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Abstract

Porous nitrogen-doped electrocatalyst for the oxygen reduction reaction in alkaline media

By

Rene Mercado

The intense research interest in nanomaterials is largely fueled by the unique properties of
nanoscale materials. Because of this, fuel cell technology can benefit from the optimization of
nanomaterials. However, since Platinum is the leading state-of-the-art electrocatalyst for
ORR, developing a catalyst that is cost efficient is under investigation. Developing
electrocatalyst that are abundant earth metals is critical for a large-scale application of fuel
cell technology. Among the non-precious metals explored in recent decades; Iron, Cobalt,
and Nickel catalyst are regarded to be the most suitable candidate for the oxygen binding
intermediates of ORR. Therefore, by introducing an additional nhon-noble metal, a bimetallic
system, can have a further influence on the activity for ORR. Because of this, my dissertation
will focus on a bimetallic system where they will be deposited onto two 3D nitrogen-doped

carbon skeleton structures.

In chapter 1, fuel cell reaction mechanism is introduced. A systemic overview of designing
Metal Nitrogen Centers (MNC’S) using various techniques. Additionally, the design of
nitrogen centers in carbon materials is crucial for ORR. Upon the deposition of metals on
nitrogen doped carbon, the M-N coordination site has shown to be the active site. Therefore,
optimization of M-N site is done by using delicate selection of precursors, a process where is

largely based on test and trial method.

Chapter 2 describes the design of CHS-FeCo(X) carbon cages using SiO2 as a sacrificial
template. A series of CHS-FeCo-X metal to metal mole feed ratio was used. The deposition
of both Fe and Co resulted in single atoms decorated on the carbon skeleton as seen by the

TEM. Furthermore, the chemical composition of CHS-FeCo(X) is in agreement with TEM,

Xii



suggesting an oxidized state. Additionally, all dual-metal samples showed a significant
enhancement of the catalytic performance towards ORR in alkaline media, compared to its

single metal dopants.

Chapter 3 is an extension of chapter 2. In this chapter, cobalt complexes were used instead
of cobalt chloride salt. Electron microscopy also confirmed hollow carbon cages. However,
due to the higher uptake of metals, nanoparticles occur. Additionally, FeCo-NC-
Nas[Co(NO2)s] and FeCo-NC- [Co(im)4](NOs3)2 exhibited metallic phases as seen by both
them and XPS with an obvious M-N interaction. Moreover, XPS, a charge transfer from Fe to

Co was seen. Such an interaction resulted in a highly active electrocatalyst.

In chapter 4, a soft template synthesis was used to engineer 3D- hierarchical bimetallic
(Fe,Ni) carbon nanoflowers. Transmission electron microscopy studies show that FeNi-NCF
samples had a consisted flower-like morphology over various pyrolysis temperature. The
FeN-NCF(3) sample had three times the uptake of iron compared to nickel. Additionally, XPS
showed that it had the largest Ni to Fe electron transfer. Because of this, it exhibited an active

electrocatalyst in alkaline conditions.
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1. Introduction

1.1 Background and Overview

One of the grand challenges of this century is to develop cost-effective energy storage
technologies that would allow the use of low-cost electricity from renewable sources to meet
our energy needs, which will enable the development of human society.>? However, due to
the increase in personal mobility mainly derived from automobiles raises environmental
concerns such as exhaust emission and global warming. Additionally, the depletion of fossil
fuels and the rise in gas emissions, requires developing sustainable, high efficiency requires
pressing attention.® Because of this, extensive studies have been carried out on novel energy
application and storage technologies, such as proton exchange membrane fuel cell

(PEMFC)* and lithium-lon batteries®, etc.

Amongst these devices, hydrogen fuel cells have attracted the special attention because of
their high theoretical energy densities. Besides its electrochemical performance, hydrogen
fuel cells also have the advantage of being environment friendly as their only byproduct are
heat and water, making them the most promising technologies for the future of renewable
applications.® Therefore, this dissertation is focused on the design of porous carbon materials

for ORR.
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Figure 1.1 Schematic design of PEMFC in both acidic and alkaline electrolytes.

1.2 Mechanism of oxygen reduction reaction (ORR): Electrochemistry reaction of
PEMFC’s
As seen in figure 1.1, PEMFC’s can happen in both acidic and alkaline electrolytes

with their respective equation, via the four-electron pathway,
O2+4H+4e>2H20 (acidic electrolyte) (1)
O2+ 2H20+4e>40H- (alkaline electrolyte) (2)
Or the two-electron pathway,
O2+2H*+2e>H202 (acidic electrolyte) (3)
O2+ 2H20+2e > H202+ 20H- (alkaline electrolyte) (4)
Overall,
2H2 +02> 2H20 (E cell=1.23V both acid and alkali) (5)

Where the ORR prefers the 4e pathway, with minimal production of H20..” Though the
electrode reactions can be different at various stages within the two conditions, but the

overall reaction of the cells will be the same (equation 5), thus generating an open circuit



voltage of + 1.23 V under standard conditions.® Yet, one major issue lies in the sluggish
oxygen reduction reaction (ORR) that takes place at the cathode. Therefore, development
high efficiency, durability and low cost is required for commercialization of fuel cell
technology. In spite that ORR follows similar reaction intermediate species in both alkaline
and acid electrolyte, it has been noticed that it is much easier for active non-Pt electrocatalyst
to achieve a high performance in alkaline than acidic electrolyte. This partly can be due to the
electrocatalyst being unstable in acid. In a typical electrochemical test, the onset potential
(Eonset), half-wave potential (Evz), diffusion-limited current and H20: yield are the commonly
used parameters in the assessment of electrocatalytic activity. Within this thesis Pt/C will be
used as the benchmark which has Eonset= +1.00V vs reversible hydrogen electrode (RHE),
E12 of +0.85V, limited current density of 5-6 mA/cmz, and an electron transfer number (n) of
4. Moreover, Pt/C is considered the best commercialized electrocatalyst. However, Pt-based
electrocatalyst exhibit long-term durability failure during its electrocatalytic operation, due to
Ostwald ripening and deactivation by adsorption of CO intermediated on its surface.®°
Additionally, making it unsuitable use for commercial setting. Additionally, the low natural
abundance leading to the high cost of Pt have significantly hindered the widespread

commercialization of such technologies.**



Table 1. A list of ORRs and their reaction potentials in aqueous electro- || Acidic media y
lytes?" kl
Electrolyte Reaction pathway Reaction potential 0.. = Oy 3 l\'l_ % A k_;) H.0
[V] vs. NHE g P i
ks 1
alkaline 4e pathway: VY L ks
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Figure 1.2 Summary of standard reaction potential of the corresponding reaction involved for

ORR (left) and scheme of ORR reaction routes in acidic and alkaline media (right).*?

Moreover, as stated oxygen reduction can take place in which four or two electrons
are passed from the electrode to a molecular oxygen. This will be dependent on the
electrolyte, which will force a reaction route that it will follow. Figure 1.2 shows both the
possible 4 and 2e" routes for ORR and the specific reaction formula involved in both acidic
and alkaline media. As seen, upon the adsorption of oxygen molecule onto the surface of the
electrode, there are four main routes the reaction can follow. (1) In the case of four electrons
inserted into an oxygen molecule, it will form two water molecules in acidic media or four
hydroxide ions in alkaline media given a direct (K1) pathway without any intermediate
products, known as the 4e- pathway. (2) For the serial 2+2e" pathway, the adsorbed oxygen
molecule takes only two electrons at first, turning it into adsorbed peroxide species accepting
another two electrons (Kz,Ks), forming the same final products as in the former pathway. (3)
In order to produce a 2e” pathway, the adsorbed peroxide species, will either decompose,
forming a new oxygen molecule that goes back into the reduction cycle (Ka), or desorb from
the electrode surface and go into the bulk electrolyte (Ks). Therefore, in order achieve a fuel
cell with high energy density, the direct 4e pathway which has the fastest kinetics, will be the

favorable route.



1.3 Insights and challenges for electrocatalyst

1.3.1 Binding of oxygen intermediates on metal substrates

As mentioned previously, the ORR pathway is directly correlated to the electrolyte
used. However, it also varies depending on the choice of catalyst. To further understand the
catalytic mechanism of ORR, we should understand some insights on the interaction that is
involved between the catalyst surface and the intermediate species. The volcano plot (Figure
1.3) shows a relationship between the M-O and M-OH bond energies and the catalytic activity
of the metal electrocatalyst, through electronic structure calculations combined with density
functional calculations (DFT). ** As seen in Figure 3, a volcano shape appears when plotting
the activity of various transition against the oxygen intermediate binding energies. One can
see that for the metals on the left of the volcano plot, their high oxygen binding energies
make it easy for the adsorption of oxygen to form metal oxides. Whereas those on the right,
due to their filled d orbitals, they weakly interact with the oxygen molecules, which will
prevent the formation of back bonding between the metal and oxygen atoms. Therefore,
these metal surfaces cannot simply activate the cleavage of O-O bond, thus leading to a poor
catalytic behavior. Pt-like groups are the closest to the peak of the volcano plot indicating a
moderate-optimal oxygen binding energy. Where the cleavage of O-O bond can be promoted
by the M-O interactions. While Platinum is known to have a high catalytic activity for ORR,
the volcano plot indicates that there is still room for improvement.'*> The binding of oxygen
molecule on the platinum surface of Pt (111) at high potentials is still too favorable, leading to

a high over-potential of 300mV for ORR.

1.3.2 d-band center theory

Additionally, the d-band center theory can be used to interpret the interaction
between metal surface and adsorbates. The Metal-O (M-O) bond strength is dependent on
the overlap of the 2p oxygen and d orbitals of the transition metals and how well they match

with each other. The more the antibonding states are occupied, the weaker the M-O, and the



relative position of the d-band center to the fermi level influences the filling condition. To
produce a stronger M-O bond, a shifting of the d-band center upward from the Fermi level is
needed, resulting in a less occupancy in the antibonding states.® Because of this, there has
been intensive efforts to adjust the electronic properties of platinum and other non-noble

metals to Improve its catalytic activity which will be mentioned in the next section.

1.4 Metals for ORR
1.4.1 Noble metals for ORR

As mentioned, platinum and noble-based are the most efficient for ORR. Yet, some
of the electrocatalytic activity remain subpar for practical applications. Additionally, when
using noble metals, the development of the electrocatalyst should result in high performance
electrocatalyst. A way to enhance the performance is to adjust the electronic properties of
platinum and other noble metals (Pd and Ru) in the improvement of activity for ORR, the
alloying with other transition metals should lead to a large effect on its oxygen binding
intermediates, resulting in an active catalyst. It is expected that a bimetallic system can
display not only a combination of the properties associated with each distinct metal, but also
new or unexplored properties due to a possible synergistic effect between each metal. 17*¥In
addition, the performance can also be boosted by reasonable selection of the alloy metals

and the precise control of the size, leading to cost motivated.

The current strategies of these alloy-type structures are to enhance the intrinsic
activity by engineering the surface in order to increase the active sites on the surface. For
example, Stamenkovic et al.*® discovered PtzNi open framework had three-dimensional
accessibility edges (Figure 1.4). Signifying that these exposed (111) surfaces were able to
reach a half wave potential (E12) of almost 100mV more positive than that state of the art
Pt/C. Wang et al.'® designed and synthesized square PdsPb nanosheets. These square
nanosheets endowed the PdsPb catalyst with a high specific area and a large amount of

exposed active sites. It was found that due to PdsPb 3d states being closer to the fermi level



than those of Pd and Pt, and with a preferred orientation (100) resulted in high
electrocatalytic ORR performance, and their mass activity of 0.78 A mg™ at 0.9V was 7.1

times higher than that of commercialized Pt/C catalyst.

As stated, cost has a great influence on the commercialization of fuel cell technology.
To decrease the cost of noble metals, such as those Pt-like electrocatalyst, metal loading
must decrease. For instance, the noble metal particles mass loading must decrease as much
as possible. For example, synthesized 2 nm PtzCo nanoparticles on a Co-N doped carbon
substrate resulted in an ultralow Pt loading at a mass ration of 2.7 wt% and a high mass
activity of 1.77 A/mg.?° In addition, noble metal single atoms (SAC’s) have also been widely
used and have shown promising results for ORR.2%?? Furthermore, these SAC’s have shown
great performance when a substrate of carbon?®, metal sulfide?*, metal phosphide?, etc. As
seen, a catalyst with a lower content of Pt metal can not only inherit the properties of Pt

constituent, but also show a superior performance when compared to monometallic Pt.
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Figure 1.3 Trends in oxygen reduction activity plotted as a function of the oxygen binding

energy.
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Figure 1.4 Schematic illustrations and corresponding TEM images at four stages during

evolution process.

