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Abstract: Detailed studies of the electrochemical oxygen reduction reaction (ORR) on catalyst mate-
rials are crucial to improving the performance of different electrochemical energy conversion and
storage systems (e.g., fuel cells and batteries), as well as numerous chemical synthesis processes. In
the effort to reduce the loading of expensive platinum group metal (PGM)-based catalysts for ORR in
the electrochemical systems, many carbon-based catalysts have already shown promising results and
numerous investigations on those catalysts are in progress. Most of these studies show the catalyst
materials” ORR performance as current density data obtained through the rotating disk electrode

(RDE), rotating ring-disk electrode (RRDE) experiments taking cyclic voltammograms (CV) or linear

check for

Gpdates sweep voltammograms (LSV) approaches. However, the provided descriptions or interpretations of

those data curves are often ambiguous and recondite which can lead to an erroneous understanding
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of the ORR phenomenon in those specific systems and inaccurate characterization of the catalyst
materials. In this paper, we presented a study of ORR on a newly developed carbon-based catalyst,
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the nitrogen-doped graphene/metal-organic framework (N-G/MOF), through RDE and RRDE ex-
periments in both alkaline and acidic mediums, taking the LSV approach. The functions and crucial
considerations for the different parts of the RDE/RRDE experiment such as the working electrode,
reference electrode, counter electrode, electrolyte, and overall RDE/RRDE process are delineated
which can serve as guidelines for the new researchers in this field. Experimentally obtained LSV
curves’ shapes and their correlations with the possible ORR reaction pathways within the applied
potential range are discussed in depth. We also demonstrated how the presence of hydrogen peroxide
(Hy0,), a possible intermediate of ORR, in the alkaline electrolyte and the concentration of acid in
the acidic electrolyte can maneuver the ORR current density output in compliance with the possible
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1. Introduction

Oxygen reduction reaction (ORR) is one of the most studied reactions in electrochem-
istry. The overall performance of different electrochemical energy conversion and storage
systems such as fuel cells and batteries, as well as different electrochemical synthesis
processes, critically depend on the electrochemical ORR activity on their electrodes [1].
Among the major fuel cell categories, on the cathodes of the electrolyte membrane fuel
Attribution (CC BY) license (https://  cell (PEMFC), phosphoric acid fuel cell (PAFC), alkaline fuel cells (AFC) oxygen (Oy) is
creativecommons.org/licenses /by / reduced to form water (H,O) or hydroxyl ions (OH™) [2,3]. In the solid-oxide fuel cell
40/). (SOFC), oxygen is reduced to O, ions on the cathode which is then transferred to the

This article is an open access article
distributed under the terms and

conditions of the Creative Commons

Catalysts 2022, 12, 791. https:/ /doi.org/10.3390/ catal12070791 https:/ /www.mdpi.com/journal/catalysts


https://doi.org/10.3390/catal12070791
https://doi.org/10.3390/catal12070791
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0003-0332-8055
https://orcid.org/0000-0003-3095-9282
https://orcid.org/0000-0002-2267-778X
https://orcid.org/0000-0001-5863-3108
https://doi.org/10.3390/catal12070791
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal12070791?type=check_update&version=1

Catalysts 2022, 12, 791

2 of 21

anode through a compatible solid-oxide electrolyte and reacts with supplied hydrogen
to form water. On the cathodes of different energy storage systems, such as lithium-ion
batteries, metal (zinc, aluminum, Iron, etc.)-air batteries in the aqueous medium, etc., ORR
plays also a crucial role [4]. Electrochemical synthesis of hydrogen peroxide (H,O5) is
another major area of research where the electrochemical ORR on the cathode is studied
intensively [5,6].

With a slow kinetics, ORR becomes the limiting step for the electrochemical systems;
hence, a large number of research groups aim to improve the ORR activity by applying
different measures. The use of catalyst materials for electrochemical catalysis of ORR is
an area of vast interest among the concerned research groups. Although, the catalysts
developed from the platinum (Pt) or platinum-group metals (PGM) were found to possess
the superior electrocatalytic property for ORR, these are the precious metals; their high
cost contributes significantly to rendering the whole electrochemical system expensive.
In this scenario, numerous research groups are evaluating the prospects of carbon-based
electrocatalysts for ORR. Being a one-atom-thick layer of sp? hybridized carbon atoms,
arranged in a hexagonal honeycomb form with a unique electronic structure, graphene
appeared as a promising candidate for electrocatalyst [7,8]. Although inert in the pristine
form, when graphene is doped with different heteroatoms such as nitrogen (N), boron
(B), sulfur (S), etc. shows electrocatalytic properties [9,10]. Nitrogen-doped graphene
(N-G) draws special research focus as nitrogen atoms can form bonds with the carbon
atoms of the graphene lattice in different orientations such as pyridinic-N, graphitic-N,
pyrrolic-N, pyridinic-N-oxide, etc.; each of these nitrogen functional groups exhibits unique
electronic properties [11,12]. Various studies demonstrated the electrocatalytic activities of
N-G materials synthesized through the ORR processes [13-17]. Hybridizing the nitrogen-
doped graphene with other compounds to improve the electrocatalytic ORR activities
are also reported in numerous studies [18-21]. In some recent studies, metal-organic
framework (MOF) was integrated with N-G to achieve a better electrocatalytic performance
than N-G taking the advantage of the high surface area of MOF that can host a higher
number of catalytic active sites. Zhuang et al. synthesized nitrogen-doped graphene /metal-
organic framework (N-G/MOF) catalyst and demonstrated that its ORR electrocatalytic
performance can be comparable to the standard 10% platinum supported by carbon (Pt/C)
catalyst in terms of ORR current density and electron transfer number [7,22-31]. For such
promising aspects, in this study, we will use the N-G/MOF electrocatalyst to explore the
ORR phenomena in acidic and alkaline mediums/electrolytes.

For the electrochemical characterization of newly developed catalysts for ORR, rotating
disk electrode (RDE) or rotating ring disk electrode (RRDE) are the methods of common
choice [32]. In the RDE or RRDE setup, an ORR environment is created on the catalyst-
coated working electrode surface which mimics the actual ORR environment of the catalyst-
coated cathode surface of practical electrochemical systems in acidic or alkaline mediums.
The direct 4-electron transfer oxygen reduction reactions (with standard reduction potential
vs. Standard Hydrogen Electrode (SHE)) in the alkaline and acidic electrolyte are as
follows [2,8,33,34]:

O, +2H,0 + 4e™ — 40H~ (0.401 V vs. SHE) 1)

0, +4H" + 4e~ — 2H,0 (1.229 V vs. SHE) @)

The oxygen reduction reaction may also follow a two-step 2-electron transfer pathway.
In the alkaline electrolyte the generally known 2-electrone transfer ORR steps are:

O, +2H,0 +2e~ — HO, ™ + OH™ (—0.065 V vs. SHE) €)

HO, ™ + H,0 +2e~ — 30H™ (0.86 V vs. SHE) @)



Catalysts 2022, 12, 791

30f21

And for the acidic medium the 2-electrone ORR steps:
O, +2H" +2¢~ — H,O, (0.7 V vs. SHE) ®)

H,0, + 2H" + 2~ — 2H,0 (1.76 V vs. SHE) (6)

The cathodes of the electrochemical systems or the working electrode of the RDE/RRDE
systems, with an applied potential on them, supply the electrons to these electrochemical
half-cell reactions (ORR). The current flow generated in the electrochemical system because
of this electron flow toward the ORR is known as cathodic current or ORR current. Nu-
merous studies have been conducted to determine the reaction mechanisms of ORR in
acidic and alkaline mediums [8,26]. From the studies, it is generally known that the first
step of the ORR mechanism is the adsorption of oxygen molecules on the catalyst surface.
The ORR pathway on a catalyst surface depends on the intrinsic electronic property of the
catalyst (which governs the adsorption energy between catalyst and oxygen) as well as the
applied potentials on the electrodes [35].

