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Introduction

General introduction

Currently, most of the world’s energy supply comes from fossil sources (coal, fuel oil and natural gas)
or from nuclear reserves (radioactive materials)[1]. With high consumption of those non-renewable
sources of energy and the growing awareness about the negative effect of emission of greenhouse gases,
the demand for sustainable energy conversion and storage devices such as fuel cells, supercapacitors (SCs),
batteries and solar cells has rapidly increased[2]. Among all energy carriers, hydrogen is considered as one
of the most promising and clean, offering the prospect of large energy storage capacities [3]. Europe
identified it as one of the pillars of the transition to a decarbonised energy system to limit global
warming([4]. Today, 98 % of hydrogen is however produced by steam reforming of natural gas, emitting
megatons of CO, every year. Water electrolysis, eventually coupled with renewable but intermittent
energy sources (solar and wind power), is a clean and sustainable technology allowing energy storage via

the production of highly pure hydrogen. [5,6]

1. Hydrogen as a fuel for energy conversion systems. Fuel cells

The interest of using hydrogen in energy conversion and storage systems as the replacement of fossil
fuel resources is growing, and one of the most promising energy conversion devices are fuel cells using
this gas as a fuel. A fuel cell is an electrochemical device that directly converts chemical energy into
electricity. Firstly introduced in 1839 by Sir William Robert Grove, fuel cells have been used for years
mostly as backup power in remote or inaccessible areas, military applications, and space applications, such
as the NASA space programs[7]. Starting from the 1960’s, fuel cells started to receive renewed attention
and were developed as a promising energy conversion device for the transportation and stationary

applications[8].

Due to targets of low or zero CO; emissions in the near future, the automobile industry has
demonstrated rapidly growing interest in the last years in fuel cells (Toyota, Honda, Hyundai) and as well

for heavy-duty vehicles (buses, trucks or trains)[3].

Figure 1 depicts the increase in the megawatts of rated electric power cumulated for all types of fuel
cells produced over the last years, and also by fuel cell type. So far, leading countries in fuel cell market

development are South Korea, China, The United States and The European Union[9]. Fuel cell electric
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vehicles are produced in small series since 2017 (e.g. Toyota Mirai) [10]. However their cost is still high,

mostly due to the use of platinum group metal (PGM) catalysts, a rare and expensive metal.

Over the past decades, different types of fuel cells have been developed, each of them suitable for
different domains and applications, although they all operate under the same principle, with fuel electro-
oxidation on the anode, O, electro-reduction on the cathode, and an ion-conducting (but not electron-
conductive) electrolyte separating the two electrodes. As a function of the nature of the ions conducted
and the nature of the electrolyte (aqueous electrolyte, functionalized polymer, an oxide or a molten

carbonate), the operating temperature of a fuel cell can range from sub-zero to 1000°C (Figure 2).

Megawatts by fuel cell type 2014 - 2018

1000 © E4tech AFC

Strategy | Energy | Sustainability

800 -
— e
400

.

PEMFC
]
E—

200

0 ! | 1 |
2014 | 2015 | 2016 | 2017 | 201&.—‘

Figure 1: Cumulative electric power for all types of fuel cells produced per year, and by fuel-cell type,

in 2014-2018 (reprinted from Ref. [3])

Among the different types of fuel cells, one can mention alkaline fuel cells (AFC), phosphoric acid
(PAFC), solid oxide (SOFC), molten carbonate (MCFC), biofuel cells, direct methanol (DMFC), proton
ceramic (PCFC) and proton exchange membrane fuel cells (PEMFC). So far, the most developed one is
perhaps the PEMFC, due to its high energy efficiency, fast startup and shutdown and low maintenance
cost [11]. This PhD thesis work will be focused on the low-temperature PEMFC and the following

paragraphs are briefly presenting the principle of this electrochemical device and its main components.
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Figure 2: Electrolytes and operating temperatures for different types of fuel cells (reprinted from

website https://www.h2sys.fr)

2. The proton exchange membrane fuel cell

A PEMFC directly generates electrical energy through electrochemical processes with a constant fuel
feeding. The overall chemical reaction taking place in a PEMFC is the conversion of hydrogen and oxygen
gas into water, heat and electricity. A PEMFC operates at low temperature (typically 80 °C) with a cationic
exchange membrane (in proton form) as electrolyte[12]. The structure of the PEMFC core, the membrane-
electrode-assembly (MEA), is shown in Figure 3. It is composed of a proton exchange membrane (PEM)
placed between two electrodes, the whole sandwich structure defining the so-called MEA. The role of the
membrane is to electrically separate the electrodes and to transport the protons generated at the anode
by hydrogen oxidation reaction (HOR, 1) to the cathode, where the oxygen reduction reaction (ORR, 2)
takes place, reducing oxygen and forming water as a final product of the reaction[13]. Electrons, produced
after (1) flow through the outer circuit from the anode to the cathode, resulting in an electric current and
electric power that can be used to power any device. Heat is also produced due to Ohmic losses and

overpotential losses of the electrochemical reactions.
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Figure 3: Schematic representation of an MEA and the operation principle of a PEMFC, reprinted from

ref[14]

The reactions in an operating PEMFC are the following:

Anode (HOR): H, » 2H" + 2e (E°=0V vs. RHE) (1)
Cathode (ORR): O, +4H" + 4e” » 2H,0 (E°=1.23 V vs. RHE) (2)
Total: Ha + %0, > H,0 (AE=1.23 V) (3)

The membrane placed between the electrodes is composed of a proton conducting polymer. The
material conventionally used nowadays is a perfluorosulfonic acid (PFSA) polymer, usually a commercial
membrane called Nafion® developed in the 1960’s by Dupont de Nemours. The chemical structure of a

repeating unit of Nafion® is depicted in Figure 4:
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Figure 4: Nafion®chemical structure.

Nafion® is a long-side-chain PFSA, where side groups terminate in hydrophilic sulfonic acid groups
(SOsH) providing the protons responsible for the membrane’s proton conductivity, while the hydrophobic

polytetrafluoroethylene backbone determines the mechanical stability and impermeability to gases[15].

stainless steel
endplate
W_WU;“ i bolt (18) anode
serpentine flow polycarbonate layer
Teflon® gasket

membrane ¢lectrode assembly (MEA)
1 cathode

:;‘p;cntmc \ . . ‘ | : polycarbonate layer
5 stainless steel
l'(/ endplate
anode outlet- cathode inlet
parallel flow % current
/ collecting rod
anode inlet- gold plated

parallel flow isolated ribs

Figure 5: Schematic representation of a PEMFC stack. Reproduced from www.sensorprod.com

The two electrodes include each a gas diffusion layer (GDL) and a catalyst layer. The role of the GDL is
to let the gas diffuse to the catalytic layer, to provide the mechanical support and also the electrical
connection between the catalytic layer and the current collector (end-plates). Usually, GDLs are made of
carbon fibers.[16] The catalytic layer can be deposited on the GDL, forming a gas diffusion electrode (GDE)

or directly applied to the membrane (catalyst-coated membrane, CCM). The anode, membrane and
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cathode are then usually hot pressed to develop a suitable interface between the catalyst layer and the

proton-conducting membrane.

While the development of PEM is at the root of the PEMFC development, almost no electric power can be
produced by PEMFCs without catalysts, due to the low operating temperature. In particular, the ORR is
five orders of magnitude slower than the HOR, in acidic medium and on the state-of-art catalytic surface
known to date, platinum. Therefore the electrochemical reaction taking place on the cathode (ORR) needs
a special attention for the catalysis [16]. The catalyst layer is the electroactive part of the fuel cell, where
electrochemical reactions take place. It is today based on platinum (or platinum alloy) particles supported
on highly porous carbon blacks, ensuring good dispersion of the Pt electrocatalyst particles and of the
ionomer, that is needed in order to conduct through the active layer the protons coming from the anode
side. The protons are essential, since they are reactants of the electrocatalytic reactions. HOR and ORR
reactions occur at confined spatial sites, the so-called “triple phase boundary” (TPB) where protons from
the PEM, electrons from the electrically connected catalyst regions and gas molecules can be in
contact[17]. The presence of Nafion® improves the number of TPB sites where the catalytically active
electrode particles, electrolyte phase and gas pores intersect. The ORR reaction in the cathode active layer

and the cathode TPB are depicted in Figure 6.

Figure 6: Graphical representation of the ORR and the triple phase boundary

The key to maximize the utilisation of the catalytic particles at the cathode, and therefore to maximize
the PEMFC power performance, is to provide the maximum accessibility of all the catalytic particles in the

active layer by electrons, protons and O, molecules.

The key advantages of PEMFC over other fuel cell types are high efficiency, simple structure and as a

consequence low maintenance cost, and low pollution emissions since the only chemical product of PEMFC
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is water[11]. Despite these factors, the limited commercial success and deployment of PEMFCs till now is
related to the high cost of the device, mainly relied to platinum-based catalysts and the membrane
cost[18]. While the cost of the latter is expected to decrease with scaled-up production through economies
of scale, the price of platinum is in contrast expected to increase with increased production of PEMFCs,
due the low of demand/supply. Therefore, the platinum content in a PEMFC stack of a given rated electric
power output should be either decreased by optimizing Pt-based catalysts, or ideally completely removed
by developing new catalysts based on non-critical materials. One of possible alternative to replace Pt
nanoparticle catalysts are catalysts based on Earth-abundant metals, in particular the family of FeNC

catalysts in which the Fe-based active sites have a molecular-like FeN4 structure [19].

3. Electrocatalysts for the oxygen reduction reaction

3.1 Platinum catalysts

As mentioned above, the ORR plays a key role in the performance of PEMFCs, and the major challenge
in its development is the improvement of the cathode electrocatalytic activity while reducing the loading
of noble metals. As the state-of-the-art, platinum is the best electrocatalyst for the ORR, with sufficiently
high activity and durability in acid media[20]. Nonetheless, the cathode still remains the major source of
losses in efficiency, due to sluggish ORR and due to poor mass-transport properties when the cathode is

fed with air, while pure H; is used on the anode side[2].

The utilization of Pt is limited by its high cost, but also by the limited resources of Pt in the world.
Therefore, according to the US Department of Energy (DOE), the target of total Pt loading (both cathode
and anode) is required to be below 0.125 mg per cm? of geometric area of the MEA, in 2020 [21]. Reducing

the Pt loading and keeping similar performance is a great challenge for all scientists around the globe.
Three possible ways to introduce platinum in the electrocatalyst are:

1) Pure platinum electrocatalysts (Pt particles, nanorods, nanowires, thin films, etc)[22]
2) Core-shell metal-platinum (de-alloyed, monolayer, hollow particles, etc)[23,24]

3) Platinum alloyed with a non-precious metal (with Ni, Co, Cu)[25-27]

Pure platinum catalysts can give the best structure control and stability in acidic media. Another axis of
research involves the formation of extended Pt thin film areas (2D) on different supports, to benefit from
the much higher intrinsic activity of extended 2D area of Pt while still having a nanometric Pt film thickness

and unsupported Pt foams.[28,29]
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Platinum alloyed with one or several non-precious metals [30] can show improved ORR catalytic activity
per mass of platinum. However, the acid-stability of these systems under operating conditions is still a
challenge. Core-shell platinum catalysts have demonstrated high potential as ORR catalysts with high ORR
activity per mass of Pt and are relatively stable in acidic media, which can be a good compromise between

performance and durability.

While all these approaches can significantly reduce the amount of Pt per kW of rated electric power of a
PEMFC in the near future, it is still desirable to fully replace Pt-based electrocatalysts by earth-abundant
elements. Even with ca 20 times less Pt in the catalytic converter of an internal combustion engine today
than in a SoA PEMFC automotive stack, the Pt worldwide production (mostly, South Africa) just meets the

demand for Pt from the automobile, catalysis and jewellery industries[31-33].

3.2 Catalysts free of platinum-group-metals

At present time, platinum-based catalysts are the only commercially available option for PEMFCs. The
replacement of platinum-group metals (PGM, comprising the elements Pt, Ir, Rh, Ru, Os, Pd) by Earth-
abundant elements has been a long-standing quest.[34] The highly acidic medium of PEMFCs however
restricts the library of substitution materials. Major progress has recently been reported with catalysts
synthesized via the pyrolysis of transition metal (Fe, Co), nitrogen and carbon precursors. This class of
catalysts was discovered firstly in 1965 by R. Jasinski [35]. Jasinski used an unpyrolyzed cobalt
phthalocyanine as a potential cathode catalyst in alkaline electrolyte. This work was followed by that of
Janke et al., who made a revision and proposed a heat-treatment of Ns-metal chelates in order to achieve
better electrical connection with the carbon support, and also better stability in alkaline media[36]. Since
then, a major progress was made by developing synthesis resorting to the pyrolysis of separate sources of
the transition metal (Fe and Co), nitrogen and carbon sources, and high electrochemical activity was
achieved with pyrolyzed FeNC catalysts in 2009[37]. It was also identified that the microporous surface

and/or volume in FeNC catalyst is positively correlated with their activity [19,39-42].

The nature of the active sites formed during pyrolysis has been a topic of intense debate since the
pyrolysis approach started. However, with some synthetic approaches, the complete conversion of the Fe
precursor into atomically-dispersed FeNy active sites has been achieved, with no formation of Fe
aggregates (metallic, carbide, oxide), that are not or much less ORR active in acidic medium.[38] The
spectroscopic investigation of such model catalysts has allowed unambiguously demonstrating that

atomically-dispersed FeNy sites are formed during pyrolysis of separate Fe, N and C precursors, leading to
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a Fe coordination very similar to those existing in Fe phthalocyanine and porphyrin [38,39]. Figure 7 shows
for example the identification of the structure of active sites in FeNC catalyst pyrolysed in argon, by

comparison of calculated XANES spectra of different hypothetical site structures and the experimental

XANES spectrum of a model FeNC catalysts comprising only FeNy sites.
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Figure 7: Comparison between the K-edge XANES experimental spectrum of FeqsNC (black dashed
curves) and the theoretical spectrum calculated with the depicted structures (solid red curves). a, FeN4Cio
moiety. b, FeN2.2Cs+4 moiety. ¢, FeN4C1, moiety. d, FeN4C1, moiety with one O, molecule adsorbed in end-
on mode. e, FeN4C;; moiety with two O, molecules adsorbed in end-on mode. f, FeN4C1; moiety with one
0, molecule adsorbed in side-on mode. The brown sphere represents an iron atom, whereas blue, grey

and red spheres identify nitrogen, carbon and oxygen atoms, respectively (reprinted from ref [38])
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Due to the low-cost of 3d transition metals compared to Pt, this type of catalyst is very promising to
use in PEMFC. However, in order to successfully replace Pt with non-noble catalysts, the latter should fulfil

several requirements:

- Provide a power density equivalent to Pt-based catalysts in an operating fuel cell

- Demonstrate a sufficient stability in an operating fuel cell.

The laboratory at which this PhD thesis has been carried out, ICGM, team Aggregates Interfaces and

Materials for Energy (AIME), has played a key role in advancing such materials.[37,40,43—-45]

Due to the low cost of Fe & Co vs. Pt, the key figure for Metal-N-C catalysts is the activity normalized
by the overall mass of catalyst. The latter is proportional to the thickness of the cathode active layer,
dictating in turn the accessibility of active sites by the reactants. Since Metal-N-C catalysts typically
comprise 95 % C and N, their mass activity is a measure of the packing of metal-based ORR active sites in
a N-doped carbon matrix. At high metal content however, the parallel formation of ORR-inactive or less
active metal-based particles along with the most active sites (MN«C, moieties, M = Fe, or Co) restricts the
density of such active sites. A key figure for Metal-N-C catalysts is their mass activity, or volumetric activity,
at 0.8 V vs. RHE[34]. The conversion from mass to volumetric activity is carried out with the apparent
density of Me-N-C catalysts in a cathode layer, ca 0.4 g cm™ (25 um thick electrode for 1 mg cm™)[34]. The
current target for the volumetric activity of non-PGM catalysts adopted by the USDOE is 60 A cm?
measured at 0.8 V in H,/0, PEMFC conditions, or 165 A cm™ at 0.8 V from the extrapolation of the Tafel
kinetic regime observed at higher potential[46]. With a catalyst having a volumetric activity of 60 A cm?3,
a 100 um-thick cathode is expected to produce 0.6 A cm™ at 0.8 V, if the cathode is not limited by O,
diffusion or conduction of protons/electrons. While volumetric activities (extrapolated from the Tafel
slope observed at higher potential) of 99 and 230 A cm™ have been reported[37,40], the highest current
densities measured at 0.8 V in H,/0, PEMFC have been ca 0.2 A cm[40]. Even stronger deviation between
the performance expected from the high ORR activity and measured performance has been observed for
air operation, with maximum current densities at 0.4-0.5 V in the range of 0.35-0.45 A cm™ only[41,47].
This impedes a practical replacement of Pt by of non-PGM catalysts in PEMFC, due to increased cost of

other components, and increased stack volume for a given PEMFC electric power output.

