepared NSG for ORR is consistent with the
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RDE results. Additionally the average percentage (%) of peroxide yield of NSG is the lowest compared
with SG and NG, demonstrating the multiple doping.

Adding 8.5 mL methanol into 70 mL 0.1 M KOH electrolyte with continuous O2, the tolerance
of NSG to methanol was investigated. Compared with the sharp decline of current density of Pt/C
(current loss of ~60%), NSG exhibits a little fluctuation with a retention ratio of ~93%, demonstrating
the decreased activity of Pt/C affected by methanol, and NSG possesses a well tolerance to methanol
(Figure 4e).

As a state-of-the-art catalyst for ORR, chronoamperometric measurement was used to assess
the durability at a constant cathodic voltage of 0.57 V. As observed from Figure 4f, NSG exhibits an
outstanding ORR stability with a weak attenuation over 30,000 s, maintaining 96% of the initial current.
Compared with approximately 15% loss of initial current, NSG was better than Pt/C for ORR in
alkaline electrolyte. OER activity of various as-prepared samples was also tested in the same condition
(Figure 5a). To our best knowledge, the quantitative value of Ej = 10 (potentials to deliver 10 mA cm−2

current density) represents 10% efficient solar water-splitting cell which is used to make comparison
with various catalysts [35]. For NSG, Ej = 10 (1.62 V) is lower than that of 1.65 V (SG), 1.66 V (NG)
and some of state-of-the-art carbon-based catalysts, just like N, S-CN [5] and CN nanocables [36]
and so on. The Tafel slope of NSG (105 mV dec−1) is lower than that of SG (121 mV dec−1) and NG
(124 mV dec−1), indicating its favorable reaction kinetics (Figure 5b). In addition, the representation of
charge transfer kinetics, electrochemical impedance spectroscopy (EIS) of NSG, NG and SG, were also
investigated. The Nyquist plots in Figure S7 demonstrates a lower charge transfer resistance towards
the OER process of NSG than that of NG and SG, which is consistent with the OER performance,
revealing faster Faradaic process in OER kinetics of NSG.

Figure 5. (a) OER linear sweeping voltammetrys (LSVs) of NG, SG, IrO2 and NSG at a sweep rate of
10 mV s−1; (b) OER Tafel plots.

Considering the structure-property relationship, the better catalytic performance towards ORR
and OER may be a result of the stable covalent C–N which could form high positive charge density
on neighboring carbon atoms, and the mismatch of outermost orbitals between C and S [37] and
large surface area [38] which could facilitate the charge transfer, further endowing more accessible
catalytic surfaces.

3. Materials and Methods

3.1. Preparation of Electrocatalysts

At first, GO was prepared according to the procedure used by Hummer [39]. To begin
this process, GO and KSCN (20.0 mg/20.0 mg) were intensively mixed in 30.0 mL deionized water.
Then, a homogeneous solution was fabricated through ultrasonication and kept in Teflon-lined
stainless-steal autoclave (150 ◦C) for 15 h. The as-prepared solution was treated, at freezing, with a
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vacuum dryer overnight to form powder. After dried, the powder was placed in a tube furnace which
was programmed at 800 ◦C for 2 h with 5 ◦C/min of rising rate, keeping Ar flowing of 150 mL/min.
In the end, with Ar and NH3 whose flow rate is 500 mL/min, the intermediate product was annealed
at 800 ◦C for 1 h (Scheme 1). Up to now, the target materials were obtained and defined as nitrogen-,
sulfur- co-doped graphene (NSG). For the sake of contrast, only S-doped or N-doped graphene
catalysts were synthesized under the same operating conditions which was defined as SG or NG,
respectively. In other words, the only source of N (NH3) or S (KSCN) was used as introduction.

Scheme 1. Schematic illustration of the preparation of NSG.