In the RDE/RRDE setup, linear sweep voltammetry (LSV) and cyclic voltammetry (CV)
techniques are generally applied to measure the current generated by ORR on the working
electrode for a range of applied potential which is commonly presented as current density
(the current obtained for a unit electrode surface area coated with catalyst). Performing such
experiments and interpreting the produced LSV or CV data plots often become problematic,
especially for the cases of new researchers, as many sensitive factors are involved in this
process. In this paper we will explore the ORR current density data plots taken by the LSV
approaches in an RDE/RRDE setup in both acidic and alkaline electrolyte conditions.

Reasonable evaluation of the electrocatalytic performance of a catalyst by measuring
the ORR current density by RDE/RRDE involves different major considerations such as
selecting of proper electrolyte, use of proper reference electrode, preparation of working
electrode, the saturation of the electrolyte with oxygen, etc. Overall, it is critical to clearly
understand the functions of all the components during the experiment. However, in many
literatures, it is not rare to read ambiguous descriptions of the obtained ORR current
density data from LSV /CV which may lead to an erroneous conclusion [33,36-39]. Si et al.
documented different studies on electrochemical ORR on various catalyst materials which
includes summaries of different studies on ORR on carbon-based material [33]. However,
in-depth discussions of the LSV or CV plots that can explain the ORR pathways or steps
on carbon-based catalysts at different applied potentials were beyond the scope of their
presentation. Wang et al. studied the electrochemical ORR on a glassy carbon electrode
(GCE) as well as on single-walled carbon nanotubes (SWNTs)-dihexadecyl hydrogen
phosphate (DHP) coated GCE [36]. With the obtained data by RDE experiments in an
alkaline medium with GCE, using the Koutecky-Levich plots, they calculated the electron
transfer number, n, from 2.0 to 2.8 for a low to high disk potential within the range
from —4.6 V to —1.2 V. Such values of electron transfer number created confusion to
determine the ORR pathways on GCE surface at different applied potentials, because the
electron transfer number 2.8 may suggest a 2-electron transfer ORR pathway where H,O,
is the product, even at the higher applied potential as —1.2 V, which may not be the true
case. Further explanation of the ORR phenomenon observed there could have helped to
understand the ORR pathways clearly. Jurmann et al. reported the RDE voltammetry
curves in their study of ORR on multi-walled carbon nanotubes (MWCNTs)-modified
highly oriented pyrolytic graphite (HOPG) [37]. However, they did not see the ORR
current plateaus at higher potentials in the curves which would indicate the limiting
current densities, although production of hydrogen peroxide (H,O,) was evident at low
potentials in their experiments. They also calculated the electron transfer numbers through
Koutecky—Levich plots, which were between 2 to 3.3 in the potential range —0.4 to —1.2 V.
The electron transfer numbers are directly related to the obtained ORR current from the
experiments, they are not solely dependent on the reaction pathways. The property of
catalyst materials, number of available catalytic sites on the catalyst, applied potential on
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the electrode, electrolyte, and its concentration, etc. have direct influents on the obtained
ORR current by RDE experiments and hence on the electron transfer numbers. Furthermore,
the calculation through Koutecky—Levich equations, has its own error source [38]. Zhang
et al. reported LSV curves for both disk current and ring current for ORR on bare GCE
and a multilayer film of shortened multiwalled carbon nanotubes (MWNTs) and poly
diallyldimethylammonium chloride (PDDA) on GCE through RRDE experiment [39]. At
higher potentials, the reduction of the ring-current indicated the reduction of HO, ™ (an
indicator of HyO, production at lower potentials). Although their data indeed indicated
the ORR pathways in the range of applied potentials, however, an elaborate explanation of
the shape of the data curves within the potential range would clarify the ORR pathways
more effectively.

It is evident from the reviews of the literature on ORR studies on catalyst materials, es-
pecially the carbon-based ones by RDE/RRDE experiments, that an in-depth understanding
of the obtained LSV or CV curves is still lacking. While performing the RDE/RDE experi-
ments to study the ORR activity on catalysts, it is crucial to notice all the parameters that can
affect the obtained data. In this paper, we presented the ORR study on a newly developed
carbon-based catalyst N-G/MOF through RDE and RRDE data (LSV) in both acidic and
alkaline mediums and elaborately discussed the shape of the LSV curves throughout the
potential range with reference to the corresponding possible reaction pathways. Also, this
paper has highlighted what to expect from the RDE/RRDE data for ORR on a carbon-based
catalyst, what the obtained data suggests, and some important points to lay the ground
for the further development of catalyst materials. We have also presented the effects of
the presence of HyO, (a possible intermediate of ORR) in the alkaline electrolyte, and acid
concentration for the acidic electrolyte on the RDE and RRDE data. The explanation on
how the presence of Hy,O; in the alkaline electrolyte and the concentration of acid in the
acidic electrolyte could maneuver the obtained ORR current densities from RDE and RRDE
experiments is clearly delineated as well.

2. Results and Discussion
2.1. Exploration of LSV Data of N-G/MOF Catalyst for ORR in Alkaline Medium

The obtained LSV curve for ORR in the 0.1 M KOH alkaline medium on the N-G/MOF
catalyst is presented in Figure 1 (the green line). ORR current densities have been measured
for applied potential 0.2 V to —1.2 V vs. Ag/AgCl reference electrode. The LSV curve with
N-G catalyst before integrating the MOF is also shown in Figure 1 (the black line). From
the comparison of these two LSV curves we can see the improvement brought by the MOF
integration to the catalyst material in terms of the obtained current densities. At the —1.2'V,
the obtained current density for the N-G catalyst was found around 4 mA /cm? while the
N-G/MOF catalyst produced around 4.4 mA /cm?. The comparison of the generated ORR
current densities by N-G/MOF catalyst with that of other established electrocatalysts for
ORR was presented in our previous studies [23-25,28,30]. In this study, we intend to follow
the LSV curve from 0.2 V (right) to —1.2 V (left) and discuss the ORR pathways on the
N-G/MOF catalyst in this applied potential range.

It is generally seen that most of the newly developed carbon-based electrocatalysts for
ORR produce LSV curves of a similar appearance to the one in Figure 1. The obtained value
of ORR current density at a specific applied potential depends on many factors, however,
the characteristic of the catalyst material, applied potential, and concentration of the
reactant species play key roles in the electrochemical reactions. As we used an Ag/AgCl
reference electrode, below the ORR steps in the alkaline medium with corresponding
standard reduction potentials or thermodynamic electrode potential against the Ag/AgCl
reference electrode are presented (converted from standard reduction potentials vs. SHE;
based on the potential difference between SHE and Ag/AgCl reference electrodes). Our
discussions in the later sections will proceed in the context of applied potentials on WE
with respect to the Ag/AgCl reference electrode.