4. Positioning of the PhD thesis work

Research on Metal-N-C catalysts is intense since 2009 due to the breakthroughs reported in their ORR

activity and initial PEMFC performance.[37,40,48,49] While many groups have hitherto focused on
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improving their ORR activity and rationalizing the factors that control it, few efforts have focused on
improving the mass transport properties of their catalytic layers. Resorting to thicker layers for MNC

catalysts ensues from their lower volumetric activity versus Pt/C catalysts.[34]

The use of metal organic frameworks (MOFs) as a sacrificial source of N and C for preparing MNC
catalysts was firstly reported in 2011 [40,50]. The approach of Liu’s group leaned on the transformation of
a microporous cobalt-based zeolitic imidazolate framework (ZIF), namely ZIF-67, into a CoNC catalyst via
pyrolysis [50]. For preparing FeNC catalysts from MOF, a Zn-based ZIF (ZIF-8) was used for the first time in
2011 by Dodelet’s group[40]. ZIF-8 was mixed with Fe(ll) acetate and 1,10-phenanthroline and pyrolyzed,
resulting in a highly active FeNC material with dramatically increased PEMFC performance at 0.6 V (circa x
2, [40]). A modified synthesis of FeNC from ZIF-8, Fe(ll) acetate and 1,10-phenanthroline was established
in 2015, leading to a model catalyst comprising only atomically-dispersed iron sites[38,51]. This model
catalyst is used in this PhD thesis work as a reference, and labeled reference FeqsNC. The XANES spectrum

of that reference is shown in Figure 7.

The high surface area of the starting ZIF-8 porous material and of the N-doped carbon matrix derived
from the pyrolysis of ZIF-8 are important factors for its successful use as a sacrificial MOF for preparing
FeNC, while the Zn cations present in the ZIF-8 structure can be conveniently removed to a very large
extent during pyrolysis, due to the low boiling point of zinc (907°C). The highly active FeNC catalyst derived
from ZIF-8 and reported in Ref. [40] is however still strongly limited by mass-transport at high current
density, as seem from the deviation from the Tafel law at the volumetric current of 10 A cm?, i.e. at the
current density normalized per geometric area of cathode of circa 0.1 A cm™. The laboratory in which this
PhD thesis was performed, ICGM-AIME, showed before the start of this PhD work that nano-sized MOFs
are templated during pyrolysis in Ar into nano-sized FeNC catalytic particles, with improved local mass-
transport properties.[51] Recent data from ICGM demonstrate that poor utilization of the active sites in
thick FeNC layers is not intrinsic to this class of catalysts, but also applies to thick layers comprising ultralow
contents of platinum nanoparticles. Unpublished results shown in Figure 8 demonstrate that Pt-based
catalysts suffer from the same mass-transport limitations when Pt nanoparticles are deposited in low
amounts (few wt %) on carbon black, simulating the low density of Fe-based active sites in FeNC materials.
Comparing curves 1 and 2 in Figure 8, similar ORR activity at 0.85 V is observed due to identical Pt loadings
(40 pge: cm?) but the spatial dilution of Pt in the electrode corresponding to curve 2 (1% Pt/C) leads to a
five-fold increase in electrode thickness and a dramatic decrease of current density at 0.5 V from 2.7 to

0.9 Acm™. Moreover, the polarization curve for our reference FeNC catalyst (Fe(ll) acetate, phenanthroline
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and ZIF-8, pyrolyzed in Ar at 1050°C) at a total loading of 4 mg cm™ (curve 3) is similar to curve 2. In
conclusion, Pt- and Fe-based sites lead to similar mass-transport limitation at high current if the volumetric

ORR activity and thickness are similar for both electrodes.

Radically improving the electrode architecture with current FeNC materials to result in a dramatically
enhanced power performance with 50-100 um-thick electrodes was the starting point of the ANR project
CAT2CAT (From catalysts to cathodes: a controlled-architecture approach for PEMFC electrodes catalyzed
by Earth-abundant metals) and for this PhD thesis. Dramatic improvement in performance at high current
density might thus be reached with current FeNC materials if O, diffusion though the layer and also inside
the individual catalytic particles is improved, while retaining high proton and electron conduction through

the cathode active layer.
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Figure 8. Experimental demonstration of mass-transport limitations; Curve 1: 5 wt % Pt on carbon black
at total loading 0.8 mgpi.c cm™ (40 pge: cm™), Curve 2: 1 wt % Pt on carbon black at total loading 4.0 mgpy.c
cm (40 pgp: cm™), Curve 3: FeNC with 3 wt % Fe at total loading 4.0 mgresnsc cm™. Measured at 80°C, 1
bar gauge pressure, 100% RH, O, & H,, 0.5 mgp: cm™ at anode.

Previous approaches for controlling the architecture of PEMFC cathodes have involved for example 2D
arrays of vertically-aligned multiwall carbon nanotubes (MWCNT), with active sites being either Pt

particles,[52-54] nitrogen or FeNy functional groups, [55,56]. Improved mass-transport of Pt-decorated
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vertically-aligned MWCNT over classical ink derived cathodes was demonstrated, with increased current
from1.1to 1.4 Acm2at0.4 Vinair. [53] Transfer of 2D arrays of alighed CNTs onto a membrane is however
a risky step during MEA fabrication. Not only may the tube alignment and structure porosity be broken
during the process, but protrusion of tubes into the thin membrane is a danger. This is especially true for
the cathode thickness targeted for non-PGM catalysts (50-100 um), thicker than the PEM membrane (20-
25 um).

Thus, while some works have demonstrated the correct operation in PEMFC of such 3D structures for
Pt-based electrocatalysis, there is to date no convincing demonstration for non-PGM electrocatalysis of
ordered cathode structures in PEMFC. The concept of ordered non-PGM cathode has till now been
demonstrated only in liquid electrolyte and at very low current density,[55-57] which cannot show the

benefit expected for a PEMFC where the diffusion of O, occurs via the gas phase.

The recent work by Liu's group on co-electrospun polymer and ZIF-8 has led to high power performance
in 02 but regular performance in air (2 bars O, or air, 80°C, 100% RH), 1.8 and 0.3 A cm? at 0.5V,
respectively.[58] The collapse of the structure after pyrolysis and non-self-standing nature of the electrode
probably explains the poor air-performance. That work highlights however the great potential of this
fabrication method but also the need for in-depth optimization and characterization, as proposed in this
thesis project. Other recent works that resorted to electrospinning for synthesizing FeNC materials have
led to catalytic powders. While some of the catalysts made by electrospinning have shown decent ORR
activity in rotating-disk electrode at pH 1 or 13,[48,59—-61] no other work has implemented such catalysts

or structures in PEMFC, where mass-transport issues are critical in order to reach high power performance.

5. Application of electrospinning for the preparation of electrodes

The performance of electrodes in PEMFC depends on two main factors:

a) the density of active sites (sites per cm? of electrode), or active area (cm? per cm®) where
the electrochemical reaction occurs
b) the mass- and charge-transport of gas to and from the active sites across the porous

electrode[62,63].

The design of porous and hollow nanostructures is important to obtain high surface areas, or micro or

macroporous level and a high density of electrochemically-accessible active sites. Particularly, carbon is
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exceedingly used as a support for fuel cells or active material due to its high electrical conductivity

combined with low cost and sufficient stability in specific electrochemical potentials.

Carbon nanofibers (CNFs) are very promising materials for the fabrication of electrodes for fuel cells
due to their high aspect ratio and the possibility to assemble CNFs in unique 3D web structures with high
macropore volume between the fibers. In order to avoid slow Knudsen diffusion regime in gas-diffusion

electrodes for fuel cells, high porosity within electrodes is critical.

A very efficient and upscalable approach to prepare a CNF network is via the electrospinning and
carbonization of a polymer solution [64,65]. The electrospinning process can lead to mechanically stable
fibrous electrodes and through-plane electric conductivity materials that can be used as free-standing
electrodes, that was already proved by studies on supercapacitors [66—68], batteries[69,70], vanadium

redox-flow [71], Li-O; batteries [72] and fuel cells [73-75].

This approach can maximize the macropore volume of the electrodes and also simplify the fabrication
process. A standard electrospinning system is shown on Figure 9. During the process, the viscous polymer
(e.g. polyacrylonitrile (PAN)) solution passes through the needle as a jet, resulting from the high voltage
applied between the needle and the drum collector. When this high voltage is initially applied, the intensity
of electric field increases and a droplet of polymer solution elongates under those forces to form a conical
shaped, referred commonly as Taylor cone. After reaching a critical value, the cone emits a solution jet.
Solvent evaporates during the flight of jet to the collector, and as result an ultra-thin polymer fiber is
formed on the collector. By rotating the cylindrical drum collector and by horizontally moving the needle,

a self-standing mat of polymer fibers can be obtained.
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Figure 9: Graphical representation of the electrospinning process (reprinted from ref [76]).

The resulting fiber mat is subjected to at least one thermal treatment in order to be converted into a

conductive CNF mat [77].

Different factors can influence the mechanical, electric and morphological properties of the CNF webs:
the nature and molecular weight of the polymer precursor, the concentration of the latter in the
electrospun solution, the nature of the solvent, environmental factors (humidity and temperature),
process parameters (applied voltage, needle diameter, tip-target distance, pump rate etc) and the thermal

treatment conditions applied to the polymer fiber mat.

In this work, the electrospinning technique has been used to prepare Fe- and N-doped carbon
nanofibers derived from polymer fibrous precursor to be used as PEMFC non-platinum self-standing
cathodes. The subsection below is a literature review of the application of the electrospinning to prepare

CNFs as support of Pt nanoparticles for PEMFC application.

5.1 CNF supports for electrocatalysts derived from electrospun polymer fibers

PAN was used first to prepare CNFs via electrospinning in the 1990’s. At present time, many other
polymers have been used to prepare CNFs, such as polyvinylalcohol (PVA), polybenzimidazole (PBI),
polyvinylidene fluoride (PVDF), polyacrylic acid (PAA), polyvinylpyrrolidone (PVP) and polyimide(PI)[78—

82]. Although numerous research work has been done, PAN is still the most used polymer for
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electrospinning because of the high carbon yield and high mechanical rigidity of CNFs obtained after the

thermal treatment of PAN.

As mentioned above, every electrospun polymer nanofibers needs at least one thermal treatment
(called carbonization) to obtain a conductive carbon fibrous structure. PAN needs an additional step in the
process, usually called stabilization and which consists in a first step in air at a temperature of 150-280 °C,
allowing a cyclisation of the initially non-aromatic polymeric structure (Figure 10). After this step, the
stabilized PAN fibers undergo a thermal treatment at high temperature (> 900°C) in inert atmosphere in
order to obtain partially planar sp? structure of carbon. The graphitization extent can be controlled by the
temperature of pyrolysis, but usually the carbon is quite amorphous (similar to carbon black) up to

temperatures of 1200°C.

280 °C 1000 — 3000 °C
1 h. 1°C/min 1 h. 5 °C/min
\ \
—— ——
N \N/ N/ N/

Figure 10: Polyacrylonitrile stabilization and carbonization process (reprinted from[83])

This intermediate stabilization step is not needed for other polymer precursor mats, however, this can

affect the rigidity of the resulting CNF fibers and as consequence, their use as self-standing mats.

Another polymer precursor-derived CNFs that will be used in this work is cross-linked PBI. The chemical-
cross-linking is widely used for example in the preparation of PBI-based polymer electrolyte membranes,
in order to increase the mechanical strength and dimensional stability of PEMs. The use of a cross-linking
agent is beneficial, as the resulting polymer precursor mat becomes more rigid and also insoluble in the
majority of solvents. The cross-linking reaction can be triggered via the introduction of molecular cross-
linkers in the polymers fibrous mat and the application of light, heat or pressure. [84] The cross-linking
molecule can be introduced in the polymer solution before electrospinning [85-87] or used after the
electrospinning via impregnation in liquid or vapor solution [88,89]. In this work, PBl was doped by a,a’'-
dichloro-p-xylene (DCX) in the electrospun solution and then cross-linked under 150° C in air , a
methodology developed in the ICGM-AIME laboratory previously [90]. The cross-linking reaction is

illustrated in Figure 11. Such reinforcement leads to resulting polymer mat being insoluble in DMAc and
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DMF that can be beneficial for the further immersion in these solvents in order to prepare self-standing

electrodes for the PEMFC.
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Figure 11: Graphical representation of the cross-linking of PBI by a,a’-dichloro-p-xylene agent

(reprinted from [91])

The Pt-based catalytic sites can be introduced on CNFs with different methods. For example, pre-
existing Pt/C catalyst powders were introduced in the electrospun solution, containing also a carrier
polymer, leading to highly active nanofiber electrodes for fuel cells[92,93]. The main reason for using CNFs
as support for electrocatalysts for fuel cell and other energy storage devices is increased macroporosity of
the active layer, resulting from the highly anisotropic shape of CNFs. A secondary reason is the alleged
improved corrosion resistance of CNFs over the regular carbon black supports. Some of previous works

used CNFs as an alternative support for platinum nanoparticles [94,95].
5.2 Self-standing carbon nanofiber mats as electrocatalyst supports

Hitherto, the vast majority of the studies have not used the self-standing CNF mat derived from the
electrospinning and pyrolysis process itself as an electrode support for Pt nanoparticles (or other active
nanoparticles), but have first broken the self-standing mat by separating the CNFs. Self-standing
electrospun CNF webs were however recently investigated in other energy storage devices than PEMFCs,
such as supercapacitors and batteries[78,96,97]. A first step towards the preparation of self-standing
electrodes for PEMFC was reported by our group in 2017[73]. In that work, ORR-active platinum particles

were electrodeposited on CNF webs, in order to obtain active electrodes with tunable morphology. The
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research was followed by Chan et al in 2018. That group deposited Pt nanoparticles on a PAN-derived self-

standing CNF electrode structure, and reported interesting MEA performance in PEMFC [75,98].

One drawback of CNFs as a support for Pt nanoparticles but even more so for the integration of a high
number of FeN, sites (with the most active sites in FeNC catalysts being located in the micropores of the
N-doped carbon support) is their usually low BET area, due to the lack of porosity inside the CNFs derived
from a polymer fiber comprising a single polymer precursor. This internal porosity is important to increase
the number of FeNy active sites, but also to increase the reactant mass transfer from outside the CNFs to
the sites located inside the micropores. In a nutshell, it is important to control both the macroporosity of
the 3D electrode, but also the microporosity inside the CNFs. Microporosity might be introduced by the
addition of organic or inorganic porogens inside the polymer fibers during the electrospinning process
itself [65,72,99—-102]. Typical porogens that have been used to prepare CNFs with high BET area are PMMA,
PVP and Nafion itself (Figure 12). The use of such porogens with PAN has been reinvestigated in this PhD
thesis (chapter 1). Alternatively, a 3D electrode structure with both macro- and microporosity can be
prepared by using polymer fibers and MOF nanocrystals. It is known that the latter are transformed into
highly microporous carbon domains during pyrolysis. Different approaches for the combination of polymer

fibers and MOF nanocrystals were investigated in this PhD thesis (chapters 2 to 4).
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Figure 12: Possible organic porogens investigated in the literature in combination with PAN to prepare

CNFs with internal porosity inside CNFs: a) PMMA, b) PVP and c) Nafion.

6 Objectives of the PhD thesis

The starting idea of the present PhD thesis work is that the fabrication of 50-100 um thick cathodes
with improved mass-transport properties and combined with reasonably high volumetric activities for a
FeNC catalyst have the potential to significantly improve the power performance of FeNC cathodes under

air operation, compared to the state-of-art. The PhD thesis project therefore leans on a paradigm shift
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where it is realized that we do not necessarily need higher ORR activity (measured at 0.8-0.9 V vs. RHE, a
region of potential at which the current density produced is only controlled by electrochemical kinetics)
for FeNC catalysts but improved accessibility of their active sites, in order to increase the current density
produced at operating fuel cell voltages of 0.5-0.6 V. Improved accessibility might be achieved with

improved electrode structures.

Attempts to improve the architecture with high macroporosity and percolating paths for electrons and
protons has therefore been studied in this PhD thesis work, resorting to the electrospinning technique to
prepare self-standing FeNC electrodes. While the laboratory at which the PhD thesis has been carried out
had already a long experience in the application of electrospinning for the preparation of proton exchange
membranes, conductive metal-oxide fibers as durable supports for Pt particles [103,104] and PAN-derived
CNF webs[105], however, the application of electrospinning for the preparation of self-standing FeNC
electrodes (or even of FeNC powder catalysts) had not been studied at the laboratory before the start of

this PhD thesis.

It is recognized that an ideal FeNC cathode should have a bimodal structure with micropores hosting
active sites[19] and macropores allowing Fickian diffusion of 0,.[106] Combining these properties is
difficult with the conventional approach for MEA fabrication, involving the preparation of catalytic ink
from powder FeNC catalyst and a Nafion solution, then sprayed or deposited on a Nafion membrane or
Gas diffusion layer (GDL). The objective was thus to develop an integrated approach of cathode fabrication
that will move from the synthesis of FeNC catalyst powders based on metal-organic-frameworks (MOFs,

ZIF-8 in particular) to the preparation of self-standing FeNC cathodes.