1.4.2 Non-noble metals for ORR

The development of nonprecious metal electrocatalyst for ORR that can replace platinum is
crucial for the commercialization of fuel cells due to their low cost, high stability, and
poisoning resistance. Among the non-precious metal catalyst, Fe?®, Co?’, and Ni?® have
showed promising ORR activity. Moreover, some of these catalysts even surpass noble
materials. For example, Fe/N/C ?° has shown to have a better ORR activity than commercial
Pt/C in alkaline electrolyte. The pyrolysis of Fe/N/C structure have shown that their nitrogen
centers can be tailored to increase the activity for ORR in both acidic and alkaline media.3-32
However, active sites of these Metal/N/C (M/N/C) is under debate and will be discussed in a

later section.33



1.5 The design of carbon nanomaterials for ORR

1.5.1 Carbon materials used as a substrate for various energy applications.

Porous carbon has gained continuous interest do their broad range of applications in
CO- capture®, energy storage® , and catalysis®¢. Due to their various advantages, such as
high surface area, chemical stability, tunability over pore geometries, pore dimensions, as
well as the flexibility to hetero and metal doped or surface functionalization, which will be
discussed in later sections.®”*® A wide range of precursors and design of synthesis has
enabled to produce hierarchical porous carbons, some of which include resin (e.g.,
melamine-formaldehyde resin®°, urea-formaldehyde resin®*) and sacrificial templates (SiO-
stober method*°). Typically the preparation of these carbon materials involves carbonization
and activation. The carbonization step removes volatile components in the precursor leaving
a carbon rich product.** Within activation, a certain activating precursor can further
create/tune the pore size, which results in various pore sizes (e.g., micropores and/or
mesopores).*? These low-cost porous carbon can reach a high surface area of up to 3000
m2g* which can have a large influence on catalysis and in return, can lead to larger exposed
active sites. Moreover, carbon materials provide great support for the loading of variety of
metal centers, which can consequently lead to strong metal-support interactions.*® Such

parameters of carbon-based materials have shown to be a great outlook for electrocatalysis.

1.5.2 Nitrogen doped carbon used as an effective ORR catalyst

Metal free catalysis on nitrogen-doped carbon materials has shown to have high
activity for ORR. It's proposed that this may be attributed to the larger electronegativity with
respect to C atoms. Therefore, by creating a positive charge density on the adjacent C
atoms, leading to a controlled adsorption of oxygen intermediate species.* In nitrogen-doped
catalyst, the molecular structure of nitrogen has a critical role in affecting the properties of the
N-doped carbon materials. Preparation of N-doped porous carbon materials were first

demonstrated by using hard silica template and with conventional CVD of styrene and



acetonitrile as carbon and nitrogen sources, respectively.*> Since then, various methods
have been developed for the synthesis of N doped materials.*® These methods have led to
various nitrogen doping as seen in Figure 1.5.%’ Yet, their active sites and mechanism have
been controversial. Some have claimed that Pyridinic, Pyrrolic or the nitrogen-carbon (CNx)
moieties are the active centers when metals are bound.*®4° Until recently, it has been verified

that Metal-Nx plays the dominant role, which will be in detail in the subsequent sections.50-52

@ Catom
@ “graphitic” N atom (bulk)
@ “graphitic” N atom (edge) ¥

@ “pyridinic” N atom

Figure 1.5 Schematic representation of different type of N atoms (graphitic, pyridinic, and

pyrrolic N, red, green, and yellow, respectively) in nitrogen doped carbon.

1.5.3 Metal-Nitrogen-Carbon (M-N-C) catalyst

During the final stages of respiration, the protein cytochrome C oxidats (Cco)
catalyzes the reduction of O2 to H20 in order to power its proton pump activity. The well
understood mechanism of Cco is the myoglobin-like Fe-poryhpyrin that is adjacent to Cu
coordinated by three histidine ligands, due to its favorability of oxygen binding.5® Having such
a bimetallic active site structure enables the oxygen molecule to adopt a bridge-like
configuration when adsorbing onto the metal centers (Figure 1.6). This configuration has the

great advantage of activating the O-O bond, resulting in the four-electron pathway. Due to

10



success of biocatalyst in facilitating the ORR in mammalian’s body, researchers have

attempted to develop similar structures that have M-N-C as ORR catalyst.

Figure 1.6 Model of Cco active site.

The first discovery of developing a similar structure that resembled a phtalocyanine
was in 1964.5* Ever since, the research field of M-N-C has allowed for the engineering of
these macromolecules catalyzing ORR. These macromolecules have led to the synthesis of
MNx macrocycles within a carbon support. However, the MNx is not stable enough in acidic
media. It was later found that pyrolyzing the metal center macromolecule can result in better
catalytic activity and stability.>®> However, the synthetic process was complex which led to
using high cost techniques. Later on, a major breakthrough, where they synthesized the MNx
catalyst via pyrolysis by just using a mixture of nitrogen and cobalt precursors on a carbon
support, which revealed that high performance MNx electrocatalyst could be synthesized with
cheap precursors.>® Ever since, several works have followed similar synthetic techniques,
leading to a success on catalyzing ORR. Even with the great increase of MNx, challenges are
still present, understanding the catalytic functions nitrogen centers and the rationale design of

the catalyst structure is needed.

Even though many have used the standard synthetic route for the fabrication of M-N-C, its

still challenging to reveal the mechanism and the identity of the active sites. Due to using

11



various precursor and certain synthetic techniques, the M-N-C catalyst has resulted in
complex structures with inconsistent active centers. As stated previously, upon nitrogen
dopants there are various types of nitrogen centers that can contribute toward the high
activity for ORR. However, whatever the active site is, it is primarily decided by the electronic
and geometric configuration of the metal atoms, where even small changes of their chemical
environment can discriminate towards a certain catalytic mechanism. Because of this, the
development of these catalyst has been greatly hampered due to their difficult structural

characterization and active site identification.

M-N-C catalyst have demonstrated the be the most active for ORR among all M-N-C studied.
As stated, two main active sites have been suggested to account for their high activity. They
include iron-nitrogen centers (MNx) embedded in the carbon matrix and (CNx). The distinction
between the two active sites lies on the role of the transition metal. For MNx, the iron center is
involved in the direct oxygen intermediate binding. Whereas, CNx is a product during the
pyrolysis formation of nitrogen rich precursors. However, research has concluded that these

strictly do not participate catalyzing ORR on its own.

As stated, among all M-N-C, Fe-N-C centers have surpassed noble metals and
commercialized Pt/C for ORR. Many researchers have found that pyrolyzing a mixture of iron
precursor and nitrogen-containing carbon precursor has led to the development of FeN4
moieties. The high ORR activity of FeN4 structures has been attributed to optimal adsorption
strength between the oxygen intermediates and the center of the Fe atom.%” It was also
confirmed that FeNa in alkaline media, while the reducing of oxygen, Fe resided out-of-plane
and it would move back when bound to all four nitrogen centers at higher potentials.
Therefore, Fe co-existed in two oxidation states Fe3*/Fe?*, signifying that near graphitic
neighbors served as the electron-withdrawing groups. Because of this, FeNs coordination
structure weakens the binding intermediates, leading to stabilizing these moieties at higher

potentials.57:58
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Prior to a better understanding of FeNs active moieties, researchers claim that metal
centers only catalyze the formation of active various nitrogen centers (graphitic, pyriding, and
pyrrolic) sites. It well understood that nitrogen centers can serve as “anchors” for both medal
and oxygen intermediates for ORR. For example, producing a larger percentage of pyridinic
dopant resulted in a drastic improvement for ORR in non-noble metals catalyst (cite). On the
other hand, a group proposed that the carbon adjacent to pyridic are the active sites for N-
doped carbon materials. Because of this, it has remained a challenge to attribute ORR
activity on various CNx centers. In order to further suggest an active site, there are couple of

experiments researchers have done and will be discussed in subsequent section.

1.6 Characterization techniques and experiments for elucidating the “active site”.
1.6.1 Characterization

To find the existence of single atoms state of the art techniques are used. In a typical
experiment, the morphology and elemental distribution can be analyzed through microscopy
techniques (TEM, SEM, and HAADF-STEM). Additionally, to find signals of both Metal and
Nitrogen centers in MNx moieties, EELS mapping spectrum can produce sub-angstrom level
resolution, which will lead to further elucidating if both metal and nitrogen are adjacent to one
another, providing visual evidence for the existence of MNx structures. The contents of
elements can be quantitatively identified by ICP-OES. XPS measurement can reveal both the
valance state and charge transfer properties, which can confirm the existence of Fe bound to
pyridinic nitrogen at the edge of carbon scaffold. The porosity and surface area of carbon
material can be measured by gas adsorption technique, such as Brunauer-Emmett-Teller
method (BET). For more accurate identification of MNx structure, X-ray absorption near-edge
spectroscopy ( XANES) and extended X-ray absorption fine structure (EXAFS) analysis,
which are highly precise to the chemical environment, such as electron structure of an

element and the type of coordination structure.
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1.6.2 Elucidating the “active site”

Besides showing the existence of MNx, various comparison studies are employed to
elucidate its role as they ORR active site. For example, acid treatment can be used to
selectively remove Fe-based nanoparticles without affecting the FeNx centers. Many studies
have reported that upon the nanoparticle removal, the ORR activity can result in an improved
ORR or not depending on if FeNx moieties are responsible for the ORR.%65960 Pgisoning tests
are also a commonly used to better understand the active site. In this test, sulfur compounds
are known to strongly adsorb onto metal sites, such as those seen in KSCN.! Because of
this, FeNx sites can be identified when embedded in the carbon matrix. To identify whether
the active site is FeNx or others withing the materials, using KSCN as the poisoning source,
the Fe centers can then be blocked. In this study, they tested the ORR activity in the
presence of 10mM KCN and found that E12 exhibited a negative shift of 18mV, signifying that
the contribution from FeNx sites was minor, suggesting for the active site being carbon as
seen in figure 1.7.52Where as, having decorated FeNx throughout the carbon skeleton, the
poisoning test of KSCN, resulting in no change, thus correlating their activity to these rich

MNx structures.°

Electrochemical performance test can also give us insight into the active site. As stated
earlier, CNx structures active sites are highly controversial. A group carried out an XPS
experiment paired with CV cycles. They notice upon the concentration change (pyridinic,
graphitic, or pyrrolic) through XPS that the ORR activity decreased as the as percentage of
graphitic nitrogen also decreased, while the other CNx exhibited no correlation.®® Because of

this, they correlated their high active electrocatalyst to graphitic nitrogen centers.
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2. Nitrogen-Doped Porous Carbon Cages for Electrocatalytic Reduction of Oxygen:

Enhanced Performance with Iron and Cobalt Dual Metal Centers

2.1 Abstract

The unique electronic structures of heteroatom-doped carbon materials make them
promising electrocatalysts towards the oxygen reduction reaction (ORR). In this study, dual-
metal (Fe an Co) and nitrogen-codoped porous carbon cages (CHS-FeCo) were synthesized
by controlled pyrolysis of a melamine-formaldehyde resin embedded with iron and cobalt
precursors at varying ratios with silica nanoparticles as rigid templates. Transmission electron
microscopy measurements confirmed the formation of hollow carbon cages and the absence
of metal (oxide) nanoparticles suggested atomic dispersion of the metal species within the
carbon skeletons. X-ray photoelectron spectroscopic analysis revealed an elemental
composition of mostly carbon, oxygen, and nitrogen, with a total metal content of about 1 at%.
Electrochemically, the dual-metal ones showed a significant enhancement of the catalytic
performance towards ORR in alkaline media, as compared to samples with single or no metal
dopants. This was accounted for by the synergistic interaction between the Fe and Co centers
in the carbon samples, as evidenced in X-ray absorption spectroscopic studies. Remarkably,
the CHS-FeCo sample even exhibited apparent resistance against KSCN poisoning, where
XPS analysis revealed oxidation of KSCN and no metal-sulfur interaction, in sharp contrast to
the monometal counterparts which were easily poisoned. Results from this study suggest that
the synergistic interactions between dual metal centers may be exploited for enhanced ORR

performance of carbon-based nanocomposite catalysts.
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2.2 Introduction

In recent decades, proton exchange membrane fuel cells (PEMFCs) have gained a
great deal of attention as potential power sources for diverse applications, not only due to their
emission-free operation and utilization of non-fossil fuels, but also because hydrogen has a
significantly higher energy density than regular gasoline and PEMFCs have a greater
theoretical efficiency than combustion engines.! In order to achieve the efficiency, the
electrochemical reactions taking place in the cell must do so with fast kinetics at low
overpotentials. In PEMFCs, the oxygen reduction reaction (ORR) at the cathode has
notoriously sluggish kinetics, and does hardly occur without effective catalysts, making this
reaction a major obstacle for the large-scale commercialization of fuel cell technology.?
Platinum-based catalysts have been shown to provide the necessary catalytic activity at
sufficiently high mass loadings, but its low abundance and prohibitive cost limits their use in
commercial settings.® A range of strategies have been examined to improve the ORR activity
of Pt nanoparticles, which usually involve the manipulation of size, composition, and surface
atomic arrangements of the catalysts.*® In addition, extensive research efforts have also been
devoted to the design and engineering of Pt-free catalysts. Of these, carbon-based materials
have received increasing attention, as recent studies have shown that carbon nanomaterials,
such as carbon nanotubes, graphene oxide, and carbon spheres, can be an efficient, low-cost,
metal-free alternative to Pt for ORR.58 While pristine carbon materials are unable to achieve
an activity comparable to that of commercial Pt, heteroatom dopants, such as nitrogen, are
known to modulate the electronic properties and surface polarities of the carbon skeleton, and
have been shown to greatly increase the ORR activity.® This is primarily because heteroatom

doping induces a charge redistribution, thereby facilitating the adsorption of oxygen.*°

With the embedment of select transition metal elements into the carbon skeletons, the
ORR activity can be markedly enhanced.'*'? Promising non-noble transition metals, such as

iron, cobalt, nickel, and manganese, have been used in the design of carbon-based ORR
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catalysts, and are believed to make an essential contribution to the overall activity,'*® which
is mostly ascribed to the formation of metal-nitrogen-carbon (MNC) coordinated structures, the
so-called single atom catalysts.'>18 In these studies, the catalysts are generally prepared by
controlled pyrolysis of metal and heteroatom-containing precursors,**?® and the ORR active
sites are formed as the result of a series of heat treatment and etching steps.*619 |t is now
broadly accepted that nitrogen-carbon structures that are active for ORR include various kinds
of nitrogen defects in the carbon matrix, replacing sp?-hybridized carbon atoms either at the
edges (pyrrolic and pyridinic) or within the skeleton (graphitic); and the nitrogen dopants may
serve as the coordinating environment for metal ions, forming the presumed active center MNx

for ORR.?6-2°

Interestingly, the ORR activity can be further enhanced by incorporating dual metal
dopants into the carbon matrix (e.g., Fe, Co, Pt, Pd, and Ni),3*32 where the synergistic
interactions between the metal centers can be exploited to facilitate the adsorption and
reduction of oxygen intermediates,3® and it has recently been demonstrated that bimetallic
systems such as iron and cobalt are among the most promising for the electroreduction of
oxygen.?? In carbon materials, FeNx sites have been proposed as the active sites,3*3¢ where
the high spin state of iron is particularly attractive.” In addition to this, the enhanced corrosion
resistance of cobalt®3° can have an influence on ORR in both acid and alkaline media. In a
recent study,*° Fe and Co were both incorporated in a mesoporous porphyrinic carbon structure
(OMPCs), which exhibited an ORR activity that was markedly better than those of the
monometal ones and comparable to Pt in acidic environments. This was ascribed to the
bimetal interaction that had a synergistic effect on FeCo-OMPCs, which resulted in a weakened

interaction with oxygen, as compared to the monometal OMPCs and Pt.