Catalysts 2022, 12, 791

50f21

53

45

e
n

Current Density mA/cm?

e
W

-0.5

—N-G/MOF on GCE by RDE
__ Peak from combined 1st and 2nd 2e- ORR step

—N-G on GCE by RDE

Peak from 1st 2e- ORR step
" (indicator of H,0, production)

—

[ ‘ HO; + H,O0+2e" — 30H" ‘

‘ 0, +H,0 + 2e- — HO, + OH- ‘

“ 0, +2H,0 + 4e' — 40H- ‘

‘ 0,+H;0+2e—HO; + OH” ‘

‘ 0; +2H;0 + 4¢" — 40H" ‘

-1 -0.8 -0.6 -0.4 -0.2 0 0.2

Potential V vs Ag/AgCl

Figure 1. LSV plot for ORR in the oxygen saturated 0.1 KOH electrolyte on the N-G/MOF (green
line) and N-G (black line) catalysts coated GCE working electrode.

The direct 4-electron transfer ORR:
O +2H70 +4e~ — 40H™ (0.206 V vs. Ag/AgCl) (7)
The probable two 2-electron transfer ORR step reactions are:
O, + H) O +2¢e~ - OH™ + HO,™ (—0.26 Vvs. Ag/AgCl) (8)

HO,™ + H,O + 2~ — 30H™ (0.686 V vs. Ag/AgCl) 9)

Conventionally, the reduction potentials are presented with positive signs with the
reactions. For instance, the standard reduction potential vs. Ag/AgCl for the reaction (7)
theoretically means that if this reaction is coupled with an Ag/AgCl reference electrode, the
reaction (7) will move forward (as shown), and the required electron for this reaction will
come from the oxidation reaction inside the Ag/AgCl half cell (Ag + C1I~ — AgCl +e™).
And for these two reduction and oxidation reactions, the measured cell voltage will be
+0.206 V. For reaction step (9) the red-ox phenomenon is similar to the reaction (7) when
coupled with Ag/AgCl reference electrode, as suggested by the measured standard re-
duction potential. And the higher value of standard reduction potential for reaction (9)
than the reaction (7) indicates that the likelihood of reduction reaction (9) is higher than
the reduction reaction (7). Conversely, the negative standard reduction potential for the
reaction (8) indicates that if coupled with Ag/AgCI RE, the reaction will move backward
(OH™ + HO,;~ — Oy + HyO + 2e7) which will be an oxidation reaction in that case. It is im-
portant to note here that the standard reduction potentials mentioned above for the reaction
are only for the standard conditions, the value of reduction potentials may appear different
when factors such as reaction temperature, the concentration of reactants, characteristics of
the catalyst material, etc. vary. However, in the electrochemical cells, an external potential
is applied on the WE which is in contact with the electrolyte. This applied potential to
WE tends to counter the reduction potentials of the reactions of interest if both potentials
are of the same sign (e.g., both positive; both tend to draw electrons). Standard reduction
potentials for the reaction can provide an estimation where in the applied potential range
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the reduction potentials of the reactions may overcome the effect of the applied potential
on the WE and the reduction process may start.

To study the ORR in the RDE/RRDE experiments, the WE is made the cathode, which
means the potential at the WE is made negative and the negative potential is gradually
increased up to a range. The more the applied negative potential, the WE can transfer
the electrons toward the reactants more conveniently. As discussed earlier, this is done
by making the electrolyte gradually more positive compared to the WE. In other words,
the electrolyte’s tendency to draw electrons from the WE is gradually increased. In this
scenario, the reaction or reaction step with lower standard reduction potential is most
likely to appear first. In the case of our RDE/RRDE experiments, as the properties of our
catalyst (N-G/MOF) surface for ORR is not fully discovered yet, the reduction potentials
of the ORR steps on N-G/MOF may deviate from the standard reduction potential of
the reactions [8,40]. However, for our RDE experiments in specific conditions, as the
same catalyst, electrolyte, oxygen saturation, reaction temperature, etc., are applied, the
ORR reactions or reaction steps are expected to appear maintaining the order of their
corresponding standard reduction potentials from lower to higher. Reduction reaction
step (8) is expected to appear at the lowest applied negative potential on WE. Reaction
(7) may require a higher negative applied potential to occur than reaction (8). And the
reaction step (9) is more likely to take place at a higher applied negative potential on WE
than reactions (7) and (8).

In Figure 1, the LSV curve the ORR current densities, throughout the applied potential
range, are presented in a positive y-direction. A trace of oxidation current (in the negative
y-axis) is seen near 0.2 V. Although no hydrogen (H;) was supplied to the electrolyte prior
to the tests which could be oxidized at that positive applied potential (H, — 2H" + 2e7),
considering the practical scenario the presence of trace amount of hydrogen molecules in
the electrolyte cannot be ignored. Also, there is a possibility of the reaction (8) moving
backward (oxidation: OH™ + HO,~ — O, + H,O + 2e7) at around 0.2 V. The standard
reduction potential for this reaction step also indicates that. However, the scarcity of HO, ™
species in the electrolyte at the beginning of the test did not allow such a probable oxidation
reaction to forward significantly to produce a large oxidation current. From 0.2 V to around
—0.2 V almost no ORR current appeared which indicates that none of the proposed ORR
steps took place in this applied potential range.

Beyond —0.2 V the ORR current started to appear and reached the first pear at around
—0.47 V. In reference to the standard reduction potential, this raise of ORR current could
possibly be the outcome of reaction (7), the direct 4-electron transfer ORR, or reaction (8),
the first step of 2-electron transfer ORR mechanism or a combination of both. From the
competing ORR reaction/reaction steps, the one which will get preference in a certain ORR
environment greatly depend on the property of the catalyst material, which is referred
to as the selectivity of the catalyst. Through numerous studies, it is now known that the
ORR mechanism begins with the adsorption of oxygen molecules on the catalyst’s active
sites [35]. This adsorption of oxygen can be presented as the ‘catalyst- - - O-O” bond. The
energy of the ‘catalyst- - - O” adsorption bond is one of the key factors that determine the
products of the ORR step. In general, on the platinum (Pt) catalyst, the when a proton and
electron (H* and e™) are added to the ‘Pt- - - O-O” and forms ‘Pt- - - O-O-H’, the adsorption
energy of ‘Pt- - - O’ is relatively higher which leads to the dissociation of O-O bond, and
O-H™ can break free from the site. This can lead to a direct 4-electron transfer ORR
mechanism. However, for most the carbon-based catalyst, the ‘C- - - O” adsorption bond
breaks before the O-O bond dissociation, thus O-O-H™ (HO, ™) species can be produced,
which leads to a 2-electron transfer ORR mechanism. On the N-G/MOF catalyst, the
obtained current densities at the applied potential range from —0.2 to the first peak/plateau
around —0.47 can provide an indication of the ORR path there. It is possible to calculate
the electron transfer number at —0.47 V, considering the current density peak/plateau
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at around —0.47 V as the limiting current density ji = 2.97 mA/cm? using the Levich
equation [34]:
jL=0.201 nFD,2/3 v~/ C, w!/? (10)

or
n=j./(0.201 F D23 v=1/6 C, w!/?) )

Here, w is the working electrode’s rotational speed with the unit of rpm, n is the
electron transfer number, F is the Faraday constant (96485 C/mol), D, is the diffusion
coefficient of O, in 0.1 M KOH (1.93 x 1075 cm?-s71), v is the kinematic viscosity of Oy in
0.1 MKOH (1.09 x 1072 cm?-s~ 1), C,, is the saturation concentration of O in 0.1 M KOH at
1 atm (1.26 x 10~ mol-cm—3). The calculated electron transfer number at —0.47 V is 2.57.
This value of the electron transfer number at —0.47 V suggests on the N-G/MOF catalyst
surface, the first step of 2-electron transfer ORR, reaction (7), most possibly the dominant
one in the potential range from —0.2 V to the —0.47 V. The direct 4-electron transfer ORR
may also occur in some active sites of the N-G/MOF catalyst.