The main approaches involving electrospinning that have been studied in this PhD thesis to prepare
self-standing FeNC cathodes are illustrated in Figure 13. Figure 13a depicts the one-pot approach whereby
an Fe salt precursor was introduced in the polymer solution, electrospun and then pyrolyzed, leading to a
self-standing CNF web with Fe-based active sites. Figure 13b shows a second approach, where a synthesis
of Fe-doped MOFs was first developed, resorting to the encapsulation of ferrocene inside the cavities of
zeolitic imidazolate frameworks during their formation. These ferrocene-doped ZIFs (ZIF-8 and SIM-1)
were first studied separately from any electrospinning process, in order to optimize the ORR activity of
FeNC powder catalysts derived from them by pyrolysis. Then, the optimized ferrocene-doped ZIFs were
used in the context of the electrospinning process. Figure 13c and 13d illustrate how the ferrocene-doped

ZIF nanocrystals were grown on electrospun polymer fiber webs. The latter were prepared from different

29



polymers (PAN and PBI) and functionalized or not with zinc, as seeds for the crystalline growth of the Zn-
based ZIFs investigated in this work (ZIF-8 and SIM-1). Figure 13c shows the concept of growing ferrocene-
doped nanocrystals on zinc-functionalized polymer fibers, while Figure 13d shows the concept of growing
ferrocene-doped ZIFs on raw polymer fibers. The seeding of ferrocene-doped nano-MOFs on a preexisting
3D architecture of polymer fibers is a key step toward the preparation of self-standing FeNC cathodes. The
pyrolysis of such an “electrode precursor” resulted into a FeNC cathode, that then further needs to be

functionalized by a proton-conducting ionomer before testing in PEMFC.

a) One-pot approach: Microporous active FeNC AT b) Ferrocene-doped MOFs
polymer + Fe salt (chapter 1) inks (chapter 2)

B

Self-standing FeNC with
internal microporosity

N w

z§§§$ Self-standing MOF-derived A
.—_j—'ﬁ/N FeNC cathodes
=

c) MOF growth on Zn-
coated polymer
electrospun suppaort
(chapter 3)

d) MOF growth on polymer
nanofibrous support
(chapter 4)

Figure 13: Scheme of the main approaches investigated in this PhD thesis for preparing self-standing
FeNC cathodes: a) one-pot co-electrospinning of an Fe-salt precursor, a polymer and an additional porogen
leading to self-standing FeNC electrodes with intra-fiber porosity after pyrolysis, b) intermediate study on
the optimized encapsulation of ferrocene in the MOF cavities during ZIF crystallization, leading to ORR-
active FeNC powder catalysts after pyrolysis, c) application of approach b) to prepare self-standing FeNC
cathodes by the growth of ferrocene-doped ZIFs on a zinc-functionalized polymer fibrous web (PAN),
leading to self-standing FeNC electrodes after pyrolysis, d) application of approach b) to prepare self-
standing FeNC cathodes by the growth of ferrocene-doped ZIFs on raw polymer fibrous web (PAN or cross-

linked PBI), leading to self-standing FeNC electrodes after pyrolysis.

During the PhD thesis, performed in the frame of the ANR project CAT?CAT, the synthesis of ZIFs with
controlled size & shape grown on various surfaces was studied by IRCELYON (specialist in MOF synthesis
on various substrates, including carbon) while the preparation of self-standing 3D FeNC electrodes and

their testing in RDE and PEMFC were developed at ICGM-AIME.
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The first approach described in chapter 1 was dedicated to the preparation of CNFs with internal
microporosity, obtained by co-electrospinning of PAN with a porogen agent (organic or inorganic). The
fibers were pyrolyzed in argon at 1000 °C and then subjected to ammonia activation at 900 °C. The
resulting fibers with highest internal microporosity were down-selected for the preparation of FeNC
electrodes. The latter were prepared via electrospinning PAN, two down-selected porogens and three
different Fe salts, and pyrolyzed in argon at 1000 °C and ammonia activated at 900 °C. Those electrodes

were electrochemically characterized in RDE.

Chapter 2 was a first step toward the goal of the second approach of the thesis work and was done in
collaboration with IRCELYON and LEPMI. The MOFs was firstly synthesized by IRCELYON, and then
pyrolyzed and characterized at ICGM-AIME. The electrochemical activity in ORR of resulting catalysts was

also verified by LEPMI laboratory in Grenoble, the third partner of the CAT?CAT project.

Chapter 3 was also a result of collaboration between IRCELYON and ICGM-AIME. The self-standing
electrodes were prepared via the growth of ferrocene-doped SIM-1 on different polymer mats. Also the

effect of Zn-coating for MOF growth was investigated in this chapter.

The last chapter was dedicated to the design and optimization of self-standing FeNC electrodes
prepared by the growth of ferrocene-doped SIM-1 and ZIF-8 on different polymer mats, prepared by
electrospinning and this work was fully done by ICGM-AIME laboratory with a collaboration with master 2

student Alexandre Heitz.
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1.1 Introduction

In this chapter, the first objective was the formation of self-standing CNF webs with intra-fiber porosity.
Intra-fiber porosity is necessary to form a high number of Fe-based ORR active sites when a Fe precursor
is added. The addition of Fe salt to the electrospinning solution was studied in a second step, only after
the identification of synthetic approaches leading to porous CNFs. The CNFs were derived from
electrospun PAN, resorting either to pre-synthetic and/or post-synthetic approaches in order to create
porosity inside the fibers. PAN was selected for its relatively high melting point, high carbon yield and
facility to be electrospun [1]. For the pre-synthetic approach, various hard (ZnCl;) and soft templating
agents (PMMA, PVP, Nafion®) were co-electrospun with PAN. For the post-synthetic approach, NH3
pyrolysis was applied to CNF webs derived from electrospun porogen-PAN solutions. The resulting CNF
webs were characterized for their properties relevant for electrochemical applications, including not only
mass-specific surface area and porosity but also morphology, structure, composition, and electrical

conductivity.

Then, the most interesting approaches leading to CNF webs with intra-fiber porosity were applied to
prepare self-standing FeNC cathodes via one-pot approach, simply by incorporating an optimized amount
of Fe salt in addition to the other precursors in the electrospinning solution. The resulting self-standing

electrodes were electrochemically characterized in a RDE setup.

Two main strategies have been investigated previously to prepare porous carbon fibers by
electrospinning, one in which a porogen is introduced in the electrospinning solution and which results in
biphasic polymer-porogen fibers, and another in which the plain CNFs are subjected after their synthesis
to a reactive chemical (gas or solid). In the former case (labelled pre-synthesis), the carbonization of the
biphasic polymer fibers leads to the selective removal of the porogen during the temperature ramp-up,
resulting in CNFs having either a closed or open porosity. In the second case (labelled post-synthesis), the
selective etching of less-organized carbon domains in the CNFs by the reactive chemical may result in the
formation of open pores from the outer surface of CNFs and inwards. However, if the carbon structure of
the CNF is homogeneous, the reactive etching may simply result in a thinning of the CNF, without the

creation of internal porosity.

For the pre-synthetic approach, the electrospinning technique allows introducing various porogens in

the polymer precursor solution, whereby the porogen acts as a hard or soft template during the
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subsequent carbonization step. Most studied hard templates for preparing CNFs are preformed
nanoparticles or nanostructures (silica [2,3], nano-CaCOs [4]) that generate porosity upon their removal
with chemical or/and thermal treatment. The hard template approach allows control of the size and
morphology of the pores while minimizing undesired chemical reactions between the template and the
carbon structure [5]. Hard templates can also form during the carbonization treatment itself, as is the case
when introducing metal salts (e.g. Co(NOs); 6H,0, (Ni(CHsCOO),, ZnCl,) in the electrospun polymer
solution. The transition metal salt form metallic or metal oxide particles (e.g. Co, Ni, ZnO), which then
serve as porogen, and in some cases, as a catalyst for enhanced graphitization of the CNF formed from the
polymer precursor carbonization [6—10]. Other templates including Prussian blue analogues [11] and metal
organic frameworks [12—14] have been used in conjunction with polymer precursors, conferring both
porosity and heteroatom doping to CNFs obtained by electrospinning and carbonization. Sacrificial
polymers or organic molecules such as polymethyl methacrylate (PMMA) [15-19], polyvinylpyrrolidone
(PVP) [20,21], poly(ethylene oxide) [22], Nafion® [23], polysulfone [24], polystyrene [25], poly-L-lactic acid
[26] and beta-cyclodextrin [27] can also be spun together with the main carbon precursor (any polymer
forming conductive carbon with high yield during pyrolysis), allowing the formation of porous CNFs upon
their removal by solvent or thermal treatment. Different kinds of templates can further be combined to
produce hierarchical porosity, which is crucial for the transport of different species (ions, gases, liquids) in
the electrodes of various electrochemical devices. For instance, the combination of PVP with Mg salts
[9][28] gave rise to hierarchical meso- and microporosity inside CNFs prepared by electrospinning. For the
post-synthetic approach, various chemical activations have been investigated to create porosity in
preformed CNFs. Immersion of CNFs in concentrated KOH solutions followed by a treatment at high
temperature is a recognized approach. [29,30] Other more direct approaches consist in re-pyrolyzing the

CNFs but in a reactive atmosphere, such as steam [30,31] or ammonia [32].

While a number of studies on CNFs prepared by resorting to either a pre-synthetic approach involving
a given porogen and given carbon precursor or a post-synthetic approach, few studies have compared the
figure of merits of different porogens in otherwise identical preparation conditions for CNFs, and even less
studies have reported on the combination of i) porogen-PAN electrospun solution and ii) a post-synthetic

treatment to further increase intra-fiber porosity.
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1.2 Preparation of CNFs from PAN and a porogen
To prepare reference CNFs, PAN (M,=150,000 g mol?, Sigma-Aldrich) was first dissolved in N,N-

dimethylformamide (DMF, pure, Carlo Erba) for 12 hours at 50 °C (10 wt% PAN concentration), then the
solution was cooled to room temperature. The polymer fibers were then electrospun at 20 °C and
collected on a drum rotating at 100 rpm (Spraybase®). The distance between the tip of the needle (22
gauge) and the collector was 10 cm, and the voltage of 13 kV (Auto-Reversing High Voltage Power Supply
Spellman CZE1000R, West Sussex, United Kingdom) was applied to obtain a stable Taylor cone. The flow

rate was kept as a constant 1 mL h* (syringe pump KDS 100 Legacy Syringe Pump, KD Scientific)

The obtained PAN-based fibers were submitted to stabilization and carbonization to give rise to carbon
materials [33,34]. In particular, the electrospun PAN fibers were treated in air at 150 °C for 2 hours with
heating rate 2.5 °C min™, and then at 250 °C for 3 hours with heating rate 2.5 °C min™. The stabilized
nanofibers were finally carbonized at 1000 °C (ramp rate 5 °C min™) for 2 h under flowing argon
atmosphere. After 2 h at 1000 °C, the heating was stopped and the sample cooled down naturally to room
temperature under flowing Ar. The obtained CNFs are labelled PAN1o-CNF, the scalar 10 standing for the
wt% PAN in DMF solution.

To prepare biphasic polymer fibers comprising PAN, the porogen was solubilized or dissolved in a
PAN/DMF solution. The investigated porogens are PMMA (Sigma-Aldrich,M, = 15,000 or 120,000 g mol™),
PVP (Sigma-Aldrich, Mw ~ 1,300,000 g mol?), Nafion® (NR50, Sigma-Aldrich) and zinc chloride (ZnCl
anhydrous, >98 % purchased from Alfa Aesar). For PMMA and ZnCl,, the PAN and/or porogen
concentration in DMF was varied, since the introduction of the porogen had an obvious influence on
rheological properties of the solution and morphology of the electrospun polymer fiber web. Table 1
details the investigated compositions of the electrospun solutions. Such biphasic polymer fibers were
stabilized in air and carbonized in flowing Ar in the exact same conditions as described above for pure-PAN
based fibers. For the preparation of FeNC electrodes in this chapter, a given amount of Fe salt was added
in the PAN/porogen/salt polymeric solution, as noted in Table 2. The same procedure was then applied for

the stabilization step in air and pyrolysis in argon as described above for preparing the Fe-free CNFs.

Chemical activation of selected CNFs was performed by applying a flash pyrolysis in flowing pure
ammonia gas at 900 °C. Unless otherwise indicated, the pyrolysis duration in ammonia was 15 minutes.
The resulting materials are identified by their label ending with ACNF (activated CNF), instead of CNF for

non-activated material.
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The morphology of the polymer fibers and/or CNFs was investigated by field emission-scanning
electron microscopy (FE-SEM) using a Hitachi S-4800 microscope. Data analysis and fiber diameter
distribution were performed using an image processing software Image J 1.48 v (U. S. National Institutes
of Health). CNFs were analyzed by transmission electron microscopy (TEM) using a JEOL 2200FS (Source:
FEG) microscope operating at 200 kV equipped with a CCD camera Gatan USC (16 MP). For TEM cross-
sectional analysis, a microtome was used on resin-encapsulated sample and slices were deposited on

carbon-coated copper grids (Agar Scientific).

Surface area and porosimetry of the samples was analyzed with N> physisorption with a Tristar I
Micromeritics instrument at 77 K. Prior to analysis, all samples were outgassed overnight at 120 °C under
vacuum. The resulting isotherms being of type | according to the IUPAC classification, BET plots were drawn
below the relative pressure of 0.1 from the adsorption branches and employed to evaluate the BET specific
surface (Sger). The alpha-plot method was utilized to determine the mesoporous (Vmeso) and microporous
volumes (Vmicro) as well as average pore diameter (dyore). C, H, N, O elemental analysis was performed with
a Vario MICRO Element Analyzer. Raman spectra were recorded on a LabRAM Aramis IR2 Horiba Jobin
Yvon spectrometer equipped with a He/Ne laser (A = 633 nm) and a long work distance objective x 50. The
spectra were fitted with five bands using Origin software (OriginLab Corporation). The in-plane electrical
conductivity of self-standing CNF webs was measured using a 2400 Keithley in a 4-electrode configuration
on a5 x40 x 0.05 mm carbon electrode strip in a Fumatech MK3-L cell operated in the current range 0-

100 mA.

The in-plane electronic conductivity was measured using a 4 probe cell (Fumatech) with 4 electrodes.
The CNFs were cut into pieces of 4 x 1 cm and attached to electric tape. The measurement was carried out

using Keithley’s Series 2400 Source Measure Unit at room temperature.

The electrochemical activity towards ORR was determined in RDE setup. For RDE measurements on the
fibrous free-standing electrodes (FSE), the latter were cut out with a punch as circles of 0.196 cm?,
matching the size of the glassy carbon (GC) tip used for the RDE setup, with diameter of 5 mm. The FSE
was then attached on GC by placing it onto the GC and adding a drop of Nafion perfluorinated resin
solution (5 wt% in lower aliphatic alcohols and water, Sigma-Aldrich) on top of the FSE. The typical weight
of FSE electrodes for electrodes resulted in a different catalyst loading, described in section 1.5. The RDE
experiment was performed in 0.1 M aqueous solution of H,SO4. The working electrode was glassy carbon
electrode (Pine research), rotating speed was 1600 rpm and all RDE data was measured with a BiolLogic

Potentiostat SP-300. In order to remove air from the large pore volume of FSE the preliminary
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chronoamperometry at 0.2 V/RHE was applied with rotating speed of 1600 rpm in same solution). Cyclic
voltammetry scans were acquired between 0 and 1 V/RHE (v = 5 mV s for nitrogen-saturated solutions
and v = 2 mV s* for oxygen-saturated solutions). All solutions were nitrogenated or oxygenated for 15

minutes each.

For RDE measurements on the grinded FSE, 10 mg of grinded FSE was added to 108.5 uL of Nafion
perfluorinated resin solution (5 wt% in lower aliphatic alcohols and water, Sigma-Aldrich), 300 uL of
ethanol (absolute, Sigma-Aldrich) and 36.5 plL ultrapure water 18 MQ. The prepared ink was ultra-
sonicated for 1 h at 25 °C and 8.8 uL were then deposited on the GC tip and dried in air, resulting in a

catalyst loading of 1.0 mg/cm?.

1.3 Characterization of porogen-PAN fibrous webs after carbonization in argon
The characterized materials are labelled as Porogenx-PAN,-CNF, with x standing for the wt% of porogen

in the electrospun solution, y the wt% of PAN in the electrospun solution, and CNF indicating the pyrolysis

was performed in argon (see labels in Table 1).

Table 1. Composition of the PAN/Porogen electrospun solutions and labels of the resulting CNFs and

ACNFs. The DMF amount in the electrospun solutions was (100 - porogen wt% - PAN wt%).