The porosity of the catalyst materials is another important parameter that can impact
the accessibility to the catalytic active centers and mass transfer of reaction species, and hence

the ORR activity.** This can be manipulated by using select structural templates.344247 In this
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study, we report the preparation of porous carbon cages codoped with nitrogen and dual metals
of Fe and Co, and observed a remarkable ORR activity in alkaline media, as compared to the
metal-free samples or samples doped with a single metal species, which was accounted for by
the synergistic interactions between the Fe and Co centers in the carbon matrix. In addition,
the Fe,Co-codoped carbon catalysts were found to exhibit apparent resistance against KSCN
poisoning, in sharp contrast to the monometal counterparts that could be easily poisoned by

KSCN.

2.3 Experimental Section

2.3.1 Chemicals

Tetraethyl orthosilicate (TEOS, 98%, Acros Organics), ammonium hydroxide (NHsOH,
28%, Fisher Scientific), reagent alcohol (EtOH, absolute, Macron Fine Chemicals), melamine
(99%, Acros Organics), formaldehyde (37% v/v, Acros Organics), sodium hydroxide (NaOH,
Fisher Scientific), ferrous sulfate heptahydrate (FeSOs-7H20, Fisher Scientific), ferrous
chloride tetrahydrate (FeClz-4H20, Fisher Scientific), iron(lll) acetylacetonate (Fe(acac)s, Acros
organics), ferric chloride hexahydrate (FeCls-6H20, Fisher Scientific), cobalt(ll) chloride
hexahydrate (CoClz-6H20, Fisher Scientific), hydrofluoric acid (HF, 48%, Fisher Scientific), and
Pt/C (20 wt%, Alfa Aesar) were all used as received. Water was supplied from a Barnstead

Nanopure Water System (18.3 MQ cm).

2.3.2 Synthesis of silica nanoparticles

SiO2 nanoparticles were synthesized by adopting a literature procedure.*® Typically,
16 mL of NH4OH and 0.6 mL of TEOS were added into 240 mL of EtOH to form a clear solution,
which was magnetically stirred for 16 h at room temperature. The product (SiO2 nanoparticles)

was collected by centrifugation, vacuum dried, and stored for future use.

2.3.3 Synthesis of melamine-formaldehyde resin coated silica nanoparticles
A melamine-formaldehyde resin coating layer was grown onto the SiO2 nanoparticles

prepared above.*” In a typical synthesis, 0.189 g of melamine was dissolved in 30 mL of H.O
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at 90 °C, into which were added 12.5 mg of SiO2 nanoparticles, 795 uL of formaldehyde, and
a catalytic amount of NaOH, and the mixture was stirred overnight. The product was collected
by centrifugation and vacuum dried to yield melamine-formaldehyde resin coated silica

nanoparticles (SiO2@MF).

2.3.4 Synthesis of dual-metal and nitrogen-codoped hollow carbon spheres

The SiO2@MF obtained above was then used to prepare dual metals and nitrogen-
doped hollow carbon spheres.*® In brief, 50.0 mg of SiO2@MF was soaked for several hours
in an aqueous solution containing FeSO4 and CoCl: at varied concentrations. The product was
centrifuged and vacuum dried before being placed in a tube furnace and heated to 800°C for
1 h in a N2 atmosphere at the heating rate of 10 °C/min (800°C was identified as the optimal
temperature, not shown). The obtained black powder was stirred in a 10% HF solution to
remove the SiO. templates, yielding dual-metal and nitrogen-codoped porous carbon cages.
Three samples were prepared at varied Co loadings, denoted as CHS-FeCo(1), CHS-FeCo(2),

and CHS-FeCo(3).

Six control samples were also prepared in the same manner. The first one (CHS) was
derived directly by pyrolysis of SiO2@MF without the soaking in any salt solution. The second
sample (CHS-Fe) was prepared by soaking SiO2@MF in a solution containing only FeSOg; the
third one (CHS-Co) was prepared by soaking SiO2@MF in the solution contained only CoCla.
The fourth sample (CHS-FeCorec?) was prepared by soaking SiO2@MF in a solution
containing FeCl. and CoCl.. The fifth sample (CHS-FeCoreciz) Was prepared by soaking
SiO2@MF in a solution containing FeCls and CoClz; and the sixth sample (CHS-FeCore(acac)3)

was prepared by soaking SiO2@MF in a solution containing Fe(acac)s and CoCl..

2.3.5 Characterization
Transmission electron microscopy (TEM) images were acquired using a Philips CM300
microscope operated at 300 kV. Scanning electron microscopy (SEM) images were obtained

on a FEI Quanta 3D field emission microscope operated at 10.0 kV. X-ray photoelectron
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spectroscopy (XPS) studies were conducted using a PHI5400/XPS instrument with an Al Kq
source operated at 350 W and 10° Torr. XAS measurements were performed using the Sector
20-BM beamline of the Advanced Photon Source at Argonne National Laboratory (Argonne,
IL). The beamline was equipped with a double-crystal Si(111) monochromator. A 12-element
Ge fluorescence detector was used to collect spectra of the Fe and Co K-edge. The energy
was calibrated according to the absorption edge of a pure Fe or Co foil, as appropriate. Data
processing and fitting were performed using WinXAS®® and Analyzer v0.1 software, with
scattering paths generated by FEFF8.5! S¢? values for Fe (0.80) and Co (0.74) were obtained

by fitting Fe and Co foil, respectively.

2.3.6 Electrochemistry

All electrochemical tests were carried out on a CHI710 workstation in a three-electrode
setup. A graphite rod was used as the counter electrode and a Ag/AgCI electrode in 1.0 M KCI
was used as the reference electrode. This electrode was calibrated against a reversible
hydrogen electrode (RHE), and all potentials in this study are reported in reference to this RHE.
A rotating (gold) ring-(glassy carbon) disk electrode (RRDE, Pine Research Instruments) was
used as the working electrode. To prepare catalyst inks, 0.8 mg of the samples obtained above
and 2.0 uL Nafion were added to 200 uL of a water-ethanol mixture (1:1 v/v). After sonication
for at least 30 min, 5.0 yL of the ink was dropcast onto the glassy carbon disk, corresponding
to a catalyst loading of 81.30 uL/cm?. Once the catalyst film was dried, 3.0 pL of 20% Nafion
was added to cover the catalyst layer, and the electrodes were immersed into electrolyte

solutions for testing.

2.4 Results and Discussion

In this study, duel metals and nitrogen-codoped porous carbon cages were prepared by using
a three-step procedure (Figure 2.1): (i) SiO2 nanoparticles were prepared and used as the rigid
templates onto which a melamine-formaldehyde (MF) polymer layer is grown; (ii) the obtained

SiO2@MF nanoparticles were impregnated with select Fe and Co precursors, and underwent
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pyrolysis at controlled temperatures for carbonization of the polymer layers; and (iii) finally the
SiO2 templates were removed by chemical etching with HF, affording dual metals and nitrogen-
codoped porous carbon cages. In this procedure, melamine acted as the main carbon and
nitrogen source, and formaldehyde used to link the melamine monomers to each other and to

the silica surface.52

MF resin

Sio, Si0,@MF Si0,@MF-FeCo CHS-FeCo

etching

pyrolysis

Figure 2.1 . Schematic illustration of the preparation of CHS-FeCao.

Figure 2.2 shows representative TEM images of (a) CHS and (b) CHS-FeCo(2). One can see
that hollow carbon cages were successfully produced by pyrolysis of the SiO.@MF precursors
followed by HF etching, with the wall thickness mostly in the range of 1.0 to 2.5 nm (Figure
2.2b inset) and the interior diameter consistent with that of the SiO2 sphere templates (140 *
27 nm, Figure 2.3). In high-resolution TEM measurements (Figure 2b inset), the CHS-FeCo
samples did not yield well-defined lattice fringes, suggesting the formation of only an
amorphous carbon structure, as observed previously.*” Remarkably, the fact that no particulate
objects were observed also suggests that the metal species were most likely atomically
dispersed within the carbon matrix. This is consistent with elemental mapping results based on
energy-dispersive X-ray analysis, where both Fe and Co were scattered within the carbon
matrix, without apparent agglomeration (Figure 2.2d-h). In addition, one can see that nitrogen
is also rather evenly dispersed within the carbon skeleton, suggesting successful doping of

nitrogen in the carbon.
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Figure 2.2 Electron microscopy studies. (a) Representative TEM image of CHS. Inset is a
histogram of the shell thicknesses. (b) TEM image of CHS-FeCo(2). Inset is a high-resolution

image of the sample. (c-h) Elemental maps of CHS-FeCo(2).
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Figure 2.3SEM image of SiO2 spheres. Inset is a
histogram of the particle diameters.

XPS measurements were then conducted to probe the elemental composition of the
carbon cages and the valence states of the elements. The survey spectra (Figure 2.4) show
that the cages are mainly composed of carbon, nitrogen, and oxygen, as well as iron and cobalt
in the case of the CHS-FeCo samples, with the exception of those only doped with single Fe
or Co, which are also consistent with the elemental maps shown above in Figure 2d-h. In
addition, based on the integrated peak areas, the elemental contents in the samples were
guantitatively assessed. From Table 2.1, one can see that for the metal-free CHS sample,
carbon accounts for about 72.74 at% of the total content, nitrogen 9.21 at% and oxygen 14.23
at%. With the addition of a single metal precursor, these elemental fractions remained almost
unchanged, with a trace amount of metal species, 0.16 at% for Fe in CHS-Fe and 0.06 at% for
Co in CHS-Co. For the bimetallic CHS-FeCo(1,2,3) series, whereas the N content was almost
invariant at ca. 6%, the total metal content increased from 0.32 at% for CHS-FeCo(1) to 0.38

at% for CHS-FeCo(2) and to 0.49 at% for CHS-FeCo(3), with the Fe content at 0.27 at% for
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both CHS-FeCo(1) and CHS-FeCo(2) and 0.38 at% for CHS-FeCo(3), and the Co content at

0.05 at% for CHS-FeCo(1) and 0.11 at% for both CHS-FeCo(2) and CHS-FeCo(3).

Table 2.1 Elemental compositions of the CHS samples from XPS measurements

Total Metal
Sample C(at%) O (at%) N (at%) Fe (at%) Co (at%)
(at%)

CHS 72.74 14.23 9.21
CHS-Fe 70.84 15.02 9.21 0.16 0.16
CHS-Co 73.54 11.93 9.80 0.06 0.06
CHS-FeCo(1) 71.03 17.63 5.88 0.27 0.05 0.32
CHS-FeCo(2) 64.01 20.60 6.28 0.27 0.11 0.38
CHS-FeCo(3) 79.64 11.22 6.87 0.38 0.11 0.49
CHS-FeCoFreci2 77.13 9.53 11.20 0.06 0.03 0.08
CHS-FeCoFreciz 77.91 11.19 8.44 0.03 0.03 0.06
CHS-

70.93 13.35 11.58 0.08 0.02 0.10
FeCOFe(acac)S
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Figure 2.4 XPS survey spectra of (a) CHS, (b) CHS-Fe, (c) CHS-Co, (d) CHS-FeCo(1), (e)

CHS-FeCo(2), and (f) CHS-FeCo(3).

High-resolution XPS scans for the C 1s, N 1s, Fe 2p, and Co 2p electrons are depicted
in Figure 5. All C 1s scans (Figure 2.5a) exhibit a very similar shape and composition.
Deconvolution yields a sharp peak at 284.5 eV, which can be assigned to graphitic (sp?) carbon
and provides evidence for successful carbonization of the melamine-formaldehyde resin,
another one at 285.1 eV for sp*-hybridized carbon (including N-bonded C), and two additional
ones at 287.0 and 289.8 eV due to various forms of oxidized carbon that can be assigned to
C=0, COOH, and T - T* transitions.>*>* Figure 2.5b shows the N 1s scans of the CHS, CHS-
Fe, CHS-Co and CHS-FeCo(1,2,3) samples. For the latter, six distinct peaks at 398.15, 398.97,
399.84, 400.84, and 401.75 eV can be resolved and assigned to pyridinic N, metal-N, pyrrolic,
graphitic, and oxidized N, respectively (the small broad peak at 404.0 eV likely stems from

chemisorbed NOx species).*%*% The integrated area of the N-metal peak decreases with
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decreasing metal content in the samples and is completely absent in the metal-free CHS

sample (Table 2.1, 2.2).