The current density values in the LSV curves also critically depend on the number
of the catalytic active sites that can facilitate the ORR mechanism (especially the initial
adsorption of oxygen molecules). Without sufficient active sites on the catalytic/electrode
surface, regardless of the selected ORR paths, the obtained current density value will
be lower than expected. This phenomenon is often encountered on glassy carbon (GC)
electrodes. The calculated electron transfer number from our experiment indicates the
presence of sufficient catalytic active sites for ORR on the N-G/MOF catalyst. The formation
of the first ORR current density plateau is also correlated with the number of catalytic
active sites. At the applied potential around —0.47 V, the rate of ORR through the rection (7)
could reach its highest as there are enough reactants (O, and HO) in the electrolyte, also,
the applied potential is favorable for the reaction step. In this condition, the number of
active sites drew the limit for the ORR rate which results in the first ORR current density
plateau, as seen in Figure 1.

As further negative potentials then the first ORR peak/plateau are applied, a reduction
in the current density is observed in Figure 1, which reached a lowest of about 2.36 mA /cm?
ataround —0.63 V. In literature, such a feature is often seen in the LSV or CV curves for ORR.
In such higher applied negative potentials around —0.63 V, the reaction (7) rate increases.
At this condition, near the catalytic active sites, the concentration of the product HO, ™ and
OH™ from reaction (7) increases rapidly which may have created a barrier for the incoming
oxygen molecules to reach the active sites [35]. The overall ORR process may be hampered
due to such phenomena and a drop in the current density was seen at around —0.63 V.
Also, the reaction step (9) rate is most likely to be considerably low around —0.63 V on
the N-G/MOG catalyst, which is also indicated by the standard reduction potential for
this reaction step. The product HO, ™~ from reaction (7) is a reactant for reaction (9). If
reaction (9) rate was fast enough before —0.63 V, this would rapidly consume the HO, ™
produced from reaction (7) and the drop in the current density around —0.63 V most
possible would not appear.

At more negative applied potentials than —0.63 V, the current density started to rise
again which indicates the activation of both reaction (8), and reaction (9); rapid production,
and consumption of ORR intermediates. The direct 4-electron transfer ORR (7) could also
simultaneously take place at higher applied potentials. As a result, the ORR current density
gradually reached a second plateau around at around —1.2 V. Based on this second ORR
plateau, the limiting current density is found a 4.39 mA /cm?. From this limiting current
density, the electron transfer is calculated around 3.8 at —1.2 V. This also confirms the
complete reduction of oxygen molecule on N-G/MOF catalyst in the alkaline medium
through 4 electrons transfer process.
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2.2. Effect of Adding Hydrogen Peroxide (H,O,) in the Alkaline Electrolyte during ORR
on N-G/MOF

Hydrogen peroxide (H;O,) can be produced from the 2-electron transfer ORR on the
catalyst surface. From our RDE experimental data for ORR on the N-G/MOF catalyst, in
the alkaline medium, we can estimate that at around —0.47 V mostly the first 2-electron
transfer ORR step took place. One of the products from this ORR step is HO, ™ species. This
product is also an indicator of possible H,O, formation because in the alkaline medium
H,0O; can be decomposed through both chemically or electrochemical reactions and form
the HO, ™ species [41-43].

H,O0, - HOO™ + H* (12)
HOO™ — HOQe — e~ (13)

or
H,O, + OH™ — HOO™ + H,O (14)

If HyO, is added to the alkaline electrolyte during the RDE tests, decomposition of the
H,0, is expected and that will increase the concentration of HO, ™ and its effect should be
manifested in the LSV curve.

Following the aim of this study to analyze the voltammogram curves (LSV) for ORR
in the alkaline medium, 5 mL H,O, was added to the electrolyte during the RDE test. The
obtained LSV curve right after the addition of HyO; is shown in Figure 2 in comparison with
the LSV curve obtained without H,O, addition to the electrolyte. All other experimental
conditions were kept the same. It is evident from these LSV curves that the addition
of HyO; in the electrolyte changes the obtained ORR current densities throughout the
applied potential range. At the positive applied potential near 0.2 V oxidation current is
found higher for the electrolyte with added H,O,. As discussed in the earlier section, this
oxidation current can form through the OH™ + HO;~ — Oy + HyO + 2e™ reaction. At
the H,O, added condition, the KOH electrolyte has plenty of HO2™ in it, therefore at that
favorable applied potential the oxidation reaction could move forward and was seen as
oxidation current (negative current in the plot) near 0.2 V. As the voltage moved toward
the negative direction this oxidation reaction could no longer sustain and thus this current
reached zero.
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Figure 2. LSV plots for ORR from without (green line) and with (blue line) H,O, in oxygen saturated
0.1 KOH electrolyte on the N-G/MOF coated GCE working electrode.
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For the HyO, added electrolyte, the ORR current also started appearing from around
—0.2 V. However, the first ORR peak at around —0.47 V appeared lower than the KOH
electrolyte without the H,O, condition. A reasonable explanation for this lower current for
the presence of H,O; in the electrolyte could be the higher concentration of HO, ™ species
derived from added HyO, crowding the vicinity of the catalytic active sites which hindered
the O, molecule’s transfer toward the catalytic active site more and a lower ORR current
density obtained. After —0.47 V similar to the previous condition the current density
dropped to around —0.63 V.

At more negative applied potentials than —0.63 V, two LSV curves in Figure 2 deviated
drastically. At those higher negative applied potentials, the 2-electron step reaction (9)
occurred at a much higher rate in the H,O; added electrolyte because of the presence of
the reactant species HO, ™ for this reaction at a much higher concentration. As a result,
the obtained ORR current density jumped drastically at the higher negative potentials.
However, it is important to notice that the LSV curve for the H,O, added electrolyte did
not reach a plateau at —1.2 V; it kept going upward. Also, the obtained current density at
—1.2 Vis around 7.23 mA /cm? which is much higher and cannot solely be attributed to the
4-electron transfer ORR in two steps. The shape of the LSV curve from around —1.0 V to
—1.2 V indicates that alongside the 4-electron transfer ORR reaction some other reduction
reaction contributed to the measured current density. At these higher negative active
applied potentials in the alkaline medium, the direct water (also a possible product of H,O,
dissociation in alkaline medium) splitting reduction reaction (2H,O + 2e™ — H; + 20H™)
could be the reaction added to the current density in this case.