Porogen (M) Porogen | PAN CNF label (after carbonization carb(i)[\rlmli:zgat?s:\(iiffrrand
Wt Wt in Ar) NHjs activation)

none 0 10 PAN1o-CNF PAN1o-ACNF

PMMA (15,000) 2 8 15kPMMA;-PAN3s-CNF 15kPMMA,-PANg-ACNF

PMMA (120,000) 4 6 120kPMMA4-PANg-CNF -

PMMA (15,000) 2 8 15kPMMA;-PAN3s-CNF -

PMMA (120,000) 4 6 120kPMMA,4-PANg-CNF -

PVP 5 10 PVPs-PAN1o-CNF PVPs-PAN1o-ACNF

Nafion” 2 8 Nafion,-PANs-CNF Nafion,-PANs-ACNF

ZnCl, 1 10 Zn1-PAN10-CNF -

ZnCl; 3 10 Zn3-PAN1o-CNF -

ZnCl; 5 10 Zns-PAN1o-CNF -

ZnCl; 7 10 Zn7-PAN1o-CNF Zn7-PAN1o-ACNF

49




Table 2. Composition of the FeNC from PAN/Porogen/Salt ACNFs. The DMF amount in the electrospun

solution was (100 - porogen wt% - Fe salt wt% - PAN wt%)

Porogen Fe salt CNF label (after carbonization in Ar and then
Porogen Fe salt
wt% wt% NH;3 activation)
ZnCl;, 7 FeAc 0.5 Zny-FeAcos-PAN1o-ACNF
7 FeAcAc 0.5 Zn7-FeAcAcos-PAN1o-ACNF
7 FeCls 0.5 Zn7-FeCls.05-PAN1o-ACNF
7 FeAc 1 Zny-FeAci1-PAN1o-ACNF
7 FeAcAc 1 Zny-FeAcAci1-PAN1o-ACNF
7 FeCls 1 Zn;-FeCls.1-PAN1o-ACNF
7 FeAc 2 Zny-FeAc,-PAN1o-ACNF
7 FeAcAc 2 Zn7-FeAcAc,-PAN1o-ACNF
7 FeCl; 2 Zny-FeClz,-PAN10-ACNF
PVP 5 FeAc 1 PVPs-FeAci-PAN10-ACNF
5 FeAcAc PVPs-FeAcAci-PAN1o-ACNF
5 FeCl; 1 PVPs-FeClz.1-PAN1o-ACNF

As a reference, the CNF web prepared only from PAN was characterized (labelled PAN1o-CNF). The
resulting CNF web was self-standing and flexible, as already reported by us [35]. The morphology of PAN1o-
CNF was investigated by SEM and TEM. The material is randomly oriented cylindrical fibers (Figure 14a)
with an average diameter of 200 nm (Figure 15a). Such fibers are smooth and dense, as demonstrated by
the TEM cross-section in Figure 16a. According to the latter image and to previous reports [36], the
porosity and specific surface area developed by such fibers is very low (ca 20 m? g), mainly attributed to
the outer surface area of the fibers, with no internal porosity. The nearly flat N, adsorption isotherm

demonstrates the lack of porosity inside the fibers (Figure 18).

In order to create internal porosity within fibers, a range of porogens were added to the precursor PAN
solution prior to electrospinning, as described in the experimental methods. The investigated polymer
templates (PMMA, PVP, Nafion®) were selected for their relative stability and rigidity. They are known to

be stable up to 250 °C in air, conditions used during the stabilization step. When heated to much higher
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temperature in inert gas, they decompose and form mainly volatile products, thereby acting as porogens,

while PAN decomposes also but is converted to carbon in high yield.

The results obtained with PMMA are discussed first. PMMA of two different molecular weights (15,000
and 120,000 g mol?) and in different ratio to PAN (2:8 and 4:6) was added in the electrospun DMF-based
solution. Those ratios were selected on the basis of a previous study on PMMA-PAN composite fibers [36].
In all the cases, the addition of PMMA resulted in CNFs with slightly smaller average diameter (compare
Figure 14b and 14a) than for the reference PAN1o-CNF web (average diameter of 175 nm, see Figure 15b),
but with otherwise practically identical features and properties (Figure 17). Figure 14b depicts the sample
15kPMMA,-PANg-CNF as an example. The decrease in fiber diameter is most probably due to the lower
concentration of PAN in the electrospun solution relative to the reference PAN1o-CNF (8 vs 10 %), and was
also expected due to the change in precursor viscosity already observed upon addition of this polymer
[37]. The developed porosity is clearly visible on the cross-sectional TEM micrograph (Figure 16b), where
pores of 10 nm of average diameter appeared within the fibers. The modification of the preparation
parameters (higher molecular weight for PMMA, or different PMMA:PAN ratio) did not have significant
effects on the obtained morphology and porosity (Figure 17). The question whether the formed porosity

is open or closed is discussed later.
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Figure 14. FE-SEM micrographs of: (a) PAN1o-CNF; (b) 15kPMMA,-PANg-CNF; (c) PVPs-PAN1o-CNF; (d)
Nafionz—PANg—CN F; (e) an-PANlo-CN F; (f) an—PANm—CN F,' (g) Zn5—PANm—CN F,' (h) Zn7—PAN10—CNF; Scale bar

corresponds to 6 um.
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The results obtained with PVP porogen are now discussed. A PVP:PAN ratio of 5:10 was employed
(sample labelled PVPs-PAN;10-CNF). In these conditions, carbon fibers with considerably greater diameter
compared to the reference PAN1o-CNF (average diameter of 750 nm) (Figure 14c, 15c) were obtained. This
can be attributed to a modification of the viscosity of the electrospun solution, affected by the presence
of PVP aggregates and consequent decrease in chain entanglement. The pores generated inside the CNFs

presented an average size around 3 nm (Figure 16c).
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Figure 15. Histograms of the fiber diameter distribution for: (a) PAN1o-CNF; (b) 15kPMMA,-PANg-CNF;
(C) PVPs-PANm-CNF; (d) Nafionz—PANg—CNF; (E) an-PANlo-CNF,' (f) Zna-PANlo-CNF,‘ (g) Zns-PANlo-CNF; (h)

Zn7-PAN1o-CNF.
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The third polymer template investigated was Nafion® perfluorosulfonic acid. It has been previously
demonstrated to be effective in creating nanoscale porous domains inside carbon nanofibers [34]. In this
work, its addition to PAN (sample labelled Nafion,-PANs-CNF) resulted in the formation of thin carbon
fibers (average fiber diameter is 180 nm) (Figure 14d, 15d). The CNF webs has also obviously a higher
density of fibers (compare Figure 14d and 14a), which is beneficial for improved conductivity and
mechanical stability. The fibers have a well-developed internal porosity, as shown by TEM analysis of the
cross-sections, Figure 16d. A homogeneous distribution of pores with 4 nm size can be observed within

the CNF structure.

Figure 16. TEM micrographs of: (a) PAN1o-CNFs; (b) 15kPMMA,-PANs-CNF; (c) PVPs-PAN1o-CNF; (d)
Nafionz—PANg—CNF; (e) an-PANlo-CNF; (f) an-PANlo-CNF,' (g) Zn5—PAN10—CNF; (h) Zn7—PAN10—CNF.
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15kPMMA,-PANg-CNF 120kPMMA

Figure 17. TEM micrographs of PAN CNFs prepared from PAN and PMMA by carbonization in argon and,

for a selected CNF, after an additional activation step in ammonia (labelled ACNF).

Finally, the inorganic template precursor ZnCl; was investigated. The presence of ZnCl, may allow the
formation of pores during the ensuing stabilization and carbonization steps in air and in argon,
respectively, with the following mechanism: during the stabilization step, hydrated chloride hydrolyzes
and forms an oxychloride, from which zinc oxide forms creating microporosity by etching carbon atoms
[10]. FE-SEM characterization of Figure 14e-h showed that increasing the ZnCl, concentration in the
electrospun solution from 1 to 7 wt% (samples Zn;-PAN1o-CNF, Zn3-PAN1o-CNF, Zns-PAN1o-CNF, Zn7-PAN10-
CNF) the diameter of the carbon fibers increased tremendously from 300 to 700 nm (Figure 15-h). It is
known that solution conductivity affects fiber uniformity. The high conductivity of the PAN/ZnCl; (13:0.25)
solution was reported to lead to instability in the electrospinning process with the formation of large fibers
and bundles as a cotton-like 3D deposit [38]. However, the reverse has also been observed: increasing the
conductivity through the addition of salt may produce finer, more uniform fibers, resulting in an increased
elongational force exerted on the fiber jet [39]. Indeed, other reports on the electrospinning of ZnCl,/PAN
solutions showed that the average diameters of the obtained CNFs gradually decrease from 350 to 200

nm with increasing zinc chloride content from 1 to 5 wt% [10].

Another particular feature of CNFs derived from electrospun ZnCl,/PAN solutions is the formation of
progressively larger fiber bundles with increased Zn salt concentration (see Figure 14g-h in particular). This

phenomenon was already observed for PAN/polystyrene mixtures, where the template not only acted as
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sacrificial decomposable phase, but also controlled the formation of these architectures [40]. In the TEM
micrographs of the cross-sections of Zni-PAN31o-CNF, Zns3-PAN1o-CNF, Zns-PAN1o-CNF, Znz7-PAN1o-CNF

samples (Figure 16e-h), no pores are visible inside the fibers.
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Figure 18. Selected N, adsorption-desorption isotherms of carbonized and NHs-activated CNF webs

(ACNF). The carbonized web obtained from PAN-only is also shown as a reference (PAN1o-CNF).

Except for the latter Zn-PAN-CNF samples, all other CNFs derived from polymer/PAN solutions
containing the sacrificial polymers presented pores visible by TEM in the mesoscopic range, in agreement
with previous works.[15,16,18,23,41] The nitrogen adsorption/desorption isotherms of all the investigated
CNFs showed however very low Sger values (below 20 m? g?, see * in column 2 of Table 3), almost

unchanged compared to the reference PAN-CNFs (Table 3).
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Table 3. Textural properties of carbonized (CNFs) and ammonia-activated (ACNFs) polymer fibers.

CNFs ACNFs

Fiber precursor Sger, m2 gl Sger, M2 Vineso, CM? Vimicro, CM3 doore,

1 Ceer 1 1

g g g nm

PAN1o 20 n/a* - - -
15kPMMA,-PANg 35 450 3034 0.0599 0.1243 2.9
120kPMMA,-PANg n/a* 645 2410 0.0877 0.1669 1.9
15kPMMA,-PAN6 n/a* 360 2927 - 0.1006 0.5
120kPMMA,-PANs n/a* 410 3324 0.0083 0.1177 0.8
PVP5-PAN1o 3 325 2012 - 0.0941 1.8
Nafion,-PANs n/a* 535 1993 0.1166 0.1327 2.4
Zn;-PANy n/a* 680 1986 0.0791 0.1814 1.6
Zn3-PAN1o n/a* 570 1707 0.0721 0.1614 2.5
Zns-PAN1o n/a* 865 1791 - 0.1982 1.5
Zn7-PAN1o n/a* 1083 3558 0.0980 0.3098 1.4

*Sger<3m?g!

This result, apparently in contrast with the micrographs of Figure 16 showing pores of different size in
the prepared CNFs and in contrast with previous reports using the same templates and similar synthesis
conditions [15-19,23], demonstrates that the obtained porosity is closed, and not accessible from outside
the CNFs. This observation may be due to the partial collapse of the percolating porous network formed
during the thermal removal of the template or porogen.[23] As a result, free-standing porous fiber webs
are obtained, with closed porosity and low surface area. The latter is assigned only to the outer surface
area of plain and smooth CNFs with diameters in the range 150-700 nm, depending on the porogen used.
The appealing approach of using a soft or hard template added during the preparation step of
electrospinning seems therefore ineffective in creating open porosity. The conditions necessary to reach

an open porosity are shown later in this study.
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Relevant properties for electrochemical applications are the graphitic character and the related
electrical conductivity of the carbon based electrode materials. To investigate them, Raman spectroscopy
and four-electrode method were used to characterize the carbon nanofiber networks prepared in this
work. In particular, the modification of this properties upon the different steps of preparation was studied.
The Raman spectra of all CNFs prepared with different porogens (Figure 19) present two intense and
broad bands, the so-called D band at 1357 cm™ ascribed to defects and disorder in the graphitic structure
and the so-called G band at 1560 cm™ corresponding to the in-plane vibration of sp?>-bonded carbon in
graphite. The spectra were fitted with more contributions, namely the D4 band, ascribed to sp3-carbon
(1180 cm™), the D3 band (1500 cm™) associated with an amorphous sp? carbon bonded in the graphitic

phase and the D2 band (1580 cm™) corresponding to graphitic lattices in the structure (Figure 20)[42].

2D pvP_-PAN,-CNF
Nafion,-PAN,-CNF

zZnCl, -PAN, -CNF

Intensity

15kPMMA, -PAN -CNF]
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Figure 19. Raman spectra of CNFs (after carbonization).
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Figure 20. Example of deconvolution of a Raman spectrum of CNFs (PAN1o-CNF) by using Gaussian and

Lorentzian curves (Voigt).

The relative intensities of the D and G bands (Ip/lc) as well as the relative areas (Ap/Ag) are often used
to estimate the degree of graphitization of carbon materials [28,43]. The lower the Ip/I¢ ratio, the higher
is the level of crystalline sp?-carbon [44,45]. The Ip/ls and Ap/Ag values obtained after deconvolution of the
spectra of all CNFs derived from the carbonization of porogen/PAN solutions are summarized in Table 4.
It is evident that the addition of polymer or inorganic salt porogen did not significantly influence the
graphitization of the carbon fibers. Similar Ip/l ratios were obtained for reference PAN1,-CNFs and the
other CNF webs. Their values between 1.8 and 2.7 demonstrate that the fibers are composed by
disordered carbon (due to the relatively low carbonization temperature of 1000 °C) with local graphite

inclusions (turbostratic domains) already evidenced for electrospun CNFs [11,28,36,46].
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Table 4. Relative areas and intensities of D and G bands (Ip/ls, Ao/Ag) in the Raman spectra after

carbonization in Ar (CNF) and after a subsequent activation in ammonia (ACNF).

CNF ACNF

Fiber precursor
Aoy/s lo/a Aoy/s lo/c
PAN1o 3.01 1.83 2.95 1.86
15kPMMA,-PANg 4.73 2.45 3.06 1.88
120kPMMA,-PANg 4.59 2.02 5.00 2.39
15kPMMA;-PAN6 3.24 2.20 3.78 2.08
120kPMMA,-PAN,4 3.14 1.86 3.76 2.02
PVPs-PAN1o 4.69 2.09 3.21 2.28
Nafion,-PANg 5.34 2.77 2.52 2.33
Zn1-PAN1o 4.40 2.43 4.65 2.49
Zn3-PAN1o 6.34 2.40 9.61 2.56
Zns-PAN1o 4.24 2.57 2.30 1.88
Zn7-PAN1o 6.54 2.39 3.06 1.89

The electrical conductivity of the CNFs prepared by electrospinning, determined directly on the self-
standing CNF webs, are consistent with the partial graphitic character evidenced by Raman spectroscopy.
Except for the fibers prepared using zinc chloride as porogen precursor, which show significantly lower
conductivity, all CNF networks present similar conductivity values around 6-9 S cm™ (Table 5), which is in

agreement with previous results obtained on PAN based electrospun materials [35,36,47]
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Table 5. In-plane electrical conductivity and elemental content of all CNF webs and selected ACNF webs.

CNF ACNF

Fiber precursor | Conductivity C N 0] Conductivity C N 0]
Scm? wt% wt% wt% Scm? wt% wt% wt%
PAN1o 6.6 66.8 5.6 17.5 3.8 78.4 7.0 7.8
15kPMMA,-PANg 8.8 75.8 5.5 111 1.9 77.8 5.8 6.7
PVPs-PAN1o 9.7 76.2 2.2 10.9 4.8 78.8 7.0 8.2
Nafion,-PANs 7.0 74.3 5.5 16.0 2.4 70.3 5.5 9.6

Zn;-PANyq 1.1 70.3 5.2 14.6 - - - -

Zn3-PAN1 0.8 71.5 4.6 17.1 - - - -

Zns-PAN1 33 61.2 6.8 20.9 - - - -
Zn7-PAN1o 0.8 68.1 2.5 19.2 0.3 71.3 6.1 11.3

The carbon fibers prepared from ZnCl,-PAN, fibers demonstrated very low conductivity, between 3.3

and 0.8 S cm™. The graphitic structure being the same for all the samples as indicated by the Raman study,

this decrease in conductivity from the pristine CNFs may be ascribed to the microstructure of the ZnCl,-

PAN-CNFs in which, due to ZnCl; removal, electron paths are likely disrupted. Furthermore, its particular

morphology with fibers forming large bundles can affect the inter-fiber/inter-bundle connection

(decreased number of connection points) and thus the electron transport.