Table 2.2 Binding energies and contents of nitrogen dopants in CHS from XPS
measurements.

N-Fe/Co Pyridinic N Pyrrolic N Graphitic N Oxidized N

Sample B.E. B.E. B.E. B.E. B.E.
at% at% at% at% at%

(eV) (eV) (eV) (eV) (eV)
CHS - - 398.29 3.19 399.80 1.95 400.89 2.15 401.79 1.91
CHS-Fe 398.96 1.51 398.14 3.11 399.92 1.71 400.86 1.52 401.67 1.35
CHS-Co 399.03 0.84 398.08 3.11 399.68 1.35 400.80 2.72 401.66 1.78
CHS-

399.08 0.86 398.41 1.77 400.03 1.23 401.00 1.19 402.05 0.83
FeCo(1)
CHS-

399.01 1.66 398.19 1.99 399.83 1.22 400.80 1.00 401.61 0.41
FeCo(2)
CHS-

398.53 1.46 398.13 1.64 399.76 1.48 400.79 1.42 401.71 .87
FeCo(3)
CHS-

398.67 1.27 398.01 291 399.62 0.87 400.82 4.40 401.80 1.76
FeCoreci2
CHS-

398.96 1.19 398.07 2.22 399.89 1.62 400.81 1.51 401.67 1.90
FeCorecis
CHS-

398.82 2.14 398.12 3.10 399.60 2.27 400.88 2.60 401.69 1.47
FeCorFe(acac)3
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Figure 2.5 High-resolution XPS scans of the (a) C 1s, (b) N 1s, (c) Fe 2p, and (d) Co 2p
electrons of CHS, CHS-Fe, CHS-Co, and CHS-FeCo(1,2,3) samples. Grey curves are

experimental data, and colored peaks are deconvolution fits.



The respective high-resolution scans of the Fe 2p and Co 2p electrons are depicted in
Figure 2.5¢c-d. Since both metals contain, in their high spin forms, unpaired electrons in non-
spherically symmetric orbitals, the scans do not only exhibit spin-orbit coupling producing a
larger ps2 and a smaller pi2 peak, but also spin multiplet splitting and various satellite
features.’ This is particularly prominent in the Fe 2p scans, whereas the intensity of the Co 2p
peaks is too low to resolve individual spin multiplet peaks. The best fits for the Fe2p scans are
based on Fe?* multiplet patterns.>® Similarly, the experimental data for Co is best fitted using a
single set of Co?* peaks and corresponding satellites,?® noting that the peaks for Co?* and Co®*
overlap to such an extent that it becomes impossible to resolve them reliably due to their low
abundance.®” Notably, the Fe 2ps2 binding energy (Table 2.3) remains unchanged around
709.9 eV for all CHS-FeCo(1,2,3) samples, but somewhat higher than that (708.6 eV) for CHS-
Fe. This binding energy is in the intermediate between those reported for Fe?* and Fe3*,5":%8
indicating that the Fe species in the CHS-FeCo samples were likely Fe?* in an electron-
withdrawing environment, as compared to CHS-Fe, given that the precursor used was of the
+2 oxidation state in all samples. Notably, the Co 2ps2 binding energy can be estimated to be
779.8 eV for the samples; yet the low abundance of Co in combination with the overlap between
the features of the different oxidation states makes it impossible to determine them precisely.5°
Lastly, high-resolution O 1s scans (Figure 2.6) suggest that no metal oxides are formed in the
samples, as indicated by the absence of a corresponding peak between 529 and 530 eV (that

is, the metal centers are embedded within the carbon matrix most likely forming M-N bonds).*
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Table 2.3 Metal binding energies of the first peaks and atomic percentages from XPS

measurements.
Sample Fe 2ps2 B.E. (eV) Fe at% Co B.E. (eV) Co at%
CHS-Fe 708.56 0.16
CHS-Co 779.53 0.06
CHS-FeCo(1) 709.88 0.27 779.78 0.05
CHS-FeCo(2) 709.90 0.24 779.82 0.10
CHS-FeCo(3) 709.90 0.38 779.92 0.11
CHS-FeCoreci2 708.69 0.06 778.76 0.03
CHS-FeCorecis 709.35 0.03 780.11 0.03
CHS-FeCore(acac)3 709.05 0.08 778.81 0.02
a) ‘, b)
525 530 535 540 545 525 530 535 540 545
B.E. (eV) B.E. (eV)

Figure 2.6 High-resolution O 1s XPS spectra of (a) CHS-FeCo(1) and (b) CHS-FeCo(2)
samples.

X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure

(EXAFS) analysis was then conducted to probe the atomic configurations and coordination
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environments of the metal centers. The Fe XANES curves in Figure 2.7a shows a fingerprint
peak in the pre-edge region for the Fe foil at 7113 eV, which diminished markedly for the CHS-
Fe and CHS-FeCo samples, implying that the Fe centers are non-metallic in the latter.5?
Additionally, one can see that both CHS-FeCo(2) and CHS-Fe exhibited a markedly higher
absorption edge energy than the Fe foil, again, indicating a higher oxidation state of the Fe
centers in CHS-Fe and CHS-FeCo than Fe(0). Furthermore, the fact that the absorption edge
energy was slightly higher for CHS-FeCo(2) than for CHS-Fe is in good agreement with results
from XPS measurements (Figure 2.5) where the Fe centers in the former were found to be
situated in an electron-withdrawing environment, as compared to that in the latter. The same
observation can be made for the Co XANEs profiles (Figure 2.7b), where the oxidation state of
Co in CHS-FeCo is apparently higher than Co(0) in the Co foil.

Figure 2.7c shows the corresponding Fe FT-EXAFS spectra. The Fe foil can be seen to display
two major peaks at 2.28 and 4.36 A, due to the first and second shells of Fe-Fe.®® These
spectral features were totally absent in CHS-Fe and CHS-FeCo, which show a major peak at
1.58 A. Because of the absence of metal oxides in the latter samples, this peak is most likely
due to the first coordination shell of Fe-N,%? and the average coordination number (CN) was
estimated to be 3.8 for CHS-FeCo(2), significantly higher than that (3.2) for CHS-Fe (Table
S4). This suggests that CHS-FeCo(2) contained a significant number of FeN4 moieties, which
are known to be very active for ORR, while other samples contained mostly unsaturated FeNs
sites that are less active.®® By contrast, CHS-Fe was best fitted with a single Fe—N shell,
suggesting that the metals exist as single sites in the form of FeNy, whereas the best fit for
CHS-FeCo(2) consisted primarily of two shells, Fe—N and Fe—C/M. The peak corresponding to
this second shell which may be due to the interaction between Co and Fe in this sample is
located at 2.55A. It is noteworthy to say that even though this peak is present in both samples,
but at a much greater intensity in CHS-FeCo(2). Therefore, It is impossible to distinguish
directly between Fe—C and Fe—Co, but since the corresponding peak also exists at low intensity

in CHS-Fe, it is likely that this low intensity fraction originates from Fe—C, which is the only
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possibility in CHS-Fe, while the remainder of the larger peak at 2.55A in CHS-FeCo(2) most
likely comes from Fe—Co0.54 In summary, EXAFS results suggest that the combination of Fe and
Co results in a direct interaction between the two metal centers, with excess Fe present in the

sample forming FeNy.
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Figure 2.7 X-ray absorption spectroscopic studies. (a) Iron normalized X-ray absorption near
edge structure data for CHS-Fe, CHS-FeCo(2), and Fe-foil. (b) Cobalt normalized X-ray
absorption near edge structure data for CHS-FeCo(2) and Co-foil. (c) Fourier transform

extended X-ray adsorption fine structure data for CHS-Fe, CHS-FeCo(2) and Fe foil.
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Table 2.4 Structural parameters extracted from EXAFS fitting (S02 = 0.80)
Sample Shell C.N. R(A) 0%(10°A% AEo (eV)
Fe-Fe 8 (fixed) 2.48(1) 1.4(2)

Fe foil'®! 2.4(1)
Fe-Fe 6 (fixed) 2.87(2)  7.8(2)

CHS-Fe Fe-N 3.2(4) 1.96(1) 6.3(3) -5.2(1)

CHS-FeCo(2) Fe—N 3.8(4) 1.98(1)
7.5(1) -2.0(2)
Fe—Co 1.3(2) @ 2.98(2)
Se? is the amplitude reduction factor (obtained by the fitting of Fe foil); CN is the coordination
number; R is bond distance; o2 is Debye-Waller factor (a measure of thermal and static disorder
in absorber-scatterer distances); AEo is edge-energy shift (the difference between the zero-

kinetic energy value of the sample and that of the theoretical model).
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Figure 2.8 Polarization curves of various CHS samples at 1600 rpm and a potential scan rate
of 10 mV/s in an oxygen-saturated 0.1 M KOH solution. (a) Comparison of CHS, CHS-Fe,
CHS-Co, and CHS-FeCo(1,2,3). (b) Number of electron transfer for the various samples in
(). (c) Stability test of CHS-FeCo(2) for up to 10,000 potential cycles. (d) ORR polarization

curves of CHS-FeCo(2) and CHS-Fe before and after the addition of KSCN to the electrolyte.

The electrocatalytic performance of the samples was then evaluated in RRDE
measurements. From the polarization curves in Figure 2.8a, it is evident that the CHS-Co
sample exhibited a very poor activity (Eonset = +0.81 V and Ev. = +0.65 V), similar to metal-free
CHS (Eonset = +0.80 V and Ex = +0.67 V). The performance was substantially improved with
the CHS-Fe sample (Eonset = +0.92 V), as Fe-N moiety has been known to be active towards
ORR.5%6 An even better performance was observed with the CHS-FeCo samples (Table S5),
which varied in the order of CHS-FeCo(3) (Eonset = +0.90 V and Ew = +0.78 V) < CHS-FeCo(1)

(Eonset = +0.89 V and Ew = +0.74 V) < CHS-FeCo(2) (Eonset = +0.93 V and Ew = +0.79 V).

51



Consistent behaviors can be seen in the respective electron transfer numbers in Figure 2.8b.
For instance, at +0.50 V, n = 3.61 for CHS-FeCo(1), 3.80 for CHS-FeCo(2) and CHS-FeCo(3).
Such a promising performance is highly comparable or even superior to leading single and dual
doped Fe/Co catalyst reported in recent literature with relevant carbon-based catalysts (Table
S6). These results suggest that CHS-FeCo(2) stood out as the best catalyst among the series
(Figure 2.9, although the performance remains subpar as compared to that of Pt/C). This is
most likely due to the synergistic effects of the two metal dopants, as evidenced in the above

XPS and XAS measurements (Figure 2.5 and 2.7).
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Figure 2.9 Tafel plot curves of the series of CHS samples calculated from polarization curves

in Figure 2.8a.

Interestingly, the ORR performance also varied with both the counterion and oxidation
state of the metal salt precursors. From Figure 2.10, one can see that CHS-FeCo prepared

with FeSOa as the precursor exhibited a markedly better ORR activity than those with FeCla,
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FeClz and Fe(acac)s. XPS analysis shows that the metal content of the samples was about
eight times higher for the former (Figure 2.11), possibly due to the different thermal volatilities
of the iron compounds.®”:%¢ However, the difference in metal content between the latter three
was too small to account for their apparent difference of the catalytic performance. This
suggests that the metal precursor used influences the chemical nature of the active sites,
thereby enabling distinct catalytic pathways. Indications of such a chemical change have come
from XPS and EXAFS analysis suggesting that the direct interaction between the Fe and Co
dopants in CHS-FeCo is absent in other samples. Further research is strongly desired to

unravel the

Table 2.5 Comparison of the ORR performance between CHS-FeCo(2) and relevant non-
noble metal/carbon electrocatalysts in the literature in 0.1 M KOH

Half-
Onset Wave
Sample Tafel slope
(Vvs. | Potential Reference
(mv dec™)
RHE) (V vs.
RHE)
CHS-FeCo(2) +0.93 +0.79 81.3 This work
FeCo-NCNFs- ACS Sustainable Chem. Eng.
800 +0.90 +0.81 60 2019, 7,5462-5475
Fe/Co—CNTs-
+0.928 +0.78 75 Chemistry Select 2018,3, 207-213
80
J. Am. Chem. Soc.2017, 139,
N-CNTs-650
+0.94 +0.85 NA 8212-8221
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FeCo-NC +0.86 +0.74 65 small. 2016,12,No. 31, 4193-4199
Adv. Funct.Mater.2016, 26, 2150—
Fe/Co-NpGr +0.93 +0.79 NA
2162
Angew .Chem. Int. Ed.2015, 54,
Fe-N-CFS
+0.93 +0.81 NA 8179-8183
J. Am. Chem. Soc.2014, 136,
Fe-N/C
+0.92 +0.81 NA 11027-11033
C0304/N-
+0.84 +0.74 NA Nat. Mater.2011, 10, 780-786
rm/GO
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Figure 2.10 Polarization curves of various CHS samples at 1600 rpm and a potential scan
rate of 10 mV/s in an oxygen-saturated 0.1 M KOH solution. (a) Comparison of CHS, CHS-
Fe, CHS-FeCo(2), CHS-FeCo(FeCl2), CHS-FeCo(FeCl3), CHS-FeCo(Fe(acac)3). (b)
Electron transfe transfer number (n) from panel (a). (d) Stabilty test of up to 10,000 potential

cycles conducted with CHS-FeCo(2). (c) Tafel plot curves ofthe various samples
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Figure 2.11 High-resolution XPS scans of the (a) C 1s, (b) N 1s, (c) Fe 2p, and (d) Co 2p
electrons of CHS-FeCo (FeCl2), CHS-FeCo (FeCl3), CHS-FeCo (Fe(acac)3). Grey curves
are experimental data, and colored areas are deconvolution fits.