2.3. Exploration of LSV Data of N-G/MOF Catalyst for ORR in Acidic Medium

The ORR in the acidic medium follows a different reaction mechanism than that in
the alkaline medium, hence, the voltammogram plots from the RDE/RRDE experiments
appear different in shape. To explore the LSV curves of ORR in the acidic medium on the
N-G/MOF catalyst, RDE experiments were performed in a 0.01 M perchloric acid (HCIO4)
electrolyte. The electrolyte was saturated with oxygen before the oxygen. Ag/AgCl
reference electrode could be used in this acidic environment as well because the acid
concentration was lower. The obtained acidic medium ORR current density is present as
an LSV plot in Figure 3 (the green line). The LSV curve in acidic medium at the same
other conditions with the N-G catalyst before integrating MOF is also presented in Figure 3
(the black line). From these two LSV curves it is clearly observed that the integration of
the MOF with N-G, improved the generated current densities, substantially at the higher
applied potentials, from the ORR in the acidic medium.

The oxygen reduction reactions in the acidic medium are presented below with stan-
dard reduction potential with respect to the Ag/AgCl reference electrode. The direct
4-electron transfer reaction:

O, +4H" + 4e~ — 2H,0 (1.034 V vs. Ag/AgCl) (15)
And two 2-electron transfer reaction steps are:
O, + 2H" +2e™ — H,O, (0.505 V vs. Ag/AgCl) (16)

H,O, + 2H" +2e~ — 2H,0 (1.545 V vs. Ag/AgCl) (17)

In Figure 3, the ORR current started to appear from around —0.24 V. As the applied
negative potential gradually increased, the ORR current gradually increased with a steeper
slope at the middle part between —0.7 V to —1.0 V. The shape of this LSV curve at around
—1.2 V suggests that the current density is heading toward a peak/plateau which could
be reached at further negative potentials. However, performing experiments at farther
negative potentials (e.g., —1.4 V vs. Ag/AgCl) associates with the possibility of appearing
other reduction reactions than the ORR such as direct water reduction. Considering
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the current densities obtained of about 4.14 mA/cm? at —1.2 V as the limiting current
density, the electron transfer number can be calculated which is about 3.6. This number
provides an estimation that ORR on N-G/MOF may have followed a 4-electron transfer
pathway. No other peak/plateau is seen between —0.24 V to —1.2 V in this LSV curve
for ORR in the acidic medium on N-G/MOF. Although the standard reduction potentials
for ORR suggest that the reaction step (16) is more likely to take place in lower applied
negative potentials than the direct 4-electron reaction (15), especially on the carbon-based
catalyst surface, the absence of peak/plateau between —0.24 V to —1.2 V in this LSV curve
indicates that on N-G/MOF catalyst the acidic medium ORR may have followed the direct
4-electron pathway.

—N-G/MOF coated on GCE in 0.01 M Perchloric Acid Electrolyte

—N-G coated on GCE in 0.01 M Perchloric Acid Electrolyte

Potential V vs Ag/AgCl

Figure 3. LSV plot for ORR in the oxygen saturated 0.01 HCIOy electrolyte on the N-G/MOF (green
line) and N-G (black line) catalysts coated GC working electrode.

To have a clearer view of the ORR pathway in the acidic medium on the N-G/MOF
catalyst, RRDE experiments were performed using a GC-GC ring-disk electrode (disk
surface area 0.1256 cm? and ring surface area 0.1885 cm?) as the working electrode. The
GC ring of the ring-disk electrode was kept bare and made cathode as well, so that if
any H,O, produces on the disk electrode by reaction (16), that can be further reduced to
H;0 on the GC ring surface through reaction (17). And the value of obtained ring current
densities in different applied potentials can provide an estimation of the H,O, that may
have been produced on the desk electrode. Keeping all the other conditions the same as
the RDE experiments of acidic medium ORR, the ring current densities were obtained
through the RRDE experiments with two conditions of the disk electrode surface. First,
the GC disk-electrode surface was kept bare and, second, N-G/MOF was coated on GC
disk-electrode surface. The obtained ring current densities with these two disk electrode
conditions are plotted in Figure 4.

In Figure 4 we see that the GC ring (cathode) produced a ring-current density of about
3.15mA/cm? at —1.2 V when the GC disk electrode was kept bare (the red line). This ring-
current density corresponds to an electron transfer number of about 2.7, which suggests
this current density is mainly generated by the 2-electron transfer ORR, the reaction (16),
and at the higher negative applied potentials (than about —0.9 V), the produced H,O,
on the bare GC disk surface, may have further reduced to H,O on the GC ring surface
(reaction 17) that raised the electron transfer number above 2. At the RRDE condition when
N-G/MOF was coated on the GC disk surface (the green line), we see that the ring-current
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densities were lower than those from the bare GC disk condition at lower negative applied
potentials. After around —0.96 V, the produced ring-current densities raised higher than
those from the bare GC disk condition. The difference between these two ring-current LSV
curves gives a good estimation of the effect of the N-G/MOF catalyst on the ring current
(the black line). Which also provides an estimation of the produced H,O, on the N-G/MOF
catalyst surface over the applied potential range. The lower ring-current densities with
N-G/MOF on disk than the bare GC disk conditions at lower than —0.94 V suggests that at
the lower applied potentials the ORR products (could be HyO; or HyO) from the N-G/MOF
on the disk surface somewhat hindered the normal reaction (16) process on the GC ring
surface. A higher amount of OOR products from the N-G/MOF surface compared to the
bare GC disk influxes toward the ring surface which reduced the normal supply (based on
bare disk condition) of H" and O, to the GC ring is most likely the reason for this reduced
ring-current densities at lower potentials. Also, it indicates that the ORR products from
the N-G/MOF most likely did not participate in any of the ORR steps on the ring surface
below —0.94 V. This suggests that the ORR reaction step (17) most likely did not appear at
lower applied negative potentials than —0.94 in this experiment. The standard reduction
potentials for the reaction step (17) also indicate so. This leads us to the assumption that the
ORR on the N-G/MOF below —0.94 V most likely follows either a direct 4-electron transfer
reaction (15) or ORR step (16) or a combination of these two.

—GC ring-current with N-G/MOF on the GC disk
—GC ring-current with bare GC disk
—Effect of N-G/MOF on ring-current

Potential V vs Ag/AgCl

Figure 4. LSV curves for ring-currents from the RRDE experiments with two conditions of disk
surface (green and red lines) and the effect of N-G/MOF on ring-current (black line).

The amount of possible H,O, production of the N-G/MOF over the potential range
could be estimated from the amounts of ring-current densities increased at more negative
applied potentials than —0.94 V. After —0.94 V the ring-current densities with N-G/MOF
on disk condition became higher than the ring current densities with bare GC disk. This
indicates an additional supply of H,O, from N-G/MOF to the ring surface. The increased
current density (following the black line) was only about 0.35 mA /cm? at —1.2 V. Although
the rate of ORR reaction step (17) on the bare GC ring surface depends on many different
factors, such a low increase in ring-current densities with the N-G/MOF on the disk
condition indicate that the concentration of HyO, supplied from the N-G/MOF surface to
the GC ring was mostly like very low at —1.2 V. Which suggests that on the N-G/MOF
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catalyst the ORR in acidic medium mostly followed the direct 4-electron transfer pathway
over the applied potential range.