1.4 Characterization of porogen-PAN fibrous webs after carbonization and NHs

activation

The post-treatment with ammonia at high temperature is a conventional approach to create porosity

in carbon-based materials by etching, which can also introduce nitrogen functionalities on the surface [56].

The mechanism for the formation of both pores and nitrogen groups is based on the reaction of ammonia

with carbon. This gasification reaction continuously occurs during NHs pyrolysis and react with surface




carbon atoms forming volatile compounds such as HCN [48][49]. When the reaction between ammonia
and carbon occurs at different rates on the surface (due to carbon structure heterogeneity), increased
porosity is obtained. When the ammonia pyrolysis is stopped, nitrogen atoms that were reacting with
carbon surface atoms at that moment remain on the surface, with different environments including amino,

cyanide, pyrrolic, pyridinic and quaternary nitrogen groups [50,51].

S-4800 x5.00k Y 5.90Um

Figure 21. FE-SEM (left side) and cross-section TEM (right side) micrographs of PAN1o-ACNF fibers.

We first subjected the reference electrospun carbon nanofibers PAN1-CNF web to treatment under
pure flowing ammonia at 900 °C [52]. The resulting activated nanofibers (ACNFs), labelled PAN1o-ACNFs,
did not present significant modification of their average diameter (200 nm) nor of their porosity, which
was non-existent as shown by TEM cross-section (Figure 21). As a consequence, specific surface area

determined from nitrogen adsorption/desorption isotherms remained low (Table 3)

Due to the low surface area obtained with the porogen/PAN template method after carbonization in
Ar, as described previously, and the low surface area obtained with ammonia activation on pure PAN-
derived CNFs, the combination of the two approaches was then investigated as a last attempt to develop
high specific area. All CNF webs that had been prepared by porogen/PAN templating and carbonized in Ar
(labelled CNF) were then further activated in flowing ammonia gas in the same conditions as for PAN1o-

ACNF.

N, adsorption-desorption measurements were performed to characterize their porosity and specific
surface area (Table 3 and Figure 18). Figure 18 clearly shows that ACNF webs adsorbed a significantamount
of N, the three polymer porogens resulting in intermediate adsorbed volumes and the ZnCl, porogen
resulting in the highest adsorbed volumes. The isotherms of the different ACNF webs are of type | and/or

type Il according to IUPAC classification, which indicates that fibers presented an overall microporous
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structure, as well as mesopores. With Nafion® as a porogen, significant hysteresis of type H4 is observed
during desorption, closing at P/Po = 0.45. This is assigned to mesopores with bottleneck shape, which may
be related to the existence of Nafion® polymer aggregates in the electrospinning solution [53,54], while
other polymers were fully dissolved. In the case of microporous structures, the BET energetic constant
(Ceger, related to the energy of adsorption of the first layer of N, adsorbate on the carbon surface) is
expected to be higher than the usual value expected for mesoporous carbon structure as seen in Table
3[55]. The values of the specific surface area, meso and micropore volume as well as average pore

diameter of all ACNF webs are summarized in Table 3.

The specific surface area of all ACNF webs ranges from 325 to 1083 m? g?, the maximum value

corresponding to ZnCl;-PAN1o-ACNF, while the average pore size was comprised between 0.5 and 2.9 nm.

The carbon fibers derived from PMMA-PAN solutions presented surface areas between 360 and 645
m? g, The specific area increased by increasing the molecular weight of the sacrificial polymer from 15,000
to 120,000 g mol™ and by decreasing the PMMA:PAN ratio from 4:6 to 2:8. The carbon fibers derived from
the PVP-PAN solution with PVP:PAN ratio of 5:10 presented a surface area of 325 m? g. This is comparable
to the BET value obtained with PMMA in high ratio to PAN (4:6), and may also be increased if the PVP:PAN
ratio had been further optimized (lowered). The carbon fibers derived from Nafion®-PAN solution with
Nafion®:PAN ratio of 2:8 presented a surface area of 535 m? g?, also comparable to the SBET value
obtained with PMMA:PAN ratio of 2:8 (450 and 645 m? g, depending on PMMA molecular weight). The
carbon fibers obtained from ZnCl,-PAN solutions showed a Sger value of 680 m? g? already at a low
ZnCl;:PAN ratio of 1:10, further increasing with increasing amounts of ZnCl,:PAN ratio from 3:10 to 7:10.
Due to the high value of 1083 m? g'! measured for the carbon fibers obtained using a ZnCl,:PAN ratio of
7:10 and for the regular ammonia activation duration of 15 min at 900 °C, the effect of the duration of
activation was performed for this sample, at the same temperature of 900 °C. It is noted that the ammonia
pyrolysis was performed in flash mode [56], (sample heated from room temperature to 900 °C in circa 1-
1.5 minute), which allows very precise control of the pyrolysis duration down to 5 min. To stop the
pyrolysis, the quartz tube was immediately removed from the split hinge oven. The results are depicted in
Figure 22. The specific area was already high only after 5 minutes of ammonia activation, with a slightly
increased value for increased duration up to 20 minutes. The optimal duration was considered at 15
minutes, corresponding to a best compromise between highly developed area and retained sufficient
mechanical resistance. A longer treatment of 20 minutes led to an increased fragility of the carbon web,

limiting its utilization as a self-standing electrode.
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Figure 22. Effect of the duration of ammonia activation at 900 °C on the mass-specific surface area (Sger)

of Zn7-PAN10-CN F.

Raman spectra recorded on activated fibrous webs were very similar to those obtained with carbonized
samples (Figure 23). The calculated Ip/l ratio (Table 4) were practically unchanged upon activation in
ammonia, demonstrating that the degree of graphitization was not significantly impacted by the ammonia

treatment.
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Figure 23. Raman spectra of porous CNFs after ammonia activation.

As already mentioned, ammonia activation usually leads to additional nitrogen doping of the carbon
[50,57]. In order to evaluate the introduction of nitrogen sites in the prepared ACNF webs, elemental
analysis was performed before and after the NH; treatment, for selected CNF webs (Table 5). The nitrogen
amount in the CNF derived from PAN only is around 5.6 wt% after carbonization (PAN1 row in Table 5,
CNF column), in agreement with previous reports and with the carbonization temperature of 900 °C. It is
known that the higher the pyrolysis temperature, the lower is the nitrogen content [1]. For the reference
PAN10-CNF, the nitrogen amount slightly increased to 7.0 % after ammonia activation, while a decrease in
oxygen content is observed. The latter effect is explained by selective etching of oxygen-containing surface
groups by ammonia. For PVPs-PAN;iy and Zn;-PANio, a circa 3-fold increase in nitrogen amount was
observed from CNF to ACNF webs, accompanied by a reduction in oxygen content [50]. All ACNF webs had

however comparable nitrogen amount, in the range 6.1 to 7.0 wt%.

While nitrogen doping, in particular via pyrolysis under ammonia (leading to highly basic nitrogen
groups), is interesting for some electrochemical applications such as supercapacitors or as oxygen-
reducing sites (in alkaline electrolyte in particular), the etching of some carbon mass during ammonia

activation results in carbon fibers with increased internal porosity and also possibly weakened inter-fiber
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connections, which may impact the mechanical stability of self-standing fiber webs and also their electrical
conductivity. The electrical conductivity of selected carbon fiber webs (one selected for each type of
porogen) was halved after the ammonia activation (Table 5). For example, it dropped from 6.6 t0 3.8 S cm”
! for the reference web derived from PAN only, and from 9.7 to 4.8 S cm™ for PVPs-PAN1,-CNF and PVPs-
PAN1o-ACNF, respectively. Interestingly, the fact that the conductivity decreased significantly even for
PAN1o-ACNF while such fibers have no open porosity, indicates that the decreased in-plane conductivity
cannot be assigned to the formation of open pores in the fibers. The decreased conductivity of carbon
fiber webs after ammonia activation may be due to the nitrogen doping itself (decreasing the intrinsic
conductivity of carbon) or weakened electrical contact at the nodes of the fibrous web (possibly due to
etching of carbon at the nodes). As already mentioned earlier for the series of Zn;-PAN1o-CNF fibers
subjected to various duration of activation in ammonia, activation longer than 20 minutes still resulted in
a self-standing web but with much increased fragility, which is directly related to the quality of the nodes

of the webs.

All these results lead to the conclusion that the open porosity in the PAN-derived CNFs resulted from a
two-step approach involving the combination of a template route with a chemical activation step. The
porogens incorporated in the electrospun PAN solution led first to carbon fibers with closed pores after
the carbonization in Ar. The closed pores could be opened and interconnected within the fiber upon a
post-treatment in ammonia atmosphere at high temperature. Other examples of etching in combination

with the use of porogens have been reported (e.g. water etching-assisted templating).[20]

The purpose of this work was the rationalization of an effective strategy to obtain CNF webs with high
porosity between fibers but also high specific area by introducing porosity inside the fibers for application
in electrochemical energy conversion and storage devices. While having this objective in mind, it is also
important to maintain the electrical conductivity of the self-standing CNF webs to sufficiently high values.
Typically, to be not limited by the conduction of electrons across an electrode, the electric conductivity
must be circa 100 times higher than the electrolyte conductivity. The results indicate that the approach
combining the introduction of templates and chemical activation led to open micro and mesoporosity
inside the fibers, while the electric conductivity was circa halved during the ammonia activation step. This
decrease in conductivity may be due to the removal of a fraction of the carbon from the bulk of the CNFs
during ammonia activation and/or the embrittlement of the interfibrous connection. In addition, when
the electrical conductivity of self-standing CNF ammonia-activated webs is plotted against their BET area,

a negative linear correlation is observed (Figure 24). The identification of such a correlation is useful to
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select the best compromise between conductivity and BET area, which will depend on the exact
electrochemical application and range of typical current densities produced by an electrode (in the order
of increasing current density : batteries < fuel cells < supercapacitors). With current densities < 10 mA cm-
2, the reported conductivities [56] are not a limiting factor in batteries, and thus any of the ACNF webs
could be selected. With current densities in the range 1-2 A cm™, fuel cells are more demanding in terms
of electron conductivity in the electrodes. By comparison, the effective proton conductivity in typical active
layer of PEMFC is only circa 1-2 S m™. Therefore, if the electronic conductivity through the active layer is >
20 S m? (0.2 S cm™), it should not be a factor limiting the porous electrode performance [58-61]. All
present ACNF webs could therefore be applicable for self-standing electrodes in e.g. PEMFCs. Last, in
electrochemical supercapacitors, the instantaneous current density can reach extremely high values of 10
A cm™ due to the non-Faradaic process, and electric conductivity requirements are therefore higher.
Moreover, the high electric conductivity requirement is accompanied by the high BET area requirement

[62], which are shown in Figure 24 to be antagonistic.
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Figure 24. Electrical conductivity versus specific surface area of the ACNF fiber webs. ® - PAN1o-ACNF;
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1.5 Electrochemical properties of self-standing FeNC electrodes derived from
PAN/porogen/Fe-salt

In the light of the results obtained with the different approaches for preparing porous CNFs from PAN,
the porogens PVP and ZnCl, were down-selected for the preparation of FeNC electrodes. Addition of PVP
leads to high electrical conductivity of ACNFs and interesting mechanical property, while ZnCl, leads to

ACNF webs with highest BET area (Figure 24).

Various Fe salts were investigated (iron acetate, iron acetylacetonate, iron chloride) and in different
amounts (Table 6). The synthesis procedure was identical as for the ACNF webs, except that a given
amount of Fe salt was added in the initial electrospinning solution (see sub-section 1.2). The concentration

of PAN in the solution was fixed at 10%.

The electrocatalytic properties of the prepared self-standing FeNC electrodes were measured with a
rotating disc electrode (RDE) in oxygen saturated 0.1 M H,SO4 and in nitrogen saturated 0.1 M H,SO4. The
results were then compared to the reference FeosNC powder catalyst deposited by ink method. This
catalyst was developed and investigated by previous research in our laboratory[63—65]. In this work the
reference catalyst preparation was reproduced from [63]. The scalar 0.5 in the catalyst name indicates the
wt% of Fe in the catalyst precursor before pyrolysis. All self-standing electrodes were die-cut to the circular
surface of 0.196 cm? and then attached on the working electrode (glassy carbon) by depositing a drop of
5% Nafion resin solution on top of the self-standing electrodes, with the glassy carbon tip positioned below
it. To better understand and to be able to compare the electrochemical activity of self-standing electrodes
relative to active layers prepared via ink deposition; it is important to estimate or measure the

corresponding loading of catalyst that is defined by the mass of catalyst per geometric area.

To simplify the reading of the results, the labels of the samples were simplified here, to avoid the wt%
of PAN, since all the electrochemically-tested samples were prepared with 10 wt% PAN. Table 6 represents
all samples that were analyzed in this subsection, as well as the theoretical quantity of Fe in the carbon

fibers and the geometric loading of fibrous materials, that was measured by weighing each electrode
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before addition of Nafion. The loading of FeosNC powder was 0.8 mg cm™. The thickness of every self-

standing electrode was ca 50-60 um.

Table 6: Loading and composition of FeNC self-standing electrodes, derived from PAN/Porogen/Fe salt

polymer solution

Fe salt
Fe content in
concentration
Sample precursor fibers before Loading mg cm™
in solution,
pyrolysis, mol%
wit%
Zn;-FeAcos -ACNF 0.5 0.16 0.25
Zn7-FeAcAco s -ACNF 0.5 0.079 0.25
Zn7-FeCls.o5-ACNF 1 0.17 0.7
Zn7-FeAcy -ACNF 1 0.32 0.25
Zn7-FeAcAc: -ACNF 1 0.16 0.5
Zn;-FeCls.; -ACNF 1 0.34 0.7
Zn;-FeAc; -ACNF 2 0.64 0.5
Zn7-FeAcAc; -ACNF 2 0.32 0.5
Zn;-FeCls.; -ACNF 2 0.68 0.7
PVPs-FeAc: -ACNF 1 0.32 1
PVPs-FeAcAc; -ACNF 1 0.16 1
PVPs-FeCls.1 -ACNF 1 0.34 1

Cyclic voltammetry was applied in N> —saturated solution and the results are presented in Figure 25.
The CV curves of Zn;-FeAcos-ACNF and Zns-FeAcAcos-ACNF electrodes (Figure 26a, red and black curves)
showed lower electrochemical capacitance than for the reference FeosNC layer (blue curve in Figure 26a).
This corresponds to smaller accessibility of catalytic particles and, as a consequence, a much lower ORR
activity is observed for those electrodes compared to the FeosNC layer (Figure 26a). The Zns-FeCls.os-ACNF
demonstrated significantly higher CV in N,-saturated electrolyte compared to Zn;-FeAcos-ACNF and Zn;-
FeAcAcos-ACNF electrodes (compare the green to the black and red curves in Figure 26a), and even higher
than the FeAco s reference layer. This improved capacitance is correlated with a relatively high ORR activity,

now quite close to that of the FeosNC layer (Figure 26a, green curve). The reversible peak at 0.77 V/RHE
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corresponds to the Fe?*/Fe®* redox couple (Figure 26a, green curve). Similar correlation between broad CV
curve measured in nitrogen saturated electrolyte and high ORR activity is visible also for Zn;-FeX;-ACNF
and PVPs-FeX;-ACNF (Figure 26 b, d and Figure 27 b,d). However, at even higher Fe content, no correlation
is seen between the broad CVs in nitrogen-saturated electrolyte observed for Zn;-FeX,-ACNF and the ORR
activity (Figure 26c¢). It is known in the field that excess iron before pyrolysis can lead to negative effects

due to formation of Fe particles instead of atomically dispersed FeNy sites.
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Figure 25: Cyclic voltammetry in N-saturated 0.1 M H,SO, of FeNC self-standing electrodes measured in a
RDE setup. a) 0.5%wt Fe-doped ACNF with 7%wt ZnCl, as porogen, b) 1%wt Fe-doped ACNF with 7%wt
ZnCl; as porogen, c) 2%wt Fe-doped ACNF with 7%wt ZnCl, as porogen, d) 1%wt Fe-doped ACNF with 7%wt

PVP as porogen.

The RDE measurements were performed for all samples described above and the results are presented

in Figure 26. All self-standing electrodes showed lower activity in ORR compared to the FeosNC layer,
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although  Zns-FeCls.05-ACNF,

Zn7-FeAci-ACNF,

Znz-FeCls.1-ACNF

demonstrated relatively

electrocatalytic activity compared to Zns;-FeAcos-ACNF and Zns-FeAcAco s-ACNF materials.
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Figure 26: ORR polarization curves in O,-saturated 0.1 M H,SO, of FeNC self-standing electrodes

measured in a RDE setup. a) 0.5%wt Fe-doped ACNF with 7%wt ZnCl, as porogen, b) 1%wt Fe-doped ACNF

with 7%wt ZnCl; as porogen, c) 2%wt Fe-doped ACNF with 7%wt ZnCl, as porogen, d) 1%wt Fe-doped with

7%wt PVP as porogen ACNF. The curves are compared to the layer prepared from an ink of the reference

FeosNC catalyst. The rotation rate was 1600 rpm.