The stability of the catalysts was then tested by repeated potential sweeping. As shown
in Figure 2.8c, the polarization curves remained virtually unchanged for up to 10,000 cycles.
Such remarkable stability confirms that the metal centers were indeed incorporated into the
carbon spheres by forming strong M-N linkages. In addition to the stability test, the catalytic

performance was examined when the electrolyte was poisoned with 10 mM KSCN (Figure
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2.8d). The thiocyanate anion binds strongly and selectively to metals, both in nanoparticle and
in atomically dispersed forms, blocking access to the metal active centers.® Therefore, if these
metal centers are directly involved in the catalytic process, the addition of KSCN is expected
to effectively diminish the catalytic activity, thereby providing insight into the nature of the active
sites.”®"* Interestingly, from Figure 5d one can see that CHS-FeCo(2) shows virtually no activity
loss upon the addition of KSCN, whereas the activity of CHS-Fe deteriorated significantly, with
the half-wave potential shifted negatively by ca. 100 mV. The latter observation has been
observed rather extensively in prior studies.”? However, the resistance of CHS-FeCo(2) against

thiocyanide poisoning has never been seen with any dual metal-based catalysts for ORR.
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Figure 2.12 High-resolution XPS scans of the (a) Fe 2p, (b) S 2p, electrons of CHS-FeCo(2)
and CHS-Fe before and after the addition of KSCN. Grey curves are experimental data, and

shaded peaks are deconvolution fits.

The structures of the CHS-FeCo(2) and CHS-Fe samples were then analyzed by
XPS measurements before and after the KSCN poisoning tests (Figure 2.12). For CHS-Fe,
the spectral results exhibit clear signs of KSCN poisoning, as demonstrated by the notable

metal-sulfur (M-S) signature with an S 2p peak at the binding energy of 161.2 eV.”®
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Meanwhile, a new set of peaks emerged in the Fe 2p spectrum at 707.3, 707.7 and 708.5 eV,
which can all be attributed to Fe(ll) in Fe(l1)-S bond.”* This poisoning led to a marked
diminishment of the ORR activity of CHS-Fe. By contrast, no such S and Fe species can be
found for CHS-FeCo(2) after KSCN treatment. One can see that the Fe(ll) 2p12 binding
energy exhibited only a slight variation from 709.90 to 709.19 eV, and S 2p electrons showed
only a peak at 167.82 eV for SO and another one at 164.4 eV for elemental S.” This
suggests that SCN- was mostly likely oxidized by CHS-FeCo(2) to SOz, and the lack of KSCN
poisoning of the CHS-FeCo(2) catalyst is in good agreement with the almost unchanged
electrocatalytic activity (Figure 2.5d). Further studies are needed to unravel the mechanistic

details.

2.5 Conclusion

In this study, dual metals (Fe and Co) and nitrogen-codoped carbon cages were prepared by
controlled pyrolysis of a melamine-formaldehyde polymer shell supported on SiO:
nanoparticle templates. TEM and X-ray absorption spectroscopic measurements suggested
atomic dispersion of the metal centers within the carbon matrix and the synergistic
interactions between the dual metal centers led to marked enhancement of the
electrocatalytic activity towards ORR in alkaline media, as compared to the metal-free or
monometal counterparts. Remarkably, the dual-metal sample exhibited apparent resistance
against thiocyanide poisoning. Results from this study suggest that dual metal doping and the
ensuing metal-metal interactions may be exploited as a unique strategy for further

enhancement of ORR electrocatalysis by carbon-based nanocomposites for.
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3. Oxygen Reduction Reaction Catalyzed by Nitrogen-Doped Carbon with Iron and
Cobalt Metal Sites

3.1 Abstract

The tunable structures and electronic properties of doped carbon materials make them
promising electrocatalysts towards oxygen reduction reaction (ORR), a critical process in
various electrochemical energy technologies. In this study, Fe/Co co-doped carbon cages
were synthesized using hard silica templates that were coated with a melamine-formaldehyde
resin and doped with different Fe and Co precursors at varying ratios. Electron microscopy
studies confirmed the formation of hollow carbon cages, while X-ray photoelectron
spectroscopy analysis revealed an elemental composition of mostly carbon, oxygen, and
nitrogen, with a total metal content of about 1.0-1.5% and charge transfer from Fe to Co.
Such metal-metal interaction was influenced by the Co precursor, occurring between oxidized
states of the metals in the metallic phases when complexes such as Nas[Co(NO:2)s] and
[Co(im)4](NO3)2 are used. By changing the Co precursor it also accompanied changes in the
Tafel slopes, indicating changes in the catalytic mechanism as a result of the electronic

structure of the active sites.

3.2 Introduction

Proton exchange membrane fuel cells (PEMFCs) have been gaining much attention as a
potential power source for a variety of applications.* PEMFCs entail two important reactions,
oxidation of small molecule fuels at the anode and reduction of oxygen at the cathode, and
the device performance is largely dictated by the oxygen reduction reaction (ORR), thanks to
its notoriously sluggish electron-transfer kinetics and complex reaction pathways.? Thus it is
critical to develop efficient catalysts for these reactions such that a sufficiently high current
density can be achieved for practical applications. Platinum-based catalysts have been the

leading option; yet the low natural abundance and prohibitive cost have limited their
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commercial use.® An alternative approach is to engineer carbon nanostructures as high-
efficiency, low-cost catalysts towards ORR. For instance, nitrogen-doped carbons have been
known to show a high electrocatalytic activity for oxygen reduction*® due to modulation of
the electronic properties and surface polarities of the carbon skeleton that facilitates oxygen
binding and oxygen reduction”® These nitrogen centers embedded on the carbon matrix have
shown to influence ORR activity.®*2 Furthermore, for the development of these carbon-
based catalyst, most research is focused on the incorporation of non-noble metals onto a
nitrogen doped carbon matrix. 4 Upon doping of non-noble metals , they tend to produce a
MNy coordination moieties, generally argued to be the ORR active sites,'>2223-25 Recently,
bimetallic catalyst have proven to be more efficient at catalyzing ORR reaction, compared to
its counterparts. This has been correlated to the change of surface charge distribution of
active sites significantly improving the electron transfer, thus a more efficient ORR
catalyst.,?5-2° To this day, carbon nanostructures doped with iron and cobalt bimetallic centers
are among the most promising for ORR electrocatalysis.?'-*® Even then, the catalytic activities
are below expectations, still producing sluggish kinetics for ORR. To maximize the active
materials for ORR, porosity of the carbon material should further be enhanced. A way to
maximize the active site in carbon materials can be done by using a hard template synthesis.
Where ordered mesoporous silica, metal oxides, have been employed as hard templates.
Using this method, produces well-defined porous structures, high density of active sites
exposed on the nanopores, where they can be finely controlled during the carbonization
process. Ultimately, leading to an active catalyst. Using silica nanoparticles has shown to
produce porous carbon structures with tailoring structures resulting in greater accessibility of
the catalytic active site.31:31.34-3 Because of this, we report the preparation of porous hollow
co-doped carbon spheres with bi-metallic centers of Fe and Co, by a facile silica sacrificial
hard template. Transmission electron microscopy studies show that the metal centers are
most likely atomically dispersed within the carbon matrix, which is further confirmed in X-ray

photoelectron/absorption spectroscopy (XPS/XAS) measurements. Due to the Fe-Co
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electronic interactions, the resulting FeCo-NC exhibited markedly enhanced ORR activity in
alkaline media, as compared to the mono-metal counterparts; significantly, the samples

prepared with the Nas[Co(NO2)s] complex stood out as the best among the series.

3.3 Experimental Section

3.3.1 Chemicals

Tetraethyl orthosilicate (TEOS, 98%, Acros Organics), ammonium hydroxide (NH4OH, 28%,
Fisher Scientific), reagent alcohol (EtOH, absolute, Macron Fine Chemicals), melamine (99%,
Acros Organics), formaldehyde (37% v/v, Acros Organics), sodium hydroxide (NaOH, Fisher
Scientific), ferrous sulfate heptahydrate (FeSO4-7H20, Fisher Scientific), ferrous chloride
tetrahydrate (FeCl2-4H20, Fisher Scientific), cobalt chloride hexahydrate (CoClz-6H:0, Fisher
Scientific), sodium bisulfate (NaHSOa4, Fisher Scientific), hydrofluoric acid (HF, 48%, Fisher
Scientific), and Pt/C (20 wt%, Alfa Aesar) were used as received. tetraethylammonium
cobalt(ll) chloride ((EtsN)2CoCls), tetrakis(imidazole)cobalt(ll) nitrate ([Co(Im)4](NOs)2), and
sodium hexanitrocobaltate(l1) (Nas[Co(NO2)e]) were prepared previously.*%4! Water was

supplied from a Barnstead Nanopure Water System (18.3 MQ cm).

3.3.2 Synthesis of silica spheres

SiO2 nanospheres were synthesized by adopting a literature procedure.*? In brief, 16 mL of
NH+OH and 0.6 mL of TEOS were added to 240 mL of EtOH to form a clear solution, which
was stirred for 16 h at room temperature. The product was collected by centrifugation,

vacuum dried, and stored for subsequent use.

3.3.3 Synthesis of melamine formaldehyde resin-coated SiO2 spheres

The SiO2 nanospheres prepared above were then coated with a melamine formaldehyde
(MF) resin, as described previously.*® In a typical synthesis, 0.567 g of melamine was
dissolved in 90 mL of H20 at 90 °C, into which were then added 37.5 mg of SiO2

nanospheres, 2.925 L of formaldehyde, and a catalytic amount of NaOH under magnetic
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stirring overnight. The product was collected by centrifugation and vacuum dried to yield

SiO2@MF core@shell structures.

3.3.4 Synthesis of Fe,Co,N-codoped porous carbon

FeCo-NC nanocomposites were then prepared by controlled pyrolysis of the SiO2@MF
obtained above, along with select metal complexes.*? In brief, 50.0 mg of SiO2@MF was
soaked for several hours in a solution containing the same FeSO4 precursor and varied Co
complexes at select concentrations up to 16.0 mM. All solutions were prepared in water,
except for [Co(Im)4](NOs)2 where it was dissolved in ethanol. The product was centrifuged
and vacuum dried before being placed in a tube furnace and heated at 800 °C, for 1 h in a N2
atmosphere. The obtained black powders were then dispersed into a 10% HF solution under
magnetic stirring to remove the SiO2 templates, yielding Fe,Co and N co-doped (FeCo-NC)

porous carbon that were denoted as FeCo-NC-X (X = CoClz, Nas[Co(NO2)s], Co(Im)4(NO3)2)
3.3.5 Characterization

Transmission electron microscopy (TEM) images were acquired with a Philips CM300
microscope operated at 300 kV. Scanning electron microscopy (SEM) images were obtained
on a FEI Quanta 3D field emission microscope operated at 10.0 kV. X-ray photoelectron
spectroscopy (XPS) studies were conducted on a PHI5400/XPS instrument with an Al Kq
source operated at 350 W and 10 Torr. UV-vis absorption spectra were acquired using a
PerkinElmer Lambda 35 UV-vis spectrometer with a 1 cm quartz cuvette. X-ray absorption
spectroscopy (XAS) measurements were performed using the Sector 20-BM beamline of the

Advanced Photon Source at Argonne National Laboratory.

3.3.6 Electrochemistry
All electrochemical tests were carried out on a CHI710 workstation in a three-electrode
configuration. A graphite rod was used as the counter electrode, and a Ag/AgCl electrode in

1.0M KCl was used as the reference electrode. This Ag/AgCI electrode was calibrated
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against a reversible hydrogen electrode (RHE), and all potentials in this study are reported in
reference to this RHE. A rotating (gold) ring-(glassy carbon) disk electrode (RRDE, Pine
Research Instrument) was used as the working electrode. To prepare catalyst inks, 0.8 mg of
the FeCo-NC samples prepared above and 2.0 uL nafion were added to 200 yL of a water-
ethanol mixture (1:1 v/v). After sonication for at least 30 min, 5.0 pL of the ink was dropcasted
onto the glassy carbon disk, corresponding to a catalyst loading of 81.30 uL/cm?2. Once the
catalyst layer was dried, 3.0 pL of 20% nafion was added to cover the surface, and the

electrode was immersed into electrolyte solutions for electrochemical testing.