2.4. Effect of Acid Concentration in the Acidic Electrolyte ORR on N-G/MOF

The effect of acid concentration on the LSV data for ORR in the acidic medium on the
N-G/MOF catalyst is shown in Figure 5. In addition to the 0.01 M, two lower concentrations
of 0.005 M and 0.001 M solutions of HCIOy4 acid were used as the electrolyte to see the
effect of H+ concentration on the acidic medium ORR on the N-G/MOF catalyst. The
obtained ORR current densities in 0.005 M HCIO,4 were lower than those of 0.01 M HCIO,
electrolyte at almost all the applied potentials. The current densities for the 0.001 M
HCIOy electrolyte were drastically lower than the two other acid concentrations electrolyte
conditions. Although the acidic medium ORR on the N-G/MOF catalyst is expected to
follow the pathways discussed in the previous section if we calculate the electron transfer
number with the 0.005 M HCIO; electrolyte data it will be near 2. And it will be even less
than 2 for the 0.001 M HClOy electrolyte data. Hence, it is evident that the electron transfer
number cannot solely help much to determine the ORR pathways. The observed data from
Figure 5 suggest that the obtained current densities from the RDE/RRDE experiments
in the acidic medium, critically depend on the concentration of the H* in the electrolyte
solution. Therefore, selecting the acidic electrolyte with a sufficient concentration of H*
is significant for the proper evaluation of the electrochemical properties of catalysts by
RDE/RRDE experiments.

—N-G/MOF on GCE in 0.01 M HCIO4
—N-G/MOF on GCE in 0.005 M HC104
r —N-G/MOF on GCE in 0.001 M HC104
-1.2 -1 -0.8 -0.6 04 0.2 0 02
Potential V vs Ag/AgCl

Figure 5. LSV plot for ORR in the 0.01 M HCIOy (green line), 0.005 M HClOy (blue line), and 0.001 M
HCIOy (red lines) electrolyte on the N-G/MOF coated GCE working electrode.

2.5. Data Comparison between RDE and RRDE Experiments

To provide additional insight into the RDE/RRDE experiments below a data com-
parison for our RDE and RRDE experiments of N-G/MOF catalyst for both alkaline and
acidic medium is presented in Table 1. From Table 1 it is interesting to notice that for the
same electrolyte (alkaline or acidic) and all the other conditions same, the current density
produced from the catalyst-coated disk of the ring-disk electrode of the RRDE setup always
appears lower than the catalyst-coated disk of the disk electrode of the RDE setup. The
presence of the ring and its electrochemical interactions with the reactant species during the
RRDE experiments most possibly reduced the disk current densities compared to the RDE
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setup where there is no ring. Also, if we compare the current densities from the ring and
the disk current densities in the RRDE experiments, for any medium (alkaline or acidic),
we see that ring current densities are always lower than the disk current densities. This is
obvious from the fact that the GC ring was kept bare, and the disk electrode surfaces were
always coated with N-G/MOF catalysts and thus higher current densities were generated.

Table 1. Data Comparison of RDE and RRDE experiments of N-G/MOF in both acidic and alkaline
mediums. All the other experiments conditions are same.

Electrolyte Medium & Experiment Alkaline Mediu'm Acidic Medium X
Experiment (0.1 M KOH Solution) (0.01 M HC1Oy4 Solution)
Conditions & Data RDE RRDE RDE RRDE
Disk Surface Area (cm?2) 0.1963 0.1256 0.1963 0.1256
Ring Surface Area (cm?) - 0.1885 - 0.1885
Catalyst Loading on
Disk (ug/cmz) 39.7 37.32 39.7 37.32
Current Density at —0.47V 2.967 2.61 0.094 0.136
f - F
rom N-G/MO at —0.63V 2.362 223 0.489 0.626
coated Disk
(mA/cm?) at—-1.20V 4.388 4.19 4.138 4.018
. at —047V - 1.62 - 0.096
Current Density
from bare GC Rlng at —0.63V - 1.31 - 0.367
2
(mA/cm?) at—1.20V - 2.90 - 3.496

3. Materials and Experimental Methods

The success of the RDE experiments for evaluating the electrocatalytic performance of
catalyst materials significantly depends on the proper preparation of the working electrode,
consideration of reference electrode and electrolyte to use, and most importantly having a
complete understanding of the working principle of all the components. In this section,
first, we will discuss how a three electrode RDE/RRDE system works from a fundamental
level and then present the preparation of the working electrode, the selection basis for the
reference electrode, and electrolytes for our RDE experiments in both alkaline and acidic
conditions. Also, we will discuss how the catalyst-coated working electrode surface in the
RDE/RRDE setup creates the ORR environment of the catalyst-coated cathode of actual
fuel cells of batteries.

3.1. Function of a Three-Electrode RDE/RRDE System

In most cases, three-electrode RDE/RRDE systems are used for electrochemical per-
formance evaluation of the catalyst materials. The electrodes are known as the working
electrode (WE), reference electrode (RE), and counter electrode (CE). Here we will briefly
discuss the functions of these electrodes in the RDE/RRDE setup. With an applied potential
on WE with respect to the RE, the ORR is expected to take place on this catalyst-coated
disk surface of the WE. The reference electrode (RE) is itself an electrochemical half-cell
and hence has its own potential when measured against the standard hydrogen electrode
(SHE), Vref. This Vref varies according to the type of the RE, more specifically, they are
the standard reduction potential of the electrochemical reactions that take place inside
the RE cell [44]. When a voltage is applied on the RE through the potentiostat’s circuit, it
maintains the constant voltage during the experiment through its internal electrochemical
reactions. In reference to the constant voltage applied to RE the applied potential on the
WE are counted which are plotted in the voltammograms as applied potentials (typically
the x-axis). To maintain a constant voltage in RE a large amount of current should not
be allowed to flow through it as this will disrupt the chemical balance inside the RE and
damage it permanently. To manage this issue a counter electrode (CE) is used to supply
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or withdraw the required electrons to/from the electrochemical cell of the RDE/RRDE
system as per the demand of electrochemical reaction in a specific applied voltage. In
Figure 6, with the help of a simplified diagram, the functions of these three electrodes are
presented. The same voltage, for instance, +V,, is applied to both the CE and RE by the
potentiostat. Because of this applied voltage +V, the RE produces and maintains a voltage
+((Va) + V) in the electrolyte. As the WE is kept grounded, the applied potential of WE
will be measured as —((Va) + Vi) with respect to the electrolyte, and that is —V, with
respect to the RE. In CV or LSV experiments, the direction (sign) and magnitude of V, are
controlled by the potentiostat and kept within the potential window of the WE (discussed
in the later section). Inside this potential window, only the electrochemical reactions of
interest are expected to occur, therefore, the current measured from the WE at any given V,
is attributed to those electrochemical reactions; for our case it is the ORR.

~ Applied Voltage by
4~ Potentiostat Circuit + V,

Voltage and Current plotted in
voltammogram

’ \
—V,wrtRE 1«

At Electrolyte Voltage is = (+ V) + (V)
(e.g., for Ag/AgCl (with saturated NaCl
solution), V= +0.197 V vs Standard
Hydrogen Electrode)

Figure 6. A simplified diagram to show the function of three electrode in the RDE/RRDE system.
working electrode (WE), reference electrode (RE), counter electrode (CE).