Due to the different catalyst loadings for self-standing electrodes and the reference Fe0.5NC layer,

the curves were normalized by the catalyst loading, and the ensuing mass activity measured at 0.8 V vs.

RHE is presented in Figure 27 for all Zn;-FeX«-ACNF samples, and in Figure 28 for all PVPs-FeX;-ACNF
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samples. The most promising materials are Zn;-FeCls.0.s-ACNF, Zn;-FeAc:-ACNF, with mass activity of 0.88

Agland 0.84 A gl respectively.
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Figure 27: ORR mass activity for self-standing FeNC cathodes prepared from PAN and ZnCl,, measured
at 0.8 V vs RHE and comparison to the mass activity of the FeqsNC powder catalyst deposited as an ink.
The average activity and error bar was estimated from three independent measurements on three

different layers.
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Figure 28: ORR mass activity for self-standing FeNC cathodes prepared from PAN and PVP, measured
at 0.8 V vs RHE and comparison to the mass activity of the FeqsNC powder catalyst deposited as an ink.
The average activtiy and error bar was estimated from three independent measurements on three

different layers.

1.5.a Electrochemical properties of grinded FeNC electrodes derived from PAN/porogen/Fe-

salt

To verify that RDE measurements on self-standing FeNC electrodes give an accurate value of their ORR
activity and do not underestimate it (for example due to thick layers compared to active layers prepared
from inks, or due to poor electric contact with the glassy carbon support), the self-standing electrodes
with the highest mass activity (i.e Zns-FeClz.os-ACNF and Zns-FeAcAc,-ACNF) were manually grinded in the
mortar in order to obtain uniform FeNC powders. The latter still possess a fibrous structure (short fibers).
Catalytic inks were then prepared as for the FeosNC reference catalyst, and deposited on GC. The labels of
these new catalyst samples are Zn;-FeAcAc,-ACNFg and Zns-FeCls.o5-ACNF, respectively, g standing for

“grinded”. The RDE results are presented in Figure 29.
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The reversible peak at 0.77 V vs. RHE, related to the Fe?*/Fe3* redox couple, is visible in Figure 29a (CV
in nitrogen saturated solution) for all ink-derived layers and self-standing electrodes, while no such peak
is observed for the FeosNC catalytic layer. Furthermore, the CV curve for the FeqsNC catalytic layer is
narrow, but leads to the highest ORR activity (Figure 29b). Generally, the grinding of self-standing FeNC
electrodes and deposition as catalytic layer did not improve their CV nor ORR polarization curves,
compared to measurements performed on self-standing electrodes attached to the GC simply by a Nafion

drop.

The mass activity of grinded FeNC electrodes at 0.8 V vs RHE is 0.18 A g™ for Zn;-FeAcAc,-ACNF, and
0.28 A g for Zns;-FeCls.o5-ACNFg, respectively. There is a slight activity drop for Zn;-FeAcAc,-ACNF,
compared to Zns;-FeAcAc,-ACNF (0.12 A g™ vs 0.16 A/g ) but a huge activity drop for Zns-FeCls.o5-ACNFg
compared to Zn;-FeCls.o5-ACNF (0.28 A g vs 0.88 A g1, respectively). This leads to the conclusion that
manual grinding does not significantly improve the activity, and that the measurements made on the self-
standing electrodes are representative of the best achievable ORR activity with such electrodes. The
maximum ORR activity obtained with this approach for preparing self-standing FeNC electrodes remained

significantly lower than that obtained with a catalytic layer of a reference FeqsNC catalyst.
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Figure 29: Electrochemical characterization with a RDE setup of self-standing FeNC electrodes (dotted
curves) and grinded FeNC electrodes (solid curves) prepared from Fe salt, PAN and ZnCl2: a) CV in nitrogen
saturated pH 1 solution, b) ORR polarization curves in oxygen saturated solution of 0.1 M H,SOa. For b),

the rotation rate was 1600 rpm.
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1.6 Conclusions

The approach for preparing CNFs from the co-electrospinning of PAN with a secondary polymer or
inorganic porogen (PMMA, Nafion®, PVP, ZnCl,) resulted in CNFs with closed porosity after carbonization
in Ar. Subsequent activation in ammonia at 900 °C opened the closed porosity, resulting in high specific
surface area in the range of 325-1083 m2g™. The ammonia activation step systematically decreased the
electric conductivity of the carbon fiber webs by circa a factor of two-three. However, the remaining
conductivity is still sufficiently high for PEMFC application. Furthermore, a negative linear correlation

between electric conductivity of ammonia-activated ACNF webs and their BET area is revealed

Self-standing FeNC electrodes were then prepared via electrospinning PAN/porogen/salt solutions
(porogen = PVP or ZnCl,) followed by carbonization in argon and activation in ammonia. After Fe content
optimization, the highest ORR mass activity for a self-standing FeNC electrode prepared by this approach
was 0.88 A g?, versus 2.71 A g for the mass activity measured on an active layer prepared by ink
formulation of the reference FeosNC catalyst (prepared via pyrolysis in argon only). Taking into account
that ammonia activation leads to enhanced activity for FeNC catalysts, but highly unstable FeNy sites, this

approach was not further pursued.
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2.1 Introduction

In chapter 1, a first possible route towards the preparation of FeNC self-standing electrodes was
investigated. The Fe salt was introduced in the electrospinning solution comprising a polymer (PAN) as a
precursor of the C and N elements, as well as an optional porogen (a second polymer or ZnCl,), the Fe, N
and C elements all being required for forming FeN.C, ORR active sites during pyrolysis. This solution was
electrospun and converted via pyrolysis in Ar and then NH; into FeNC electrodes. The results obtained
using this “one-pot” approach were not satisfactory enough, and thus other methods to fabricate fibrous

self-standing FeNC cathodes were investigated.

One alternative route that can also be coined as a one-pot approach involves the use of a polymer
combined with a Fe-doped metal organic frameworks (MOF) instead of simply the Fe salt as Fe precursors.
MOFs, and in particular zeolitic imidazolate frameworks (ZIFs), are currently used to prepare via pyrolysis
the state-of-art FeNC powder catalysts[1-4]. In the electrospinning approach, the Fe-doped MOF particles
or crystals can thus be combined with the polymer in order to result in carbonized fibers with enhanced
porosity and increased number of FeNy sites in the carbon domains that are derived from the pyrolyzed
MOFs. Compared to the synthesis of powder FeNC catalysts however, one additional requirement
concerns the size of the MOF particles or crystals, which should be commensurate with the diameter of
the CNFs derived from the electrospun polymer. If the MOF particles or crystals are much larger than the

fiber diameters, they may not be integrated in the self-standing CNF structure.

In this approach, MOF nanoparticles or nanocrystals must first be synthesized, and then added to the
electrospinning solution. The intuitively optimum approach further leans on the synthesis of Fe-doped
nano-MOFs, so that Fe cations are already located on or inside the MOFs that are converted into an ORR-
active FeNC domain during pyrolysis, rather than adding separately an Fe salt and nano-MOFs into the

electrospinning solution.

Notably, Fe-doped ZIF-8 can first be synthesized and then introduced in the polymer solution in order
to obtain FeNC 3D electrodes. This method was also investigated in the ICGM-AIME laboratory and in the
frame of the CAT2CAT project [5]. In summary, nanosized Fe-doped ZIF-8 was synthesized and then co-
electrospun with PAN, pyrolyzed and investigated (after mild grinding) as ORR catalyst in RDE and also in
PEMFC. While reasonably high ORR activity was observed both in RDE and in H,/0O, PEMFC measurements,

structural characterization revealed that this approach resulted in a high fraction of Fe being converted to
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metallic iron and iron carbide species rather than into FeN sites. The formation of such Fe particles was
not observed when the Fe-doped nano-ZIF-8 was directly converted to an FeNC powder without using
electrospinning, and it was not observed when the PAN polymer was mixed to Fe-doped nano-ZIF-8 and

pyrolyzed (also without resorting to electrospinning).

It was thus concluded that the observed Fe agglomeration was intimately connected to the
electrospinning process, possibly as a result of the high voltage or due to high mechanical shear-stress
when the electrospun solution leaves the needle. The formation of Fe agglomerates is not only detrimental
to the number of active FeNy sites but also to the durability of FeNC electrodes, since metallic and metal-
carbide particles easily leach Fe out during operation in acidic medium, polluting the Nafion ionomer and

resulting in decreased proton concentration but also triggering Fenton reactions[6—8].

To overcome this challenge, another approach for the fabrication of FeNC self-standing cathodes with
electrospinning technique can consist in the separate preparation of a self-standing mat of polymer fibers
via electrospinning, followed by the crystalline growth of Fe-doped MOFs onto the polymer fibers. The Fe-
doped MOFs can be grown or deposited onto the fiber mat, exploiting for example the possibility of Zn?*
to coordinate with -C=N groups present on the surface of PAN fibers [9], or with imidazole groups present
in polybenzimidazole (PBI) fibers. In this approach, the polymer nanofibrous mats are prepared via
electrospinning and then immersed in a solution containing the MOF precursors (Zn?* and ligand) and the
Fe precursor. It is expected that this process can result in the crystalline growth of Fe-doped MOFs on the
polymer webs. Such self-standing structures can then be pyrolyzed to result in self-standing FeNC cathodes

with mostly FeNy sites, since the Fe precursors will not have been subjected to the electrospinning

conditions that are deleterious for the atomic dispersion of Fe.

In this chapter, the first step toward the development of self-standing electrodes via this approach was
undertaken, focusing on the synthesis and optimization of Fe-doped nano-MOFs. The optimized conditions

are then used for preparing Fe-doped nano-MOFs to be used via this approach (chapters 3-4).

Zeolitic Imidazolate Frameworks (ZIF) are a class of porous MOFs with extended 3D structures
constructed from tetrahedral metal ions, bridged by imidazolate (dimethyl imidazole linker) and
topologically isomorphic with natural zeolites[10]. They attracted significant attention due their special
network structure and flexibility (e.g tunable porosity) [11] in different fields, for example, gas

storage/separation [12], drug-delivery [13] or catalysis for ORR [4,11,14-16] and so on. ZIF-derived porous
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carbon structures also contain a rich nitrogen source in imidazole ligands, making this class of MOFs a

perfect candidate for FeNC catalysts with high ORR activity both in RDE and PEMFCs[17].

Substituted imidazolate material-1 (SIM-1) is a zeolitic imidazole framework that consists of ZnN4
tetrahedra linked by 4,5-imidazolecarboxyaldehyde. SIM-1 was firstly synthesized by the CAT>CAT project
partner IRCELYON [18] and is isostructural with the Zn-based ZIF named ZIF-8. The structure of both
materials is present in Figure 30. Those two materials are particularly interesting because of their cavity

structure. The pore size of ZIF-8 and SIM-1 is similar of 3.4 A and a cavity diameter is 11 A [19].

Figure 30: Cartoon representation of ZIF-8 and SIM-1. Reprinted from ref [20]

These properties allow ZIF-8 and SIM-1 to trap into its cavities Fe-based salt or even molecule, a nearly
ideal precursor in order to obtain ORR-active FeNC materials after thermal treatment [21]. One of suitable

Fe molecule for the encapsulation into SIM-1 or ZIF-8 cavities is ferrocene (Figure 31).

(>

Figure 31: Structure of ferrocene



Due to its small molecular size of 6.4 A [22], it is compatible with the target of encapsulation into the
cavities of the targeted MOFs [23]. The selected ferrocene doped SIM-1 and ZIF-8 samples were
investigated morphologically, texturally before and after pyrolysis, and eventually, electrochemically in
order to down-select the most promising ones and apply this synthesis for their growth on electrospun

polymer nanofiber webs (as described in more details in chapter 4).

2.2 Methodology

2.2.a Synthesis of Ferrocene-doped MOFs

In order to maximize the activity of Fe sites in the FeNC catalysts it is necessary to establish the optimum
guantity of Fe sites in catalysts. Too large contents of Fe can lead to the formation of highly graphitized
carbon structures during pyrolysis, where the quantity of FeNC sites is minimal[15,24—-26]. In other hand,
too small quantity of active Fe leads to insufficient ORR activity. The optimum content of Fe for FeNC
catalysts before pyrolysis is studied previously and is typically below 2-3 wt%. Therefore it is important to

optimize the Fe content in novel ferrocene-doped MOFs to achieve the best catalytic activity in ORR.

The precursors for growing Fe-doped SIM-1 were 4-methyl-5-imidazolecarboxaldehyde (99%, Sigma-
Aldrich), ferrocene (98%, Sigma-Aldrich), zinc nitrate hexahydrate (99%, Sigma-Adrich) as adopted

according to a literature report[27] .

The ligand was dissolved in 40 mL of ethanol at room temperature under magnetic stirring for few
minutes. The temperature of solution was raised to 60 °C then the ferrocene and zinc nitrate were added.
The molar ratio between imidazole ligand and zinc was 4:1; the quantity of doped Fe was set to 0.5; 1; 2;
5 and 10 mol % relative to Zn and the exact amount of used chemicals is presented in Table 7. The reaction
leading to the growth of Fe-doped MOF was stopped after 24 hours, when the resulting solution was
centrifuged at 10,000 rpm for 10 minutes and washed in ethanol. The centrifugation and washing was
repeated 4 times and then the resulting powder was dried for 24h at 80 °C. The resulting materials were

labelled as presented in Table 8, rows 2-6.
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Table 7: Mass of each chemicals used for the synthesis of Fe-doped MOFs

Zn/Fe mass 2- mass 4-methyl-5- mass mass
at. Ratio in | methylimidazole | imidazolecarboxaldehyde, | Zn(NOQOs), | FeCp,, mg
solution , 8 g , 8
0.5 - 1 0.682 2.1
1 - 1 0.682 4.2
2 - 1 0.682 8.5
SIM-1 5 - 1 0.682 21
10 - 1 0.682 42
0.5 2.322 - 2.1 6.7
1 2.322 - 2.1 13.6
ZIF-8 2 2.322 - 2.1 27.4
5 2.322 - 2.1 272

The precursors for growing Fe-doped ZIF-8 were 2-methylimidazole (99%, Sigma-Aldrich), ferrocene
(98%, Sigma-Aldrich), zinc nitrate hexahydrate (99%, Sigma-Adrich) and N-N-dimethylformamide (DMF,
99%, Sigma-Aldrich. [28] The imidazole ligand was first dissolved in 40 mL of ethanol at room temperature
using magnetic stirring for few minutes. After the heating for 140 °C, the ferrocene and zinc nitrate was
added to following solution. The molar ratio between imidazole ligand and zinc was 4:1; the quantity of
doped Fe was 0.5; 1; 2; and 5 mol % relative to Zn and the absolute mass that were used during synthesis

are presented in Table 7.

The reaction leading to the growth of Fe-doped MOF was stopped after 24 hours, when the solution
was centrifuged at 10,000 rpm for 10 minutes and washed in ethanol. The centrifugation and washing was
repeated 4 times and then the resulting powder was dried for 24 h at 80 °C. The resulting materials were

labelled as presented in Table 8, rows 7-10.
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Table 8: Composition and labels of the prepared Fe-doped MOFs and the resulting FeNC catalysts

Zn/Fe at. Fe-doped FeNC powder | Theoretical
ratio in solution MOFs catalysts (Fe/Zn)at
0.5 [Fe/Zn]osSIM | [Fe/Zn]osSIM-P 0.005
1 [Fe/Zn]iSIM [Fe/Zn]:SIM-P 0.01
SIM-1
2 [Fe/Zn],SIM [Fe/Zn],SIM-P 0.02
5 [Fe/Zn]sSIM [Fe/Zn]sSIM-P 0.05
10 [Fe/Zn]10SIM | [Fe/Zn]1SIM-P 0.1
0.5 [Fe/ZnlosZIF | [Fe/ZnlosZIF-P 0.005
1 [Fe/Zn]1ZIF [Fe/Zn]1ZIF-P 0.01
ZIF-8
2 [Fe/Zn],ZIF [Fe/Zn],ZIF-P 0.02
5 [Fe/Zn]sZIF [Fe/Zn]sZIF-P 0.2

2.2.b Preparation of FeNC catalysts from ferrocene-doped MOF precursors

The catalyst precursors described in 2.1.a, were pyrolysed at 1050 °C in flowing Ar for 1 h via a ramp
mode with a heating rate of 5 °C/min. After carbonization, the catalysts were manually grinded with a

mortar.

2.2.c Electrochemical characterization

Electrochemical activity towards the ORR and initial performance of the catalysts was determined with

a rotating disc electrode setup and in a single-cell laboratory fuel cell, respectively.