3.2. Characterization of Electrocatalysts

A S-4800 SEM instrument (Hitachi High-Technology Co., Ltd., Tokyo, Japan) was used to test
the surface characterization of different electrocatalysts. TEM (JEOL JEM-2100, Tokyo, Japan) was
operated at 200 kV. With radiation of Cu-Kα, X-ray diffraction (XRD, D/Max2000, Rigaku, Japan)
was investigated. Fourier transformed infrared (FTIR) spectra were observed through a TENSOR 27
FT-IR spectrometer (Scotia, NY, USA) in the range of 4000–500 cm−1, after the samples were dried.
Escalab 250 xi (Thermo Scientific, Loughborough, UK) was used to record X-ray photoelectron
spectroscopy (XPS), providing a base pressure of 5 × 10−9 Torr radiated from monochromatic
Al Kα. Raman spectra were investigated by using a Renishaw Raman spectroscope (Renishaw plc.,
Gloucestershire, UK).

4. Conclusions

To conclude this work, the four-electron pathway for ORR on N, S-co-doped graphene is revealed
and synergy effects between dopants are discussed. The synergy effect is ascribed to the increasing
spin density with the dopant of S and graphitic N. The as-prepared catalyst exhibits excellent
performance for ORR and OER which is originated from the unique structure of NSG, fortunately,
the unique structure is to the benefit of mass transfer. Overall, this work provides a carbon-based
bifunctional electrocatalyst of dual doping in ORR and OER on the promising widespread application
in energy-related devices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/10/475/s1,
Figure S1: Energy dispersive spectrometer (EDS) of NSG, Figure S2: SEM (a-c) and mapping of C (d), N (e), O (f)
of NG, Figure S3: SEM (a,b) and mapping of C (c), N (d), O (e) and S (f) of SG, Figure S4: Full range XPS spectra of
NG, XPS spectrum of C 1s and N 1s for NG, Figures S5: Fourier transform infrared spectroscopy (FTIR) of NSG,
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SG, NG and GO, Figure S6: (a,c) Linear Scan Voltammetry (LSV) curves for SG and NG at different rotation rates
in 0.1 M KOH. (b,d) Crresponding K-L plots at different potentials: 0.35, 0.4, 0.45, 0.5 V, Figure S7: Nyquist plots
of electrochemical impedance spectra (EIS) of NSG, SG and NG recorded in 1 M KOH. Inset: One-time-constant
model equivalent circuit used for data fitting of EIS spectra, Table S1: Comparison of ORR and OER performance
of NSG with the recently reported metal-free catalysts at 1600 rpm in KOH solution.

Author Contributions: Data curation, J.Z.; Project administration, X.L.; Software, J.W.; Supervision, Z.W.;
Writing—original draft, S.W.; Writing—review and editing, Y.W.

Funding: This research was funded by Taishan Scholar Program of Shandong Province, China (ts201712045).
The Key Research and Development Program of Shandong Province (2018GGX104001). Natural Science
Foundation of Shandong Province of China (ZR2017MB054). Doctoral Fund of QUST (0100229001). Post-doctoral
Applied Research Fund of Qingdao (04000641). (∓, equally contribution).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Higgins, D.; Hoque, M.A.; Seo, M.H.; Wang, R.; Hassan, F.; Choi, J.-Y.; Pritzker, M.; Yu, A.; Zhang, J.; Chen, Z.
Development and simulation of sulfur-doped graphene supported platinum with exemplary stability and
activity towards oxygen reduction. Adv. Funct. Mater. 2014, 24, 4325–4336. [CrossRef]

2. Ge, X.; Sumboja, A.; Wuu, D.; An, T.; Li, B.; Goh, F.W.T.; Hor, T.S.A.; Zong, Y.; Liu, Z. Oxygen reduction in
alkaline media: From mechanisms to recent advances of catalysts. ACS Catal. 2015, 5, 4643–4667. [CrossRef]

3. Han, J.H.; Huang, G.; Wang, Z.L.; Lu, Z.; Du, J.; Kashani, H.; Chen, M.W. Low temperature
carbide-mediated growth of bicontinuous nitrogen-doped mesoporous graphene as an efficient oxygen
reduction electrocatalyst. Adv. Mater. 2018, 30, 1803588. [CrossRef] [PubMed]

4. Li, J.; Zhang, Y.; Zhang, X.; Huang, J.; Han, J.; Zhang, Z.; Han, X.; Xu, P.; Song, B.S.
N dual-doped graphene-like carbon nanosheets as efficient oxygen reduction reaction electrocatalysts.
ACS Appl. Mater. Interfaces 2017, 9, 398–405. [CrossRef] [PubMed]