3.4 Results and Discussion

In the present study, melamine was used as the main carbon and nitrogen source, which
was polymerized onto the silica surface with formaldehyde as the crosslinker.** After
pyrolysis at the optimal temperature of 800 °C and template removal, FeCo-NC-X
[(Nas[Co(NO2)e]) and FeCo-NC-[Co(Im)4](NOs3):], respectively (Figure 3.1, Figure 3.2). As
seen in our previous report,?® FeCo-NC-CoCl: was synthesized, it was found that the optimal
ratio for all of Fe:Co is 1:1 when doped with cobalt complexes Therefore, for this study all
Fe:Co samples of 1:1 is investigated. As seen in Figure 1a, FeCo-NC-(Nas[Co(NOz2)s]) shows
evidence of the formation of isolated metal nanoparticles. As seen by the HRTEM (Inset
Figure 3.1a) lattice spacing of 0.21nm were obtained, which is consistent with metallic Fe.*>-
47 Since particles can be seen both on the surface and within the carbon structure, it is
reasonable to expect lattice spacings corresponding to metallic states. In addition, a separate
lattice spacings of 0.37 could be observed in the carbon matrix, corresponding to spacing
between carbon layers and hexagonal graphitic carbon, respectively.*®-5° Upon elemental
mapping results from are (Figure 3.1b), one can see Fe particles wrapped around a carbon
cage, with their respective atomic composition (Table 3.1). In addition, one can see that
nitrogen is also rather evenly dispersed within the carbon skeleton, suggesting a nitrogen

doped carbon skeleton.
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Figure 3.1 Electron microscopy studies. Representative TEM image of (a) FeCo-NC-
(Na3[Co(NO2)6]), and its respective HRTEM images and elemental mapping, respectively.

(b.c-g)
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100 nm

C) |

Figure 3.2 Images of FeCo-NC-[Co(im)4](NO3)2 (a-b) TEM and STEM. (c-g) elemental
mapping.
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Table 3.1 Elemental composition of FeCo-NC-X as determined by EDS.

Sample C (at. %) O (at. %) N (at. %) Fe (at. %) Co (at. %)
FeCo-NC- 85.34 0.78 - 13.36 0.51
Nas[Co(NO2)e]

FeCo-NC- 47.3 30.9 20.1 12 0.4
[Co(im)4](NO3)2

XPS studies were then carried out to investigate the elemental composition and the valence
states of the samples. From the survey spectra (Figure 3.3), one can see that the FeCo-NC-X
samples are mainly composed of carbon, oxygen, and nitrogen, with trace amounts of iron
and cobalt in the doped samples. The amounts of Fe and Co differ between samples,
signifying that they are incorporated into the carbon framework to varying degrees (Table
3.2). It is worth noting that although the feed ratio of Fe to Co is less than or equal to one, the
final ratio is always greater than one suggesting that iron has a higher affinity for the binding
sites in the MF polymer, and forms more stable interactions with the carbon matrix. Table S2
highlights the important result that the amount of both metals is significantly higher in FeCo-
NC-Nas [Co(NOz2)s] and FeCo-NC-[Co(Im)4](NO3).. As previously reported,?® FeCo-NC-CoCl>
exhibited largest atomic percent uptake. Now, with the addition of various cobalt complexes
and iron, we see a significantly higher metal content. Furthermore, Comparing the two
samples containing only cobalt, FeCo-NC-CoCl. and FeCo-NC-Nas[Co(NO3)e], the same
initial metal concentration yields atomic percentages of 0.05 and 0.22, respectively. This
effect is enhanced primarily in the co-doped samples, as exemplified by FeCo-NC-CoClz and
FeCo-NC-Nasz[Co(NO2)s]. An important trend that can be observed from Table 3.2 is that the

metal uptake is much greater in the FeCo-NC-Nas[Co(NO2)s] and FeCo-NC-[Co(Im)4](NOz)2

76



samples than in those containing a single dopant. Taken together, these observations
suggest not only that certain Co complexes can form more permanent interactions with the

MF resin, but also that the Fe and Co dopants interact with each other, thereby influencing

each other’s uptake.
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Figure 3.3 XPS survey spectrums. (a) FeCo-NC-CoCl2,(b) FeCo-NC- Na3[Co(NO2)6], and
(c) FeCo-NC-[Co(im)4](NO3)2
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Table 3.2 Elemental composition of FeCo-NX as determined by XPS. Those highlighted in
yellow are single doped CHS with their respective cobalt complex precursors.

Sample C (at. O (at. N (at. | Fe(at. | Co (at. Fe:Co
%) %) %) %) %) ratio
FeCo-NC-CoCl,
64.05 20.62 6.28 0.18 0.40 1.80
FeCo-NC-
Nas[Co(NO
2[Co(NO2)e] 8208 | 951 | 7.06 | 0.95 0.37 241
FeCo-NC-
Co(im)4](NO
[Colim):](NO2)2 86.60 | 6.83 | 547 | 0.73 1.95

78




—— pyridinic " j ! ! '
—— N-Fe/Co C) ] d)

6 pyrrolic
8 graphitic
%) oxidized | 1
= NO,
o —F¢’ ] —Coz
Fe™* ——Co™"
‘ ] . . . . ] . . Fe“" satelite] . . ICO?' satellite
284 288 292 396 400 404 408 708 712 716 776 780 784 788 792
B.E.(eV) B.E.(eV) B.E.(eV) B.E.(eV)
p
=z
I3
S,
<
=z
Q
=z
S
Q
[}
284 288 292 396 400 404 408 708 712 716 776 780 784 788 792
B.E.(eV) B.E.(eV) B.E.(eV) B.E.(eV)

5
E i
E |
5
S
o
z 1
o ]
(8]
284 288 292 396 400 404 408 708 712 716 776 780 784 788 792
B.E.(eV) B.E.(eV) B.E.(eV) B.E.(eV)

Figure 3.4 High-resolution XPS scans of the (a) C 1s, (b) N 1s, (c) Fe 2p, and (d) Co 2p
electrons of different cobalt complex FeCo-NC samples. Grey curves are experimental data,
and colored areas are deconvolution fits

Figure 3.4 shows the corresponding high-resolution XPS spectra of the samples. All
C 1s spectra are very similar in shape and composition, featuring a sharp peak at 284.6 eV
for sp? carbon, a broader peak at 285.1 eV for sp® carbon (including carbon bonded to
nitrogen), and two broad peaks at 286.9 eV and 289.8 eV, corresponding to carbonyl carbon
and carboxylic acids, or 1 - TT* transitions.5:52

The N 1s spectra in Figure 3.4b can be fitted with six peaks at 398.2, 399.1, 399.9,
400.9, 401.8, and 403.9 eV (average from the series of samples Table 3.3), with exception of
the as prepared CHS, in which the peak at 399.1 eV is not present. The first four peaks can
be assigned to pyridinic, metal-bonded, pyrrolic, graphitic, and oxidized nitrogen,

respectively, while the broad peak at 403.9 eV is attributed to chemisorbed NOx.*35354While

79



all peaks stay within 0.1 eV between samples, their relative intensities vary. Notably, the M-N
peak at 399.1 eV is correlated to the relative amount of oxidized metal in the sample, while
entirely absent in the metal-free CHS sample (Figure 3.5a,b), and it has the largest relative
contribution to the total N content in FeCo-NC-CoCl.. Additionally, the M-N peak makes a
much smaller contribution to the total, with a larger fraction coming from graphitic and
pyridinic nitrogen instead. In CHS-Nas[Co(NOz2)s] ,FeCo-NC-[Co(im)4](NOs)2, its contribution
to the total is significant, albeit not as large as in FeCo-NC-CoClz, even though their total
metal content is much greater (Table 3.2). However, since these samples contain metal
nanoparticles, only a fraction of the observed metal will be coordinated to nitrogen centers,

while the remainder is located within the particles.

Table 3.3 Binding energies of nitrogen dopants in FeCo-NC-X from XPS measurements.

Sample N-Fe/Co Pyridinic N | Pyrrolic N Graphitic N | Oxidized
N

FeCo-NC-CoCl. | 399.01

398.19 399.83 400.80 401.61
FeCo-NC-
Nas[Co(NOz)s] | 399.14 398.30 400.03 401.03 401.94
FeCo-NC-
[Co(im)a](NOs)2 | 399.22 398.28 400.22 401.02 402.07
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Figure 3.5 . High-resolution XPS scans of the (a) C 1s, (b) N 1s, and (c) Co 2p electrons of
different control-FeCo-NC-X samples (Top-CHS, Bottom- FeCo-NC-Na3[Co(NO2)6] . Grey
curves are experimental data, and colored areas are deconvolution

For iron and cobalt, the XPS analysis is complicated not only by spin-orbit coupling of
the 2p orbitals, producing a ps2 and a pw2 portion of the peak, but also by the spin splitting of
the main peak as a result of the unpaired electrons present in the metals. Thus, the different
metal species have strongly overlapping signatures. Nevertheless, an attempt has been
made to identify the dominant species. For the spin-split peaks, the position of the first peak
is reported. The FeCo-NC-CoCl: consists of a main peak, spin-split into three, as well as two
satellites. The number of peaks and their position at 709.9 eV are consistent with a rather low
Fe3*.5556 This suggests that the sample consists of iron in between the two oxidation states,
such as Fe?* in an electron-withdrawing environment. In FeCo-NC-Nas[Co(NOz)s] and FeCo-
NCSO04-[Co(im)4](NO3)2 there are not only oxidized Fe species, but also characteristic peaks
of metallic Fe, in agreement with the obtained TEM images (Table 3.4). The oxidized species
appear at 708.6 eV, only slightly higher than Fe?*, and the sharp metallic peak is easily

identified at 706.9 eV. Surprisingly, both spectra also contain an additional peak at 707.8 eV,
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which cannot be assigned to any single species, and any attempts at a fitting without this
peak were unsuccessful. Its position suggests that this peak belongs to Fe in between the 0
and 2+ states, similar to what was observed previously. In this case, the shift falls in between
the natural gap that exists between the Fe® and Fe?* peaks, allowing for its resolution as a
separate peak. This implies that in these two samples, there is an electron-withdrawing
element that interacts with the metallic phase of Fe, while in FeCo-NCSO4-CoClz, in the

absence of metallic Fe, an interaction occurs instead with Fe?*.

Table 3.4 Metal binding energies of the first peaks and atomic percentages from XPS
measurements.

Fe 2ps2 B.E. (eV) | Fe(0) at%
Co B.E. (eV) | Co(0) at%

FeCo-NC-CoCl2 | 709.90 - 781.96 -
FeCo-NC- 706.92 0.28 780.79 0.03
Nas[Co(NO2)e]

FeCo-NC- 706.91 0.33 780.52 0.08
[Co(im)4](NO3):2

The analysis of the Co spectra is subject to the additional complications caused by
the low abundance of Co in the samples. The resulting noise makes any precise fitting
impossible, and the peak positions obtained can merely provide general trends. Furthermore,
the first peak of Co?*is at 780.4 eV in Co(OH)2 and at 780.0 eV in CoO, while that of Co%* in
Co304 is at 779.6 eV, making it impossible to distinguish between them by means of the
main peak position alone for all others. Here, the number of peaks producing the best fit and
the intensities of the satellite peaks were used to obtain an indication of the oxidation state.
The most straightforward results were obtained for FeCo-NC-Nas[Co(NO2)s], with the first

peak at 779.6 eV, and three spin-split components and two satellites, which is consistent with
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Co® and matches the initial oxidation state of the complex used. From our previous report
FeCo-NC-CoClz, the initial peak is at 779.5 eV, which suggests that some CoCl> may have
been oxidized to Co®*, however, the large satellite features are characteristic of Co?*, and the
intensity of the peaks is too low for a precise determination. In addition to the peaks
associated with oxidized Co, the spectra of FeCo-NC-Nas[Co(NO2)s] and especially FeCo-
NC-[Co(im)4](NO3)2 contain peaks that can be assigned to metallic Co. The main metallic
peak is located at 776.4 eV, slightly higher than the expected value of 776.2 eV, and the
smaller LMM B Auger peak at 766.2 eV typically present in metallic Co is also observed. The
oxidized Co peaks appear at 780.5 and 780.7 eV, respectively, which are higher than the
binding energies observed for other samples, but still consistent with species of
Co?*,%85"while the intense satellite structures are also characteristic of Co?* species. This
suggests that these cobalt species are more reduced than the Co®* observed in CHS-
Nas[Co(NO3)s] (Figure 3.5), indicating that they gained electrons. Combined, the XPS results
show that when both metals are present in a sample, there are Fe species that are more
oxidized and Co species that are more reduced, compared to their monometallic
counterparts. This suggests that a charge transfer is taking place, whose direction from Fe to

Co is consistent with their relative electron affinities.
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Figure 3.6 . X-ray absorption spectroscopic studies. (a) Iron normalized X-ray

absorption near edge structure data for FeCo-NC-X (NC-X(Na3[Co(NO2)6],
Co(im)4](NO3)2samples. (b) Cobalt normalized X-ray absorption near edge structure data for
FeCo-NC-X((Na3[Co(NO2)6, Co(im)4](NOs). samples, with their respective reference folil

samples.(c,d) Fourier transform extended X-ray adsorption fine structure data for FeCo-NC-X

samples.

The Fe K-edge X ray absorption near-edge structure (XANES) analysis was
conducted for FeCo-NC-X(Nas[Co(NO2)s] , Co(im)4](NO3)2, as seen in Figure 3.6a,b. The Fe
XANES curves in Figure 3.6a shows a pre-edge area at 7114eV, implying that
[Co(im)4](NO3)2 complex has a similar feature compared to that of Fe foil indicative of being in
a metallic state.®® Whereas, (Nas[Co(NO2)s]) pre-edge shows some characteristic of metallic
and non-metallic state. Additionally, the absorption edge energy of FeCo-NC-Nas[Co(NO2)s

is slightly higher than FeCo-NC- [Co(im)4](NO3). compared to that of Fe foil, which is
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indicative of a higher degree of oxidation state. Additionally, the Co K-edge displays a pre-
edge peak at 7714eV and as seen in Fe K-edge, similarly it shows that all Co atoms are in
various oxidation states. Both figure 3.6a,b show a zoomed-in inset of the pre-edge area for
Fe and Co XANES, respectively. These results confirm the presence of Fe in various
oxidation states from Fe® up to Fe®*/Fe?* as suggested by XPS measurements (Figure 3.4)
and TEM (Figure 3.1).