For RDE measurements, the ink was prepared by using 10 mg of grinded catalysts, 108.5 puL of Nafion
perfluorinated resin solution (5 wt% in lower aliphatic alcohols and water, Sigma-Aldrich), 300 uL of
ethanol (absolute, Sigma-Aldrich) and 36.5 uL ultrapure water 18MQ. The ink was ultra-sonicated for 1h
under temperature of 25 °C and then deposited on glassy carbon electrode with loading of 0.8 mg/cm? of

catalyst and dried under air. The RDE experiment was performed in 0.1 M aqueous solution of H,SO4. The
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working electrode was glassy carbon electrode (Pine research), rotating speed was 1600 rpm and all RDE
data was measured with a BioLogic Potentiostat SP-300. Cyclic voltammetry scans were acquired between
0 and 1 V/RHE (v = 5 mV s? for nitrogen-saturated solutions and v = 2 mV s for oxygen-saturated

solutions).
2.3 Results and discussion

2.3.a Morphology of Fe-doped MOF crystals

The Fe-doped MOF crystals were grown in the organic solution of imidazole, zinc nitrate and ferrocene
as described in 2.1.a and 2.1.b. The Fe/Zn ratio in solution and in the resulting ferrocene-doped MOF
materials were compared, and it showed that the amount of ferrocene that can be encapsulated in ZIF-8
tends to be limited, the system reaching its saturation at the ratio of Fe/Zn of 2.5 at%. Below this ratio, the
Fe/Zn ratio in solution predicts the ratio in the ferrocene doped ZIF-8, while above that ratio, the increase
in ferrocene /Zn ratio in solution does not lead to a proportionaly increased Fe/Zn ratio in the Fe-doped
ZIF-8 materials. For example, in order to synthesise ZIF-8 with an Fe/Zn ratio of 5 at %, it was necessary to
start with a Fe/Zn ratio of 20 in solution. For even higher ferrocene content, the synthesis of ZIF-8 with an
Fe/Zn ratio of 10 at % was never successful (results from ICELYON obtained in the CAT?CAT project). On
the contrary, with SIM-1, a 1-to-1 relation is observed between Fe/Zn ratio in solution and in the final

ferrocene-doped SIM-1 materials, up to at least 10 at% Fe/Zn.

Scanning electron microscopy (SEM) was performed to investigate the morphology of the resulting

MOF crystals, and their size distribution, before and after pyrolysis.

The morphology of [Fe/Zn],SIM structures prepared using different Fe/Zn ratios (see Table 8) is
described in Figure 32 before and after pyrolysis. For all Fe/Zn ratios, the crystals have same shape of
rhombic dodecahedra of micrometric sizes. The size of crystals of [Fe/Zn]osSIM is ranging between 2 and

7 um and this size dispersion is relatively similar for each Fe/Zn ratio, as can be seen in Figure 32.

After ramp pyrolysis at 1050 °C in Ar, the outer shape of the MOF crystals is, surprisingly, conserved for
[Fe/Zn]xSIM-P structures and the size of Fe-doped carbon particles remains relatively unchanged, in the
range between 2 and 7 um for [Fe/Zn]osSIM-P, 3-5 um for [Fe/Zn]:SIM-P, 1-3 um for [Fe/Zn],SIM-P, 2-4
um for [Fe/Zn]sSIM-P and 2-5 um for [Fe/Zn]1cSIM-P (Figure 32).
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Figure 32: FE-SEM micrographs of a) [Fe/Zn]osSIM, b) [Fe/Zn]osSIM-P (i.e after pyrolysis at 1050° C in Ar),
c) [Fe/Zn]:SIM, d) [Fe/Zn]iSIM-P, e) [Fe/Zn].SIM, f) [Fe/Zn],SIM-P, g) [Fe/Zn]sSIM, h) [Fe/Zn]sSIM-P, i)
[Fe/Zn]10SIM, j) [Fe/Zn]10SIM
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Figure 33 : MOF size distribution histogram before and after pyrolysis for SIM-1.



Figure 34 represents the FE-SEM micrographs of the [Fe/Zn].ZIF structures prepared with different
Fe/Zn ratio. Compared to [Fe/Zn]«SIM discussed afore, the [Fe/Zn]osZIF structures are micro-sized (ranged
between 2 and 6 um) and have a well-defined shape. The [Fe/Zn]iZIF structures are not only micro-sized
(with the size between 2 and 4 um) but also nano-sized particles can be seen (Figure 33, c). Also a bimodal
size distribution of crystals can be observed for [Fe/Zn],ZIF and [Fe/Zn]sZIF, which can lead to the

conclusion that ferrocene-doped ZIF-8 are represented by both micro- and nano-crystallinity.

Figure 34 : FE-SEM micrographs of a) [Fe/Zn]osZIF, b) [Fe/Zn]osZIF-P (i.e after pyrolysis at 1050° C in Ar),
c) [Fe/Zn)1ZIF, d) [Fe/Zn]1ZIF-P, e) [Fe/Zn],ZIF, f) [Fe/Zn],ZIF-P, g) [Fe/Zn]sZIF, h) [Fe/Zn]sZIF-P
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Figure 35 : MOF size distribution histogram before and after pyrolysis for ZIF-8

After pyrolysis at 1050 °C in Ar atmosphere, all [Fe/Zn],ZIF-P structures have smaller particle size (with

size range of 0.5-2 um) than the original MOFs before pyrolysis (Figure 33b-h).

The nitrogen adsorption/desorption isotherms of the investigated Fe-doped MOF crystals are shown in
Figure 36 and Sger values are presented in Table 9, 10. Before pyrolysis, samples [Fe/Zn]SIM demonstrated
relatively high porosity. The isotherms acquired for different ferrocene contents in SIM-1 have similar
forms and corresponds to type | and IV according IUPAC, which indicates overall structural microporosity
(characteristic horizontal which demonstrates surface saturation) with occasional presence of mesopores

(hysteresis loop). As the isotherms are corresponding mostly to microporous structure, the Cger values are
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expected to be higher than usual (see chapter 1.3.2). The isotherm curves corresponding to [Fe/Zn]1SIM
and [Fe/Zn],SIM are very similar and therefore they are superimposed on Figure 36a. The values of the
Seer, mesopore volume, total pore volume and pore diameter are summarized in table 9. Specific surface
area of the [Fe/Zn],SIM series ranges from 406 to 614 m? g, with the maximum value corresponding to
[Fe/Zn]osSIM. For Fe/Zn ratio higher than 0.5 at%, the specific surface area decreases with increasing Fe/Zn
ratio. The average pore size was calculated by a-plot method, and was found to vary between 1.4 and 1.6
nm, without any visible trend. This average pore size value comprises also the mesopores, as it was

calculated as a mean between micro and mesopororous size.

Samples labelled [Fe/Zn]«ZIF also demonstrated high surface porosity, but unlike [Fe/Zn]sSIM, the
isotherms of [Fe/Zn]«ZIF correspond to the type | only, indicating the presence of a completely
microporous surface. A slight decrease of horizontal isotherm for [Fe/Zn];ZIF could be explained due to
device default. The specific surface area of the [Fe/Zn].ZIF series of materials was determined, ranging
between 1622 and 1824 m? g'. The maximum BET value was found for [Fe/Zn]sZIF. The specific surface
area increased with increasing Fe/Zn at % in ZIF-8. This trend is opposite from the trend observed for the
series of [Fe/Zn]«SIM materials. The average pore size was also calculated using a-plot method and the

value ranged between 1.0 and 1.2 nm, confirming uniquely microporous nature of materials.
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Figure 36: Selected N, adsorption-desorption isotherms of ferrocene-doped ZIF-8 and SIM-1 materials,

before and after pyrolysis. Inset: the BJH pore size distribution curves.

After pyrolysis, samples were characterized again and the results are presented in Figure 36¢, d and
Table 10. Compared to [Fe/Zn]SIM, which mostly presented micropores, the [Fe/Zn],SIM-P samples
demonstrated mixed micro- and mesoporosity. The isotherm curves are type | and IV according to IUPAC
classification. The hysteresis loop of type H2 is observed during desorption, that could be assigned to

bottle-neck type of mesopore shape.
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Table 9. Textural properties of Fe-doped MOFs before pyrolysis

Theoretica EDX
| (Fe/Zn), Vimic €M?g" | dmestmi
(Fe/Zn)at 2 51 351 | 1 .

Sample t Seerm* g Viot CM>g cnm Porosity
Mesopores +

[Fe/Zn]osSIM | 0.005 0.005 614 0.27 0.17 1.5 .
micropores
Mesopores +

[Fe/zn];SIM | 0.01 0.01 504 0.28 0.17 1.6 .
micropores
Mesopores +

[Fe/zZn],SIM | 0.02 0.02 498 0.22 0.14 1.6 .
micropores
Mesopores +

[Fe/zZn]sSIM | 0.05 0.05 406 0.21 0.11 1.4 )
micropores

[Fe/ZnlosZIF | 0.1 0.1 1622 0.35 0.29 1.1 Micropores

[Fe/Zn]1ZIF 0.005 0.007 1649 0.39 0.19 1.0 Micropores

[Fe/zZn),ZIF8 | 0.01 0.012 1822 0.39 0.14 1.2 Micropores

[Fe/Zn]sZIF 0.02 0.026 1824 0.38 0.27 1.1 Micropores

The specific surface area for [Fe/Zn],SIM-P catalysts is ranging between 488 and 813 m? g, with the
maximum value corresponding to [Fe/Zn]osSIM-P. With the increase of Fe/Zn at% in the structure, the Sger
value decreased. This is in agreement with the trend observed for the samples before pyrolysis. For
[Fe/Zn]sSIM-P however, the Sger increases again. The average pore size was determined by a-plot method,
ranging from 2.8 nm to 3.5 nm, larger than in non-pyrolyzed samples. This could be explained by the loss
of a fraction of material as volatile compounds during pyrolysis (Zn but also C, N and H), creation of

mesoporous cavities and, as the consequence, growth of mean value of pore diameter.

The isotherms of the samples [Fe/Zn].ZIF-P (derived from pyrolysis of [Fe/Zn]ZIF) are presented in
Figure 36d. Samples labelled [Fe/Zn]osZIF-P, [Fe/Zn]1ZIF-P, [Fe/Zn],ZIF-P are mostly represented by a curve
of type | according to IUPAC, meaning that the porosity remained microporous. The isotherm recorded for
[Fe/Zn]sZIF-P is a mixture of curve of type | and IV, which is an indication of creation of mesopores along
with remaining micropores. The specific surface area is high and ranges between 558 and 1347 m? g with
no particular trend with the Fe/Zn ratio (for samples [Fe/Zn]os-,ZIF-P). One exception is [Fe/Zn]sZIF-P, with

Sger value significantly lower than that of all other samples of this series. The average pore diameter for
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[Fe/Zn]os2ZIF-P ranges between 1.5 and 1.8 nm, corresponding to uniquely microporous structure. In

contrast, the average pore size of [Fe/Zn]sZIF-P is 3 nm.

Table 10. Textural properties of FeNC catalysts after pyrolysis

Sample Seerm? gl | Viercm3g? | Vmicem3g? | dmessmcnm | Porosity

[Fe/Zn]o.sSIM-P 813 0.23 0.19 2.8 Mesopores + micropores
[Fe/Zn]:SIM-P 663 0.19 0.17 3.5 Mesopores + micropores
[Fe/Zn],SIM-P 488 0.15 0.12 3.3 Mesopores + micropores
[Fe/Zn]sSIM-P 709 0.24 0.18 3.8 Mesopores + micropores
[Fe/Zn)osZIF-P 1021 0.25 0.19 1.8 only micropores
[Fe/Zn),ZIF-P 1014 - 0.25 1.5 only micropores
[Fe/Zn),ZIF-P 1347 - 0.34 1.7 only micropores
[Fe/Zn]sZIF-P 558 0.16 0.13 3 Mesopores + micropores

In order to complete the structural investigation and to confirm the presence of the desired MOF
structure, XRD analysis was performed, both before and after pyrolysis of Fe-doped MOFs. Figure 37a
demonstrates that the diffractograms peaks are in good agreement with those of the reference pattern of
SIM-1 structure. Also for [Fe/Zn]«ZIF (Figure 37b), the XRD patterns match that of pristine ZIF-8 which
confirms same crystalline structure for the ferrocene-doped ZIF-8 materials. This supports that ferrocene

occupies the cavities but does not change the crystalline structure.
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Figure 37: XRD diffractograms registered for: a) [Fe/Zn]SIM compared to initial SIM-1 structure, b)

[Fe/Zn]«ZIF compared to initial ZIF-8 structure

After pyrolysis at 1050 °C in Ar atmosphere, the resulting FeNC powders were characterized, in
particular in order to identify whether only FeNy sites are formed or a mix of FeNy sites and crystalline Fe
particles. Figure 37a depicts the XRD diffractograms for [Fe/Zn],SIM-P catalysts. The large band at 26°
related to the graphite (002) plane and a second band at 43° related to (100) plane corresponds to carbon
of the reference JCPDS n°00-041-1487. The absence of other visible diffraction peaks can be either an
indication of a) no metallic or metal-carbide Fe particles in the structure, or b) small amount of Fe particles
that is too low to be detectable by XRD technique. EXAFS measurements performed for extreme Fe/Zn
ratio in the MOFs are presented in Figure 39 and Figure 40, which are discussed in more detail later. The
diffractograms obtained for pyrolyzed [Fe/Zn]«ZIF-P catalysts are presented in Figure 36. For samples
[Fe/Zn]osZIF-P, [Fe/Zn]1ZIF-P and [Fe/Zn],ZIF-P, one can observe only a large diffraction peak at 26° related
to the graphite (002) plane and a second band at 43° related to (100) plane corresponding to the 002 plane
of graphite (reference JCPDS n°00-041-1487). At highest Fe content, i.e. the [Fe/Zn]sZIF-P sample,
additional intense diffraction peaks can be seen that correspond to a superposition of iron carbide and
iron oxide. More, precisely, the peak at 36° corresponds to Fe;0s; (reference JCPDS n°1-073-0603), peaks
at 29° and 43° corresponds to Fe;0, (reference JCPDS n°01-074-1910), peaks at 42° and 44° corresponds
to iron carbide (reference JCPDS n°00-044-1292).

The average size of the crystalline particles was determined by the Scherrer equation:

_ 0.91
€~ Bcos6
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Where A is the incident X-ray radiation wavelength, B the full with at half maximum of the peak (in
radian), 6 the scattering angle. After calculations, the average crystalline size of Fe,03 was ca 50 nm, size

of Fes04 was ca 34nm and iron carbide particles was ca 9 nm.
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Figure 38: XRD patterns registered for FeNC catalysts series derived from pyrolysis 1050° C in Ar of
ferrocene-doped MOFs: a) [Fe/Zn],SIM-P, b) [Fe/Zn]«ZIF-P.

To confirm the presence of Fe particles present in at least some of the FeNC catalysts derived from
MOFs, extended X-ray absorption fine structure (EXAFS) measurements were performed with synchrotron
radiation on selected samples. The selected ones were [Fe/Zn]osSIM-P, [Fe/Zn]sSIM-P and [Fe/Zn]10SIM-P
for SIM-1 derived catalysts; [Fe/Zn]osZIF-P and [Fe/Zn]sZIF-P for ZIF-8 derived catalysts. The EXAFS spectra
of these selected catalysts were compared to that of a pure metallic Fe foil and also to that of the powder

reference catalyst FeosNC, known to comprise only FeNy sites and no Fe particles (Figure 39).

The Fourier transforms of the EXAFS spectra of [Fe/Zn]osSIM-P and [Fe/Zn]sSIM-P show a pattern very
similar to that of the model FeosNC catalyst (Figure 39a-b). In particular, the absence of characteristic
peaks at 2.2 A that corresponds to Fe-Fe interaction in metallic Fe and 2.6 A that corresponds to Fe-C
liaisons in iron carbide [29] indicate the absence of iron-based crystalline particles in the investigated
materials. Also the EXAFS was performed for [Fe/Zn]10SIM-P, and also there no signatures of iron-based
particles were detected (Figure 40). The signal seen at the distance of ca 1.7 A is assigned to Fe-N bonds

from FeNy sites[29].

For [Fe/Zn]osZIF-P, the measurements show the absence of undesired Fe-based crystalline structures
(Figure 39c¢). In contrast, the FT-EXAFS spectrum of [Fe/Zn]sZIF-P indicates signals at 2.2 A, 2.6 Aand 4.2 A

that leads to the conclusion that [Fe/Zn]sZIF-P sample contains a significant amount of Fe-based particles
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(Figure 39d). This leads also to an apparent decrease of the signal at 1.7 A compared to the reference

powder catalyst, since not all Fe atoms form FeNj sites but only a fraction of them for [Fe/Zn]sZIF-P.
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Figure 39. Fourier transforms of the experimental EXAFS spectra of [Fe/Zn]osSIM-P (a), [Fe/Zn]sSIM-P

(b), Fe/Zn]osZIF-P (c), Fe/Zn]osZIF-P (d) compared to the reference FeosNC catalyst and metallic Fe foil
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Figure 40. Fourier transforms of the experimental EXAFS spectrum of [Fe/Zn]1,SIM-P compared to the

reference FeosNC catalyst and metallic Fe foil.