5. Qu, K.; Zheng, Y.; Dai, S.; Qiao, S.Z. Graphene oxide-polydopamine derived n, s-codoped carbon nanosheets
as superior bifunctional electrocatalysts for oxygen reduction and evolution. Nano Energy 2016, 19, 373–381.
[CrossRef]

6. Sakthinathan, S.; Kubendhiran, S.; Chen, S.-M.; Karuppiah, C.; Chiu, T.-W. Novel bifunctional
electrocatalyst for orr activity and methyl parathion detection based on reduced graphene oxide/palladium
tetraphenylporphyrin nanocomposite. J. Phys. Chem. C 2017, 121, 14096–14107. [CrossRef]

7. Wu, J.; Ma, L.; Yadav, R.M.; Yang, Y.; Zhang, X.; Vajtai, R.; Lou, J.; Ajayan, P.M. Nitrogen-doped
graphene with pyridinic dominance as a highly active and stable electrocatalyst for oxygen reduction.
ACS Appl. Mater. Interfaces 2015, 7, 14763–14769. [CrossRef] [PubMed]

8. Akhter, T.; Islam, M.M.; Faisal, S.N.; Haque, E.; Minett, A.I.; Liu, H.K.; Konstantinov, K.; Dou, S.X.
Self-assembled n/s codoped flexible graphene paper for high performance energy storage and oxygen
reduction reaction. ACS Appl. Mater. Interfaces 2016, 8, 2078–2087. [CrossRef] [PubMed]

9. Men, B.; Sun, Y.; Liu, J.; Tang, Y.; Chen, Y.; Wan, P.; Pan, J. Synergistically enhanced electrocatalytic activity of
sandwich-like n-doped graphene/carbon nanosheets decorated by fe and s for oxygen reduction reaction.
ACS Appl. Mater. Interfaces 2016, 8, 19533–19541. [CrossRef] [PubMed]

10. Khilari, S.; Pradhan, D. Mnfe2o4@nitrogen-doped reduced graphene oxide nanohybrid: An efficient
bifunctional electrocatalyst for anodic hydrazine oxidation and cathodic oxygen reduction. Catal. Sci. Technol.
2017, 7, 5920–5931. [CrossRef]

11. Alshehri, S.M.; Alhabarah, A.N.; Ahmed, J.; Naushad, M.; Ahamad, T. An efficient and cost-effective
tri-functional electrocatalyst based on cobalt ferrite embedded nitrogen doped carbon. J. Colloid Interface Sci.
2018, 514, 1–9. [CrossRef] [PubMed]

12. Alshehri, S.M.; Ahmed, J.; Ahamad, T.; Alhokbany, N.; Arunachalam, P.; Almayouf, A.M.; Ahmad, T.
Synthesis, characterization, multifunctional electrochemical (OGR/ORR/SCs) and photodegradable
activities of ZnWO4 nanobricks. J. Sol-Gel Sci. Technol. 2018, 87, 137–146. [CrossRef]

13. Hoque, M.A.; Hassan, F.M.; Higgins, D.; Choi, J.Y.; Pritzker, M.; Knights, S.; Ye, S.; Chen, Z. Multigrain
platinum nanowires consisting of oriented nanoparticles anchored on sulfur-doped graphene as a highly
active and durable oxygen reduction electrocatalyst. Adv. Mater. 2015, 27, 1229–1234. [CrossRef] [PubMed]

129



Catalysts 2018, 9, 475

14. Li, Y.; Gong, M.; Liang, Y.; Feng, J.; Kim, J.E.; Wang, H.; Hong, G.; Zhang, B.; Dai, H. Advanced zinc-air
batteries based on high-performance hybrid electrocatalysts. Nat. Commun. 2013, 4, 1805. [CrossRef]
[PubMed]

15. Lv, Y.; Wang, X.; Mei, T.; Li, J.; Wang, J. Single-step hydrothermal synthesis of n, s-dual-doped graphene
networks as metal-free efficient electrocatalysts for oxygen reduction reaction. ChemistrySelect 2018, 3,
3241–3250. [CrossRef]
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