3.2. Catalyst Synthesis and Characterization

The N-G/MOF catalyst for electrochemical ORR was synthesized in our laboratory
applying a nanoscale high energy wet (NHEW) ball milling process from zeolitic imid-
azolate frameworks-8 (ZIF-8, Basolite Z1200, formula CgH9Ny4Zn, Aldrich, St. Louis,
MO, USA) and nitrogen-doped graphene (N-G) [23,24,28,30]. This N-G catalyst was also
synthesized in our laboratory by the same method using graphene oxide (GO, 5 mg/mL,
H.C, Graphene Supermarket, Ronkonkoma, NY, USA) and melamine ((99%, C3HgNg,
Aldrich, St. Louis, MO, USA)) as precursors [22,25,27,45].

Proper and sufficient characterization of any newly developed catalyst materials is cru-
cial to evaluate their potential and applicability. Accordingly, our synthesized N-G/MOF
catalyst went under extensive characterization [23,24,28,30]. Physical properties such as
particle size, porosity, pore size, surface area, surface structure, etc. were evaluated by
Zetasizer potential measurement (Malvern Zetasizer Nano, Malvern, UK), BET surface
area analyses (BET, Anton Paar GmbH, Graz, Austria), scanning electron microscope (SEM,
JEOL 7600F, Akishima, Tokyo, Japan), and transmission electron microscopy (TEM, JEOL
2100F, Akishima, Tokyo, Japan). Both crystalline and amorphous structures were observed
in the N-G/MOF material, the average particle size was found 960.5 nm. The MOF and N-G
materials are the sources for the crystalline and amorphous structures in the N-G/MOF
respectively. BET surface area of the N-G/MOF catalyst was measured as 1103 m?/g.
The average pore size and pore volume were found as 1.6 nm and 0.404 cm®/g. The
observed physical properties of the N-G/MOF material are promising characteristics for an
effective catalyst.
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To determine the elemental composition, X-ray Photoelectron Spectroscopy (XPS, Specs
Analyzer, Berlin, Germany & Bruker IR, Billerica, MA, USA) analyses of the N-G/MOF
material were conducted. For the catalytic performance of car-bon-based materials quanti-
fying the Nitrogen doping ratio is significant. For N-G/MOF the Nitrogen doping ratio
was found 20.2-23%. The electrochemical catalytic performances of the N-G/MOF catalyst
were evaluated by the RDE experiments and compared with a standard 10 wt% Pt/C
catalyst. For the same other conditions, the onset potential, and electron transfer num-
ber measured for N-G/MOF catalyst, 0.062 V and 3.93 respectively, were very close to
those of the 10 wt% Pt/C catalyst, 0.065 V and 3.95. Within our RDE setup, the obtained
limiting current density generated by N-G/MOF catalyst from the ORR in an alkaline
medium (5.02 mA/cm?) was found higher than the limiting current density produced by
the 10 wt% Pt/C in the same conditions, 4.30 mA /cm?. Through these extensive character-
izations of the N-G/MOF material, in general, the impressive electrocatalytic properties for
ORR were understood.

3.3. Considerations and Preparation of Working Electrodes

Commonly used working electrodes in the RDE/RRDE system are platinum (Pt) glassy
carbon (GC), Gold (Au), etc. disk electrodes or a combination of Pt, GC, Ay, etc. (i.e., Pt-GC,
GC-Pt, Pt-Au, etc.) as the ring-disk electrode. However, knowing the potential window
for the working electrode in use is important. For any specific working electrode material,
if water is used as the electrolyte, at a certain value of the applied positive or negative
voltage on the electrode the water will start splitting on the electrode surface and produce
oxygen or hydrogen and a current will start flowing through the electrode in the positive
or negative direction. The potential window for that specific working electrode is defined
as the range of voltage In between those positive and negative applied voltages where no
current is produced due to the water electrolysis reactions. Voltammetry experiments are
conducted within this potential window set by the property of the working electrode so
the current obtained from the experiment can be fairly attributed to the electrochemical
reactions of interest [46].

For this study, a glassy carbon (GC) disk electrode (GCt RRDE—WCO22, ALS Co.,
Ltd., Tokyo, Japan) was used as the working electrode in the RDE setup (RRDE-3A, ALS
Co., Ltd., Tokyo, Japan) as GC has a relatively larger potential window of about 1.8 V (from
about +1.1 V to —0.7 V). Nitrogen-doped graphene/metal-organic framework (N-G/MOF)
catalyst was drop-casted on the GC disk electrode surface to form a thin layer of catalyst.
While making this thin layer of catalyst on the WE disk surface is important to make
sure that the catalyst layer fully and uniformly covers the geometric area of the disk
surface (0.1963 cm? for our disk-electrode). For this drop casting process, the catalyst was
dispersed in deionized (DI) water (5 mg/16 mL of water) and sonicated for 30 min to
ensure a homogeneous mixture. The 25 pL of the catalyst-ID water mixture was dropped
on the mirror-polished surface of the electrode disk and dried out to form the thin layer.
Calculated catalyst loading on the disk surface is 39.7 pg/cm?. If this droplet drying
process is conducted at room temperature, a uniform coffee-ring-shaped catalyst layer may
form on the electrode surface due to a complex microfluidic process inside the droplet [47].
Drying out the droplet at an elevated temperature improves the uniformity of the catalyst
layer on the disk surface of WE. We carried out the drying process in a vacuum oven at
70-80 °C for 15-20 min. Figure 7 shows magnified and externally illuminated images of
the electrode-disk surface before (a) and after (b) catalyst drop casting. The actual color
of the N-G/MOF catalyst is grayish. Apparently, the drop-casted catalyst layer almost
uniformly covers the GC disk surface. The white spots on the disk surface are created
by the agglomeration of the catalyst particles and which did not break down during the
mixture sonication process.

Itis also very important to carefully set the applied potential window for the RDE/RRDE
experiments. It is crucial to ensure that no other competing reactions take place within
the chosen applied potential window otherwise a viable electrocatalytic performance eval-
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uation of the catalyst for the reaction of interest cannot be achieved. In our RDE/RRDE
experiments, we have chosen the applied potential range from +0.2 V to —1.2 V. Although
the negative potentials as high as —1.2 V is already within the theoretical /thermodynamic
reduction potential range of Hydrogen Evolution Reaction (HER), here we intend to show
that in a practical scenario, especially on carbon-based electrocatalysts (also depending on
the concentrations of the reactant species), the observed potential ranges for the reactions
of interest could appear different than the theoretically suggested ones. If HER started
to take place at some higher negative potentials within our chosen potential window,
immediately a distinguishably sharp increase in the measured current density would have
been visible on the LSV curve, caused by the additional current (or electron flow) produced
by electrochemical HER or any other competing reactions. To avoid that scenario, we
experimentally verified the potential range, within our RDE/RRDE setup, by running the
tests at different higher negative potentials. We observed that, within our experimental
setup, the sharp increase in the current density by HER occurs only at a higher negative
applied potential than —1.4 V vs. Ag/AgCl. Hence, in our experiments we could apply the
negative potential limit to —1.2 V vs. Ag/AgCl.

CH [ &

A A\

Figure 7. Magnified and externally illuminated working electrode disk (GC) surface before (a); and
after (b) the drop casting of N-G/MOF catalyst.