The corresponding extended X-ray absorption fine structure (EXAFS) spectra of Fe
and Co are depicted in Figure (c,d) for FeCo-NC-X(Nas[Co(NO2)s] , Co(im)4](NO3)2
respectively. In Figure 3.6¢, the Fe foil displays a predominant peak around 2.3 A and 4.5 A.
These spectral features were also seen in all FeCo-NC-X samples, indicating that there is a
Metal-Metal (M-M) interaction between them (i.e. Fe-Fe, Fe-Co) and further agreement with
FeCo-NC- Nas[Co(NO2)s] TEM Figure 3.1. Additionally, FeCo-NC- Nas[Co(NO:2)s] exhibited a
peak around 1.5 A corresponding to Fe-N bond length, which is consistent with a
coordination number of 3 (Table 3.5), suggesting that this sample had a significant number of
FeNs Moeities, which are known to be active for ORR However FeCo-NC- Co(im)4](NOs):2
showed no interaction of Fe-N, suggesting a reason for its lower kinetics for ORR. Moreover,
Figure 3.6d displays the Co-EXAFS when fitted with M-N shell for all three 3 samples. FeCo-
NC- Nas[Co(NO2)s] and FeCo-NC-((EtaN)2CoCls)) exhibited a predominant peak correlated to
Co-N at 1.95 A, whereas FeCo-NC-Co(im)4](NOs). was a bit longer at 2.06 A. Interestingly,
FeCo-NC-(Nas[Co(NOz)s] was the only sample that demonstrated an interaction between
both shells Fe-N and Co-N. In summary, EXAFS results suggest that the interaction between
metallic Fe and Co have an influence on a Metallic-Metallic state interaction and forming a

FeNs moiety. Where both are known to play a critical role in ORR.
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Table 3.5 Structural parameters extracted from EXAFS fitting (S02 = 0.80)

Sample Shell
Fe-Fe
Fe foil™f
Fe-Fe
FeCo-NC- Nas[Co(NO,)s] Fe—N
Fe-Fe
FeCo-NC-[Co(im)4](NOs).
Co—N
Fe-Fe

C.N. R (A)

8 (fixed) 2.48(1)
6 (fixed) 2.87(2)
6(4) 1.95(1)

4(1) 2.51(1)
2.7(9)  2.06(1)

5(1) 2.49(2)

02 (103 A?)

1.4(2)
7.8(2)
6.3(3)

6(2)

5(1)

2(2)

0.2-

0.1-

< 0.0-
é _
=-0.1-

-0.2-
-0.31

FeCo—NC—CoCI2

FeCo-NC-Na,[Co(NO,) ] |
—— FeCo-NC-[Co(im),](NO

).

0.0 02 0.4 0.6 0.8 1.0 1.2
E (V vs. RHE)

Figure 3.7. CHS-X samples with a potential scan rate of 10 mV/s in an O2-saturated 0.1 M

KOH
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Figure 3.8 Electrochemical characterization of various FeCo-NC-X (CoCl2, Na3[Co(NO2)6]
and [Co(im)4](NO3)2, samples (a) Polarization curves obtained at 10 mV/s and 1600 rpm in
O2-saturated 0.1M KOH. (b) Electron transferred (top, black arrow) and H202 yield (bott
bottom, red arrow) vs. Potentials for various samples in (a). (c) Tafel plot curves of the
various samples from (a).

Electrochemical measurements were then conducted to evaluate their electrocatalytic
performance towards ORR. Figure 3.8 shows the cyclic voltammetry (CV) curves of the dual-
doped FeCo-NXwhere all exhibit a large CV area. The electrocatalytic performance of the

samples was then evaluated in RRDE measurements. From the polarization curves in Figure
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8a, it is evident that our previous reported controlled cobalt sample (FeCo-NC-CoClz)
exhibited a poor activity (Eonset= +0.93 V, E12=+0.81 V). Additionally, Upon changing the Co
precursor to (FeCo-NC-[Co(im)4](NOz)2 and FeCo-NC-[Co(im)4](NO3)2)) it was accompanied
by an unprecedented change in electrocatalytic performance as seen by both FeCo-NCSOs-
[Co(im)4](NOs3)2 (Eonset = +0.98 V, E12= +0.81V) and FeCo-NCSO4-Nas[Co(NO2)s] (Eonset =
+0.98 V, Ev2=+0.82 V). In these two samples, the electrocatalytic performance significantly
enhanced and was close to that of commercial Pt. Consistent behaviors can be seen in the

electron transfer numbers in Figure 4b with their respective H202 % yield.

In addition, Figure 3.8c shows the Tafel plots, where the Tafel slopes are 72.0, 84.6,
88.5, and 101.5 mv dec™, respectively. Furthermore, In (FeCo-NC-[Co(im)4](NO3). and FeCo-
NC-[Co(im)4](NO3)2)) electrocatalytic performance significantly enhanced and close to
commercial Pt, while electron transfer numbers remain largely unchanged and Tafel plots
show improvements in exchange current density, now surpassing Pt, but with similar slopes.
This indicates that the reaction still proceeds through the same pathway, and the reason for
the performance gain must be a direct consequence of an increased activity at the active
sites within the material. In fact, the catalytic activity of the samples correlates well with their
overall metal content (Table 3.2), providing further evidence that the metals play a key role in

the electrocatalytic performance.

To confirm that the material maintains its catalytic properties during use, a stability
test was conducted by cycling the potential for an extended period. The results in Figure 3.9
show that there is no discernible difference between the initial voltametric profile and that
after 10,000 cycles, confirming that the material is stable enough to endure prolonged
exposure to this potential range In a separate experiment, the electrolyte was poisoned with
10 mM KSCN (Figure 3.10). The thiocyanate anion is known to bind strongly and selectively
to metal centers, both in particle and in atomically dispersed form, blocking access to

potential active sites. %° If these metal centers are directly involved in the catalytic process,
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the KSCN therefore renders the catalyst inactive, providing insight into the nature of the
catalytically active sites. 66 Therefore, suggesting that the metal nanoparticles have a great

influence on the catalytic activity.
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Figure 3.9 . Results of a 10,000-cycle stability test conducted with (a)CHS-Fe-CHS-
Na3[Co(NO2)6] (b) CHS-Fe-[Co(im)4](NO3)2 (samples at 1600 rpm and a potential scan rate
of 10 mV/s in an O2-saturated 0.1 M KOH solution
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Figure 3.10 KSCN polarization curves of CHS-Na3[Co(NO2)6] and CHS-Fe-[Co(im)4](NO3)2
samples at 1600 rpm and a potential scan rate of 10 mV/s in an O2-saturated 0.1 M KOH
solution

3.5 Conclusion

In this study, Fe and Co dual doped CHS were prepared. It was found that Co
complex precursors had a strong influence on the structure and chemical composition of the
material, and hence its catalytic performance. Not only do they influence the extent of each
other’s uptake into the carbon framework, they also influence their relative positions within
the matrix. XPS results suggest the presence of individual, N — coordinated metal centers in
all tested samples. Using Co complexes instead of CoClz yields structures with much higher
metal contents, and a much stronger interaction between Fe and Co, leading to nanopatrticle
formation. Notably, XPS suggests that the charge transfer attributed to the interaction

between Fe and Co now occurs between the metallic phases of the two, which is constituent
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with TEM observations. Thus, the significant enhancement of catalytic activity in the complex-
doped samples is a result of both the higher metal abundance and the different interaction
between Fe and Co. These results demonstrate that the activity of Fe/Co co-doped catalysts
is influenced by the nature of the precursors used, thus resulting in metal nanoparticles as

they deposit and affect the metal uptake into the carbon skeleton.
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4. Nitrogen-doped carbon flowers with Fe and Ni dual metal centers for effective
electroreduction of oxygen

4.1 Abstract
Carbon-based nanocomposites have been attracting extensive attention as high-

performance catalysts in alkaline media towards the electrochemical reduction of oxygen.
Herein, polyacrylonitrile nanoflowers are synthesized via a free-radical polymerization route
and used as a structural scaffold and precursor, whereby controlled pyrolysis leads to the
ready preparation of carbon nanocomposites (FeNi-NCF) doped with both metal (Fe and Ni)
and nonmetal (N) elements. Transmission electron microscopy studies show that the FeNi-
NCF composites retain the flower-like morphology, with the metal species atomically
dispersed into the flaky carbon petals. Remarkably, despite a similar structure, elemental
composition, and total metal content, the FeNi-NCF sample with a high Fe:Ni ratio exhibits an
electrocatalytic performance towards oxygen reduction reaction (ORR) in alkaline media that
is similar to that by commercial Pt/C, likely due to the Ni to Fe electron transfer that promotes
the adsorption and eventually reduction of oxygen, as evidenced in X-ray photoelectron
spectroscopic measurements. Results from this study underline the importance of the
electronic properties of metal dopants in the manipulation of the ORR activity of carbon

nanocomposites.

4.2 Introduction

Development of sustainable energy technologies has been attracting extensive
interest, and fuel cells represent a unique viable option [1]. Typical fuel cell operation entails
two main reactions, oxidation of small molecule fuels at the anode and reduction of oxygen at
the cathode, where appropriate catalysts are needed to generate a current density sufficiently
high for practical applications. These are in general based on the platinum group metals

(PGM). Nevertheless, the precious nature of PGM has significantly impeded the commercial
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implementation of these technologies [2]. In addition, PGM-based catalysts are prone to
inactivation by poisoning species (e.g., CO) and structural instability due to Ostwald ripening
in long-term operation, which compromise the overall performance [3, 4]. Thus, significant
efforts have been dedicated to the development of alternative catalysts, in particular, for the
cathodic oxygen reduction reaction (ORR), which has been largely accepted as a significant
road block that limits the fuel cell performance. Among these, carbon-based nanocomposites
have been recognized as viable electrocatalysts, mostly owing to ready structural engineering
that renders it possible to obtain a large surface area, good conductivity, corrosion
resistance, and easy modification of its skeleton for both functionalization and hetero doping
[5-7]. For instance, heteroatoms such as nitrogen can be readily doped into the carbon
matrices, leading to electron redistribution and activation of various atomic sites that is
conducive to the adsorption of key ORR intermediates. Thus, doped carbon can exhibit an
apparent ORR activity, although it is typically inferior to that of commercial Pt/C benchmark
[8, 9]. Improvement of the performance can be achieved with the additional doping of select
metal centers, forming MNx coordination moieties [10-14]. This is primarily attributed to the
synergistic tuning of the electronic interactions between the MNx sites and reaction
intermediates [15]. In fact, extensive research has been reported focusing on metal-nitrogen
codoped carbon, since the first breakthrough with a Fe-N-C catalyst in 2009 [6, 7, 16].

In recent years, carbon nanocomposites with bimetal dopants have been found to
exhibit further improved ORR activity, in comparison to the mono-metal based counterparts,
largely due to the unique metal-metal charge transfer that provides a further control of the
electronic interactions with ORR intermediates [17, 18]. For instance, carbon nanocomposites
doped with Fe/Co [19], Fe/Mn [20], and Fe/Ni [21] have shown a remarkable ORR activity.
This can also be aided by the formation of a three-dimensional (3D) porous carbon scaffold,
with interconnected micropores, mesopores and macropores that facilitate both the electron

transfer involved in ORR and mass transfer of reactants and electrolyte species.
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Herein, polyacrylonitrile with a nanoflower morphology was first prepared by free
radical polymerization [22], and was transformed into N-doped carbon nanoflowers
embedded with Fe/Ni bimetallic centers by controlled pyrolysis with the addition of iron and
nickel compounds at varied feeds. It was found that the obtained nanocomposites displayed
a significantly improved ORR activity in alkaline media, in comparison to the metal-free
counterparts, signifying the critical role of the metal dopants in dictating the electrocatalytic
activity.

4.3 Experimental Section
4.3.1 Chemicals

Iron(l11) chloride (FeCls, 97%, Sigma Aldrich), nickel(ll) nitrate (Ni(NO3)2, 99.999%,
Sigma Aldrich), azobis(isobutyronitrile) (AIBN, 98%, Sigma Aldrich), acrylonitrile (=299%,
Sigma Aldrich), and Pt/C (20 wt%, Alfa Aesar) were used as received without further
treatment. Water was purified with a Barnstead Nano-pure Water System (resistivity 18.3 MQ
cm)

4.3.2 Sample preparation

Polyacrylonitrile with a nanoflower morphology was first prepared by following a free
radical polymerization procedure reported previously with modification [22]. Briefly, 4 mL of
acrylonitrile was dispersed into 4 mL of acetone, into which was then added 4 mL of AIBN as
the initiator. The reaction was run for 2 h in a vial at 70 °C, affording a white powder (PACN-
70) after being dried at ambient temperature for 1 d. The sample was then stabilized by
thermal treatment in air at 230 °C for 2 h, producing a brown powder denoted as PACN-230.