3.4. Considerations for Reference Electrode, Counter Electrode and Electrolyte

Often the obtained voltammetry data (CV or LSV) from RDE experiments can largely
deviate from the theoretically expected values if the reference electrode (RE) is not selected
and used properly. As the reaction mechanisms of ORR are dependent on the pH value
of the medium/electrolyte (alkaline or acidic), the reference electrode should be carefully
chosen that can function properly in the alkaline or acidic medium used for the experiment.
Earlier it is mentioned that the applied potentials on the WE are measured and plotted
with reference to the applied voltage on the RE. In practice, the electrolyte between these
electrodes introduces a solution resistance which may disrupt the applied potential balance.
Therefore, the reference electrode is placed close to the working electrode but of course,
this should not obstruct the flow of electrolyte toward the WE surface generated by the
rotation of WE in the RDE/RRDE cell. In this study, an Ag/AgCl (3 M NaCl internal
solution) reference electrode is used which has the reference potential of 0.195 V vs. the
reversible hydrogen electrode (RHE). This reference electrode functions properly in the low
concentration alkaline and acidic aqueous solution.

To transfer a large number of electrons to or from the RDE/RRDE voltammetry cell
during the electrochemical reactions, the surface area of the counter electrode should be
sufficiently large. A coiled platinum wire (23 cm) counter electrode is used in this study.

The choice of proper electrolytes is also important. The electrolyte must be capable
of transferring the ions or species between the electrodes. At the same time, the solution
resistance of the electrolyte should be low. Based on these considerations a 0.1 M potassium
hydroxide (KOH) aqueous solution is used as the electrolyte for our RDE experiments in the
alkaline medium. KOH produces K* and OH™ ions in the aqueous solution and the K* ions
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getting involved in electrochemical reactions is unlikely within the potential window of the
experiment as the standard reduction potential for K* is well beyond this potential range.
KOH electrolyte also offers a low solution resistance for HyO or OH™ transfer. For these
reasons, in most of the RDE/RRDE studies, the KOH solutions of different concentrations
are chosen.

For the RDE and RRDE experiments in the acidic conditions, a 0.01 M perchloric acid
(HClOy) aqueous solution is used initially, and the concentration of the acid was also varied.
The proton H* is one of the reactants of ORR in the acidic condition thus the effect of H*
concentration on the obtained current density was evaluated.

3.5. Creating the ORR Phenomenon in Alkaline Medium with RDE Setup

The Rotating Disk Electrode (RDE) setup is one of the common ways to create the ORR
environment of actual fuel cells or batteries. Figure 8 shows how the ORR phenomenon
of an alkaline fuel cell (AFC), that uses hydrogen as fuel and oxygen/air as the oxidizer
(H,-O, AFC), can be produced within an RDE setup. Figure 8a shows the actual electrolyte
vial of our RDE setup. A 0.1 M KOH solution is taken inside the vial and oxygen is supplied
to it for 25-30 min to create oxygen saturated alkaline electrolyte. A schematic of the
test vial is presented in Figure 8c. The three electrodes are indicated for both figures. In
Figure 8b the working principle of AFC is shown schematically. In the actual fuel cells,
hydrogen (H;) and air are continuously supplied respectively to the anode and cathode
sides of the fuel cell. Water (H;O) is produced on the anode, and it transfers through the
alkaline electrolyte to reach the cathode where it can participate in the ORR on the catalyst
surface. In the right side of Figure 8b, an expanded view of the catalyst layer of the fuel
cell cathode is shown where H,O, electrons (e™), and O, are being supplied and ORR can
proceed. The goal of the RDE setup is to simulate this specific ORR environment on the
catalyst-coated cathode of the fuel cells to investigate the ORR phenomenon on a catalyst.
On the right side of Figure 8c, an elaborated schematic of the catalyst layer over the disk
surface of WE submerged in the electrolyte is shown. Inside the vial, the electrolyte flow,
created by a constant speed rotation of the working electrode, maintains the continuous
supply of H,O and O, to the catalyst layer on the electrode disk. Required electrons for
the electrochemical ORR are provided through the WE. By juxtaposing the right sides
views of Figure 8b, ¢, the fuel cell-like ORR environment created by the RDE system can be
realized. The RDE/RRDE system in this study was validated by taking CV and LSV data
with well-established Platinum supported by carbon (Pt/C) catalyst.
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Figure 8. Creating the alkaline medium ORR environment on the AFC cathode within an RDE
setup: (a) actual test vial of our RDE setup; (b) schematic of working process of the H,-O, AFC; and
(c) Schematic of the test vial of RDE setup.
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3.6. Creating the ORR Phenomenon in Acidic Medium with RDE Setup

Similar to Figure 8, in Figure 9 the process of creating the ORR environment of a PEM
fuel cell by the RDE/RRDE setup with acidic electrolyte is presented. The schematic of
H,-O, PEMEC in Figure 9b shows, that similar to the AFC, Hp, and O; or air is continuously
supplied at high pressure to the anode and cathode side of the fuel cell respectively. H+
is produced on the anode surface and travels through the acidic electrolyte towards the
catalyst-coated layer of the cathode where it takes part in the ORR. In the RDE system
as in Figure 9a,c, to create the catalyst-coated cathode environment of the PEM fuel cell
where ORR occurs in the acidic medium, a catalyst layer is formed in the electrode disk
surface, and it is submerged into the acidic electrolyte solution (facilitates spontaneous
H* transfer) which is saturated with oxygen prior to the test. During the test, a constant
rotational speed of the working electrode maintains a continuous flow of H* ions and O,
saturated electrolytes to the catalyst-coated disk electrode surface.

(a) (b) Schematic of an H,-~O, PEMFC
H, H; H, H; H,
L]
2R
Anode H, — 2H* + 2¢
Polymer
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(C) Schematic of RDE Setup with Acidic Electrolyte
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electrode disk

Figure 9. Creating the acidic medium ORR environment on the PEMFC cathode within an RDE setup:
(a) actual test vial of our RDE setup; (b) schematic of working process of the Hy-O, PEMFC; and
(c) schematic of the test vial of RDE setup.

4. Conclusions

An in-depth investigation of the electrochemical ORR on a carbon-based electrocata-
lyst, N-G/MOFE in both alkaline and acidic mediums was conducted using the data from
RDE/RRDE experiments. Crucial considerations for the RDE/RRDE experiments are de-
lineated and demonstrated. In the alkaline medium, the ORR on the carbon-based catalysts
is more likely to begin as a 2-electron transfer ORR step at lower applied potentials. And
at higher applied potentials, the 4-electron transfer ORR reaction can be generated. The
electron transfer numbers calculated at a specific applied potential can provide indications
for the ORR reaction pathways. However, while estimating the ORR pathways from the
electron transfer values, careful considerations are required as the electron transfer numbers
are generally calculated from the obtained current density which is directly dependent on
many factors of the experiments. The presence of H,O; in the electrolyte can also alter the
obtained current density data for ORR in an alkaline medium. In the acidic medium, the
electrochemical ORR pathways also depend on the applied potentials, the concentration of
the acid in the electrolyte, as well the properties of the catalyst materials. In general, the
obtained current densities from the RDE/RRDE experiments also depend on the number of
active sites on the catalyst surface and the concentration of reactants for a specific reaction
step at a specific applied potential. It is also important to consider the effect of any other
competing reduction reaction on the obtained current density in a specific applied potential.
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