The obtained PACN-230 was then utilized to prepare Fe/Ni-codoped carbon flowers.
Briefly, 20 mg of PACN-230 was sonicated in acetone for 45 min, into which was then added
an aqueous solution containing FeClz and Ni(NOz)2 with a total concentration of 3 mM but at
varied feed ratios: 1.0, 1:1, 2:1, and 3:1. The mixture was then dried in vacuum, loaded into a

tube furnace, and thermally treated at 900 °C in a N2 atmosphere for 1 h. The produced black
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powders were referred to as Fe-NCF and FeNi-NCF (1,2,3), respectively. A control sample
(NCF) was also synthesized in the same fashion but in the absence of any metal salts.
4.3.3 Characterization

Transmission electron microscopic (TEM) images were acquired with an aberration
corrected Titan FEI electron microscope. Nitrogen sorption isotherms were obtained at 77 K
using 99.999% N with an Autosorb iQ2 (Quantachrome) low-pressure gas sorption analyzer.
X-ray photoelectron spectroscopic (XPS) studies were performed with a PHI 5000

Versaprobe instrument.

4.3.4 Electrochemical tests

Electrochemical studies were all performed in a three-electrode configuration with a
CHI 710 electrochemical workstation. The counter electrode was a graphite rod, while a
Ag/AgCl electrode in 1.0 M KCI served as the reference electrode. A reversible hydrogen
electrode (RHE) was used to calibrate the potential of the reference electrode, and the
potentials in the present study were all referenced to this RHE. The working electrode was a
gold ring-glassy carbon disk electrode (RRDE) purchased from Pine Research Instrument. In
the preparation of catalyst inks, the nanocomposites prepared above (0.8 mg) and a Nafion
solution (20%, 2.0 pyL) were added to a mixture of water and ethanol (1:1 v:v, 200 uL). After
30 min’s sonication, a calculated amount of the ink (5.0 uL) was cast onto the glassy carbon
disk. The loading of the catalysts was estimated to be 84.2 ug cm2. After the catalyst film was
dried, it was covered with 3.0 pL of 20% Nafion, and the electrode was introduced into the

electrolytes for electrochemical measurements.

4.4 Results and discussion
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Figure 4.1 FTEM images of (a) PACN-70, (b) PACN-230, and (c) NCF.

Figure 4.2(a-c) TEM images of FeNi-NCF(3) at different magnifications, along with the

associated elemental maps of (d) C, (e) N, (f) Fe, and (g) Ni.

Polyacrylonitrile was first prepared by AIBN-initiated free radical polymerization of

acrylonitrile, exhibiting a nanoflower morphology with a diameter of ca. 850 nm and porous
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petals [22], as manifested in TEM measurements (Figure 4.1). The overall morphology was
stabilized in a subsequent thermal annealing in ambient at 230 °C, but with a slight shrinkage
of the nanoflowers to ca. 750 nm (Figure 4.1b), suggesting increasing rigidity and
compactness of the polymer flowers [23]. Note that this stabilization step was critical to
preserve the nanoflower structure after pyrolysis. Upon carbonization at 900 °C (Figure 4.1c),
one can see that carbon nanoflowers (NCF) were produced but the size was further
decreased to 400-500 nm [24]. A similar structure was observed for the FeNi-NCF samples.
From Figure 4.2, the FeNi-NCF(3) sample can be seen to retain the flower morphology with a
diameter of ca. 400 nm. Furthermore, at higher magnifications, no particulates can be
identified within the flaky petals, suggesting that the metal species were atomically distributed
within the carbon scaffolds (Figure 4.2b); furthermore, the nanoflowers entailed only short-
range lattice fringes, featuring an interplanar separation of ca. 0.34 nm (Figure 4.2c),
suggestive of the formation of highly defective carbon. In fact, from the elemental maps
acquired with energy-dispersive X-ray spectroscopy (Figure 4.2 d-g), one can see a rather
uniform distribution of Fe, Ni, and N over the C background.

The sample structures were further characterized by XRD measurements (not
shown), where only two broad peaks were identified at 20 = 21 and 41°, due to the (002) and
(101) facets of graphitic carbon, respectively (PDF card #65-6212), confirming successful
carbonization of polyacrylonitrile. No diffraction features characteristic of metal/metal oxide
nanoparticles can be resolved, consistent with atomic dispersion of the metal species into the
carbon matrix.

The sample porosity was then examined by nitrogen sorption measurements (Figure
4.3). From panel a, the metal-free NCF can be seen to display a Type-I nitrogen
adsorption/desorption isotherm with a hysteresis loop, which suggests mostly micropores,
whereas FeNiC-NCF(3) produced a Type-IV isotherm, suggesting both micropores and
mesopores in the sample. From the pore size distributions (panel b), NCF was indeed found

to consist mostly of micropores of ca. 1.25 nm, whereas FeNi-NCF(3) contained a significant
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portion of mesopores at 2.5 nm, likely due to the thermal volatility of the metal compounds
that that renders them effective porogens [5]. Additionally, the Brunauer-Emmet-Teller (BET)

specific surface was found to increase from 90 m? g for NCF to 110 m2g! for FeNi-NCF(3).
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Figure 4.3(a) N2 sorption isotherms and (b) the corresponding pore size distributions of NCF

and FeNi-NCF(3).

XPS measurements were then carried out to evaluate the elemental composition and
valency of the nanocomposites. Figure 4.4 shows the survey spectra, where the elements of
carbon, nitrogen, and oxygen can be clearly resolved within the NCF, Fe-NCF and FeNi-NCF
samples, with additional Fe and Ni for the latter, indicative of successful doping of the carbon
skeletons by N, Fe and Ni. On the basis of the integrated peak areas, the metal-free NCF
sample was found to consist of 90.11 at% of C, 6.20 at% of N and 3.70 at% of O. For the Fe-
NCF sample, 92.2 at% of C, 2.28 at% of N, 0.13 of Fe at%, and 5.41 at% of O. In the FeNi-

NCF series the carbon content stayed virtually invariant at ca. 90 at%; the N content was
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about 2.28 at% for Fe-NCF, 2.21 at% for FeNi-NCF(1), 4.09 at% for FeNi-NCF(2), and 4.10
at% for FeNi-NCF(3); and O content increased somewhat to 6.97 at% for FeNi-NCF(1), 6.10
at% for FeNi-NCF(2), and 4.41 at% for FeNi-NCF(3), suggesting that the basic carbon
scaffold was virtually invariant with the addition of the metal precursors (Table 4.1). Notably,
the total metal content remained low among the Fe-NCF and FeNi-NCF samples, only 0.15
at% for Fe-NCF, 0.26 at% for FeNi-NCF(1), 0.27 at% for FeNi-NCF(2), and 0.22 at% for
FeNi-NCF(3), with a respective Fe:Ni atomic ratio of 1.0, 2.0 and 3.5 for the FeNi-NCF series,
in good agreement with the initial feeds.

Table 4.1Elemental compositions of the sample series from XPS measurements.

Sample C N Fe Ni O | Metal % | Fe/Ni Ratio
NCF 90.1 | 6.2 - 3.70 -
Fe-NCF 92.2 | 2.28 | 0.15 - - 0.15 -
FeNi-NCF(1) | 90.6 | 2.21 | 0.13 | 0.13 | 6.97 0.26 1.0
FeNi-NCF(2) | 89.5 | 4.09 | 0.18 | 0.091 | 6.10 0.27 2.0
FeNi-NCF(3) | 91.3 | 4.10 | 0.17 | 0.049 | 4.41 0.22 3.5
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Figure 4.4. XPS survey spectra of FeNi-NCF(1), FeNi-NCF(2), FeNi-NCF(3), and NCF.

The high-resolution C 1s spectra are shown in Figure 4.5, where the FeNi-NCF
samples all displayed a major component at 284.4 eV due to graphitic sp? carbon, evidence
of successful carbonization of polyacrylonitrile, C sp® at 285.1 eV, with two minor ones at
286.7 and 289.7 eV, corresponding to oxidized carbon such as C=0 and COOH, respectively
[25]. The corresponding N 1s, O 1s, Fe 2p, and Ni 2p spectra for Fe-NCF and FeNi-NCF are
depicted in Figure 24 and 25. From the N 1s spectra in Figure 24a, six N species can be
resolved at ca. 398.1 eV for pyridinic N, 398.9 eV for metal-N, 399.9 eV for pyrrolic, 400.8 eV
for graphitic, 401.7 eV for oxidized N, and 403 eV for NO:z [26, 27]. Note that the metal-N
peak was absent in the NCF sample (Figure S5). The O 1s spectra are shown in Figure 24b,
which contain three components, 532.2 eV for O-C, 533.3 eV for O-H, and 530.1 eV for
metal-O [28, 29]. These results collectively indicate that the metal species are most likely

involved in the chelation interactions with the N and O dopants within the carbon skeletons.
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Figure 4.5. High-resolution C 1s spectra of the series of FeNi-NCF samples.

From the Fe 3p spectra in Figure 4.6¢c and 4.7, the FeNi-NCF and Fe-NCF samples
all displayed a very consistent binding energy of the Fe 2pssz electrons at about 710 eV, which
can be ascribed to Fe?*, respectively. Similarly, from the Ni 2p spectra in Figure 4.6d, the

FeNi-NCF samples can be seen to show a binding energy of ca. 854.6 eV for the 2pas2
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electrons of Ni?* [17, 30]. Interestingly, one can see that among the series, the FeNi-NCF(3)

sample showed the lowest binding energy for Fe 2psz at 709.58 eV, but the highest binding

energy for Ni 2pzr2 at 854.69 eV, suggesting that the Fe?* centers were in an electron-

withdrawing environment (Table 4.2) [17, 31]. Note that such Ni to Fe metal-metal charge

transfer is conducive to ORR electrochemistry catalyzed by metal-doped carbon

nanocomposites (vide infra) [32, 33].

Table 4.2 Binding energies of Fe and Ni in the sample series from XPS measurements.
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Figure 4.6High-resolution XPS spectra of the FeNi-NCF samples: (a) N 1s, (b) O 1s, (c) Fe 2p,

and (d) Ni 2p.
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Figure 4.7High-resolution scans of the (a) C 1s, (b) N 1s, and (c) Fe 2p electrons of Fe-NCF.

The ORR activity of the nanocomposites was then evaluated and compared in
alkaline media. As shown in Figure 4.8a, the nanocomposite samples all exhibited a non-zero
ORR activity in 0.1 M KOH; yet the activity varied among the samples. The metal-free NCF
exhibited only a minimal activity featuring an onset potential (Eonset) below +0.6 V. The activity
was substantially improved with the Fe-NCF sample, with Eonset = +0.89 V and (half-wave
potential) Ex2= +0.72 V, signifying the key role of metal species in driving the electron-
transfer kinetics. The performance was further enhanced with the FeNi-NCF samples, and
FeNi-NCF(3) exhibited the best activity within the series, where the E12 (+0.79 V) and Eonset
(+0.93 V) values were only somewhat lower than those of the commercial Pt/C benchmark
(Ewz = +0.83V, Eonset= +1.00 V).

The electron-transfer number (n) and H20: yield (H202%) were then estimated from
the RRDE data (Figure 4.8b). Again, FeNi-NCF(3) exhibited the best performance, with the
higher n and lower H202% than all other samples. For example, at +0.70 V the n/H202%
values were 3.99/0.59 for FeNi/NCF(3), in comparison to 3.82/9.6 for FeNI/NCF(2), 3.87/7.1
for FeNI/NCF(1), 3.99/0.69 for Fe-NCF, and 3.99/0.4 for Pt/C, indicating high selectivity of the

4e- ORR pathway by the nanocomposites. Figure 4.8c shows the associated Tafel plots,
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where FeNi-NCF(3) exhibits the lowest slope of 77.62 mV dec™?, which suggested that the

first electron reduction of oxygen was likely the rate-limiting step [32, 33].
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Figure 4.8. (a) ORR polarization curves of the sample series in an oxygen-purged 0.1 M KOH
solution. Potential sweep rate 10 mV s-1, rotation rate 1600 rpm. (b) Electron transfer number
(left y axis) and H202% vield (right y axis) for the electrocatalysts in (a), and (c) the
corresponding Tafel plots. (d) ORR polarization curves in the first scan and after 10,000

potential cycles within +0.2 to +1.1 V, as well as with the introduction of KSCN (10 mM).

As mentioned earlier, the FeNi-NCF samples consisted of a similar elemental
composition and total metal contents (Table 4.1). Therefore, it is most likely that the
remarkable ORR activity of FeNi-NCF(3) is a consequence of the collective contributions of a
porous structure and effective Ni-Fe charge transfer that facilitated the adsorption and
ultimately reduction of oxygen [32, 33].

Notably, the FeNi-NCF(3) sample also exhibited remarkable stability. The ORR

polarization curve remained virtually unchanged after 10,000 potential cycles within the range
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of +0.20 to 1.00 V (Figure 4.8d). Yet, the introduction of KSCN (10 mM) led to a substantial
diminishment of the ORR activity (Figure 4.8d), due to blocked access to the catalytic active
sites, further confirming the key role of metal species in ORR electrocatalysis.

4.5 Conclusion
In this study, carbon nanoflowers doped with both metal (Fe and Ni) and non-metal

(N) elements were readily synthesized by controlled pyrolysis of polyacrylonitrile flowers in
the presence of Fe and Ni compounds. The obtained FeNi-NCF nanocomposites exhibited a
similar elemental composition and total metal content. However, the sample that exhibited a
high Fe:Ni atomic ratio showed the best ORR performance that was close to that of
commercial Pt/C, likely due to the Ni to Fe metal-metal charge transfer that facilitated the
adsorption and ultimately reduction of oxygen, as evidenced in XPS measurements. Results
from this study suggest that structural engineering of the electronic properties of metal
dopants is a critical strategy in improving the electrocatalytic activity of carbon-based

nanocomposites.
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