The FeNC catalysts obtained after pyrolysis of Fe-doped MOFs (SIM-1 and ZIF-8) were finally analyzed
for their electrochemical properties towards ORR in a RDE setup, resorting to the conventional ink
deposition methodology to form catalytic layers from powder catalysts. The results are presented and

discussed in the following paragraph.

2.3.b Electrochemical properties of FeNC catalysts derived from ferrocene-doped MOFs

FeNC powder catalysts derived from these ferrocene-doped MOFs were characterized
electrochemically by RDE to determine their ORR activity, and to compare it with the activity of the model
FeosNC powder catalyst from the laboratory. Each electrode was cycled in N, saturated 0.1 M H,SO4
between 0and 1V vs. RHE with scan rate of 5mV s to assess the electrochemical capacitance and possible
presence of redox peaks, and in oxygen saturated 0.1 M H,SO4 between 0 and 1 V vs. RHE with scan rate

of 2 mV s to evaluate the ORR activity.

Figure 41a and b presents the CV curves of the catalyst series [Fe/Zn]SIM-P and [Fe/Zn]\ZIF-P,
respectively. The curves of [Fe/Zn]osSIM-P indicates high electrochemical capacitance, that can be
connected to the high surface area measured for that sample (see section 2.2.a). Then, the [Fe/Zn]:SIM-P

catalyst demonstrates lower electrochemical capacitance compared to [Fe/Zn]osSIM-P, while [Fe/Zn],SIM-
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P shows even lower capacitance (Figure 41). Interestingly, with the augmentation of the Fe/Zn ratio in the
MOFs (especially catalysts labelled [Fe/Zn]sSIM-P and [Fe/Zn]10SIM-P) their capacitance also became
higher. It will be shown that this increase is also positively linked to the ORR activity of the catalysts (Figure
42). The reversible redox peak seen on Figure 41 at the potential of 0.77 V vs. RHE is seen only for
[Fe/Zn]10SIM-P, corresponding to Fe?*/Fe3* oxidation. Due to the absence of Fe-based particles in this
sample, the redox peak is assigned to a high number of FeN, sites. CV curves recorded for the [Fe/Zn],ZIF-
P series of catalysts also demonstrated high capacitance for each sample (Figure 41b). The reversible peak

of 0.77 V vs. RHE seen for [Fe/Zn]osZIF-P only also corresponds to Fe?*/Fe3* oxidation.

The ORR activity of the two series of catalysts is shown in Figure 42. The two most active materials for
the SIM-1 series were [Fe/Zn]osSIM-P and [Fe/Zn]10SIM-P, that demonstrated high activity comparable to
the reference FeosNC catalyst (Figure 42a). [Fe/Zn]:SIM-P demonstrated intermediate activity while
[Fe/Zn],SIM-P has by far the lowest activity of this series of catalysts. There is therefore no continuous
trend of increasing activity with Fe/Zn ratio, but a complex dependency. Tafel plots for those samples are
shown in Figure 43a and the mass activity measured at 0.8 V vs. RHE is presented in Figure 44. The most
promising material is [Fe/Zn]osSIM-P with a mass activity of 1.96 A g* and [Fe/Zn]1,SIM-P with a mass
activity of 1.51 A g*. The existence of the two maxima of ORR activity at Fe/Zn ratio of 0.5 on one hand
and 10 on the other hand, is difficult to explain, since EXAFS measurements on both materials
demonstrated the absence of undesired Fes;C or metallic Fe particles in those two samples, see Figure 39,

Figure 40.
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Figure 41: Electrochemical characterization in RDE of FeNC catalysts. a) CV in N,-saturated pH 1 solution
of [Fe/Zn],SIM-P (x = 0.5, 1 or 2), b) CV in Nj-saturated pH 1 solution of [Fe/Zn],ZIF-P (x = 0.5, 1 or 2), and
compared to the same curves measured for the reference FeosNC active layer. The electrolyte was 0.1 M

H,S0,, electrode rotation rate 1600 rpm and catalyst loading 1 mg cm™.
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Figure 42: Electrochemical characterization in RDE of grinded FeNC electrodes. a) ORR polarization
curves in O;-saturated pH 1 solution of [Fe/Zn]SIM-P (x = 0.5, 1 or 2), b) ORR polarization curves in O,-
saturated pH 1 solution of [Fe/Zn]ZIF-P (x = 0.5, 1 or 2), and compared to the same curves measured for
the reference FeosNC active layer. The electrolyte was 0.1 M H,SO,, electrode rotation rate 1600 rpm and

catalyst loading 1 mg cm™.

The ORR activity for the series of catalysts [Fe/Zn]«ZIF-P is presented in Figure 42b. All measured
samples demonstrated high catalytic activity, as can also be observed in the corresponding Tafel plots in
Figure 43. The most active materials of this series are [Fe/Zn]1ZIF-P and [Fe/Zn]sZIF-P with the mass activity
at 0.8 V vs. RHE of 2.35 A g and 3.05 A g respectively. The fact that only a slightly higher activity was
observed for [Fe/Zn]sZIF-P vs. [Fe/Zn]1ZIF-P sample in spite of five-times more Fe can be explained by the
presence of ORR-inactive or less-active metallic iron and iron carbide in [Fe/Zn]sZIF-P, as was shown by
EXAFS and XRD measurements (Figures 37, 39, 40). Therefore, the Fe/Zn ratio used for preparing
[Fe/Zn]sZIF-P is not ideal since Fe-based particles are known to be unstable in acid medium, and this ratio

was thus not further investigated for the preparation of MOF-decorated polymer fibers (chapter 3, 4).
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Figure 43: Tafel plots derived from RDE ORR polarization curves measured in oxygen saturated solution
of 0.1M H,SO, for FeNC catalysts derived from a) Ferrocene-doped SIM-1, d) Ferrocene-doped ZIF-8. The

curve for the reference FegsNC is shown as a comparison.
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Figure 44: Mass activity for FeNC powder catalysts derived from ferrocene-doped MOFs, measured at
0.8 V vs. RHE and compared to reference FeosNC catalyst. The average activity and error bar was

estimated from three independent measurements on three different layers.
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2.4 Conclusions

In this chapter, the first step for another approach of preparation of self-standing FeNC electrodes was
developed, focusing on the synthesis and optimization of the ferrocene-doping of MOFs, and on the
characterization of the FeNC powder catalysts obtained by the pyrolysis of ferrocene-doped MOFs. Those
catalysts were characterized morphologically and electrochemically, revealing the absence of crystalline
Fe-based particles, except in [Fe/Zn]sZIF, where the presence of iron oxides and carbides was detected

both by XRD and EXAFS analysis.

The ORR activity measured by RDE methods revealed overall high activity for these FeNC powder
materials, with the most active catalysts being [Fe/Zn].1ZIF-P and [Fe/Zn]sZIF-P with the mass activity at 0.8
V vs. RHE of 2.35 and 3.05 A g™ respectively. Nevertheless, as mentioned above, the catalyst [Fe/Zn]sZIF-P

contains Fe-based crystalline particles and, therefore, will not be further used in following chapters.

Based on the structural and electrochemical results obtained in this chapter, the synthesis and
ferrocene/Zn ratio that were chosen for further studies of FeNC self-standing electrode fabrication in

chapters 3-4 are:

e  Forthe SIM-1 series: [Fe/Zn]osSIM, [Fe/Zn]:SIM, [Fe/Zn],SIM and [Fe/Zn]10SIM
e  Forthe ZIF-8 series: [Fe/ZnlosZIF-P, [Fe/Zn]1ZIF, [Fe/Zn].ZIF
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Chapter 3: Growth of Fe-doped MOFs on polymer fibers: effect of zinc
coating
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3.1 Introduction

In chapter 2, the synthesis of ferrocene-doped MOFs as the precursors for preparing FeNC powder
catalysts was investigated for two different MOFs and different ferrocene contents. The study revealed
high ORR activity in RDE for most ferrocene contents, except for Fe/Zn atomic ratio of 2% with SIM-1.
Moreover, all FeNC catalyst derived from SIM-1 showed the absence of undesired Fe particles after
pyrolysis, even at a Fe/Zn ratio of 10 at. % in solution. The results obtained in chapter 2 are therefore
promising for investigating the growth of ferrocene-doped MOFs on electrospun polymer fiber mats, as

precursors for self-standing FeNC electrodes.

The possibility of using film-based metallic substrates as sites and metal-cation source for MOF
germination has been firstly reported in 2008 by Allendorf et al.[1] and then followed by several
researches[2,3]. For example, it was shown that it is possible to synthesize an aluminum-based MOF

directly on an aluminum metallic support, without other source of Al cation than the substrate itself[4].

Another example of successful growing of supported MOF-based materials were done on PAN
electrospun fibers covered by ZnO or Al,Os thin layer by atomic layer deposition and then the resulting
supports were put in the autoclave where different MOFs were grown under solvothermal synthesis[5]. It
is also shown that it is possible to grow a MOF on grinded PAN-derived surface using a microwave
irradiation[6] or on polymer brushes [7]. These earlier works inspired us for using polymer fibers as

substrate for the crystalline growth of MOFs.

The aim of chapter 3 is therefore to investigate and optimize the approach of seeding and growing Fe-
doped MOFs on 3D polymer fiber mats. The study was conducted in this chapter on PAN fiber mats and

with ferrocene-doped SIM-1. The resulting self-standing FeNC electrodes were characterized in RDE.

For a nitrogen-containing polymer such as PAN, the N-groups may act as nucleation point for the initial
adsorption of Zn cations and the further growth of ZIFs, using the ligand and Zn cations present in solution.
The electrospun PAN mats were immersed in a solution containing the SIM-1 precursors (Zn(ll) and 4-
methyl-5-imidazolecarboxaldehyde ) as well as ferrocene, with a fixed ferrocene/Zn ratio of 10 at. % that

was identified as leading to high ORR activity for SIM-1 derived FeNC catalysts in chapter 2.

It may however be preferable that nucleation starts on Zn(ll) surfaces, and to this end, the PAN polymer
fibers were functionalized with thin layers of zinc and zinc oxide. Cathodic sputtering of metallic zinc or

zinc oxide was performed on polymer fiber mats. The zinc-functionalized mats were then similarly
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immersed in a solution containing the SIM-1 precursors (Zn(ll) and 4-methyl-5-imidazolecarboxaldehyde)

as well as ferrocene, with a fixed ferrocene/Zn ratio of 10 at. %.

These SIM-1 decorated PAN mats were characterized morphologically before pyrolysis as well as after
pyrolysis with SEM, in order to assess if and how the crystallization took place. The self-standing FeNC
cathodes were characterized electrochemically in RDE, revealing the effect of zinc-coating of PAN polymer
fiber mats and of the stabilization steps (thermal treatment in air at 150-250°C) on the final ORR activity

after pyrolysis.

3.2 Materials and methods

3.2.a Zinc functionalization of PAN fiber mats by cathodic sputtering

The polymer fiber mat was first prepared by electrospinning PAN (in DMF), as described in details in
section 1.1. The raw fiber electrospun mat as well as the fiber mat after a stabilization step in air were
investigated (see Table 1, column 2). The resulting fibers were cut to size of 4 x 4 x 0.005 cm, and zinc-
coated by cathodic sputtering in a Q300TD (Quorum) deposition system using a metallic Zn target with a
diameter of 5 cm, in argon atmosphere. The sputtering was carried out under the current of 150 mA and

the deposition time was 8000 s.

3.2.b Growth of ferrocene-doped SIM-1 on Zn-coated PAN fiber mats

After Zn sputtering, a second stabilization step in air was optionally performed for some mats (Table 1,
column 4, rows 2-5), after which the Zn-coated polymer fiber mats were introduced in the solution
containing 1 g of 4-methyl-5-imidazolecarboxaldehyde (99%, Sigma-Aldrich), 42 mg of ferrocene (98%,
Sigma-Aldrich), 0.682 g zinc nitrate hexahydrate (99%, Sigma-Aldrich) as reported in chapter 2. [8] The
imidazole ligand was dissolved first in 40 mL of ethanol at room temperature under magnetic stirring for
few minutes. The temperature of the solution was then raised to 60 °C, and the ferrocene and zinc nitrate
were added. After few minutes needed for homogenization, the stirring was stopped and the Zn-treated
PAN nanofiber mat was immersed in solution. Its thickness was ca 50 um and the typical size of the piece
of mat immersed in the precursor solution was 4 cm x 4 cm. The reaction was let to proceed at 60 °C for
24 h without stirring, and the nanofiber mat was then withdrawn from the solution and washed with
ethanol. The resulting materials were labelled as present Tablel1, column 6, rows 2-5. For one mat, a

stabilization step in air was performed after the growth of Fe-doped SIM-1 (Table 1, column 7, row 3).
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3.2.c Growth of ferrocene-doped SIM-1 on Zn-free PAN fiber mats

As a reference free of Zn PAN fiber mats were prepared by electrospinning PAN (in DMF) and
investigated as electrospun (PAN. label), or after a stabilization step in air (PANs) (see Table 1, column 2,
rows 6-7). These PAN fiber mats were then introduced in the solution containing Zn(ll) nitrate, 4-methyl-

5-imidazolecarboxaldehyde and ferrocene, as described in previous paragraph.

3.2.d Growth of ferrocene-doped SIM-1 on Zn-doped PAN fiber mats

As another reference fiber mat, the PAN fiber mat prepared by co-electrospinning PAN (in DMF) and
ZnCl; was used, either as electrospun (PAN; label), or after a stabilization step in air (PAN;) (see Table 1,

column 2, rows 8-9).

To prepare CNFs with ZnCl,, 2g PAN (M,=150,000 g mol?), 1.4 g zinc chloride (ZnCl, anhydrous, > 98 %)
was first dissolved in N,N-dimethylformamide (DMF, pure) for 12 hours at 50 °C (10 wt% PAN
concentration), then the solution was cooled to room temperature. The polymer fibers were then
electrospun at 20 °C and collected on a rotating drum at 100 rpm (Spraybase®). The distance between the
tip of the needle (22 gauge) and the collector was 10 cm, and the voltage 13 kV (Auto-Reversing High
Voltage Power Supply Spellman CZE1000R) was applied to obtain a stable Taylor cone. The flow rate was
kept constant at 1 mL h' (syringe pump KDS 100 Legacy Syringe Pump, KD Scientific). These PAN and ZnCl,
fiber mats were then introduced in the solution containing Zn(ll) nitrate, 4-methyl-5-

imidazolecarboxaldehyde and ferrocene, as described in section 3.2.b.
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Table 11: Composition of electrospinning solution, synthesis steps and corresponding labels for the preparation of self-standing FeNC cathodes
by growing SIM-1 on PAN polymer fiber mats. The Fe/Zn at% ratio in solution was always 10 %.

Electrospinning | Stabil. Zn Stabil. Label Label after growth of Stabil. Label, after pyrolysis
solution (1) sputtering ferrocene doped SIM-1

composition

PAN 10 yes yes no PAN, PAN.@[Fe/Zn]10SIM no PAN.@[Fe/Zn]10SIM-P
PAN 10 no yes no PAN, PAN,@[Fe/Zn]10SIM yes PAN,@[Fe/Zn]10SIM-P
PAN 10 no yes yes PANc PAN.@[Fe/Zn]10SIM no PAN.@[Fe/Zn]10SIM-P
PAN 10 yes yes yes PANg PAN4@[Fe/Zn]10SIM no PANg@[Fe/Zn]10SIM-P
PAN 10 no no no PAN. PAN.@[Fe/Zn]10SIM yes PANe@[Fe/Zn]10SIM-P
PAN 10 yes no no PANs PAN:@[Fe/Zn]10SIM no PANt@[Fe/Zn]10SIM-P
PAN 10, ZnCl2 7 | no no no PAN, PAN;@[Fe/Zn]10SIM yes PAN;@[Fe/Zn]10SIM-P
PAN 10, ZnCl, 7 | yes no no PANH PANh@[Fe/Zn]10SIM no PANh@[Fe/Zn]10SIM-P

(1) Stabilization step, in air, 2 h at 150 °C then 3 h at 250 °C.
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3.2.e Pyrolysis and SEM characterization of FeNC electrodes derived from Zn-coated polymer
fiber mats decorated with ferrocene-doped SIM-1

The electrode precursors decorated with Fe-doped SIM, as described in 3.2.b-d, were pyrolyzed at 1050
°C in flowing Ar for 1 h via a ramp mode with a heating rate of 5 °C/min. The morphology of the polymer
fibers and/or CNFs was investigated by field emission-scanning electron microscopy (FE-SEM) using a
Hitachi S-4800 microscope (Hitachi Europe SAS). Data analysis and fiber diameter distribution were

performed using an image processing software Image J 1.48 v (U. S. National Institutes of Health).

3.2.f Electrochemical characterization of FeNC electrodes

The electrochemical activity towards the ORR was determined in the rotating disc three-electrode cell.
For RDE measurements on the fibrous free-standing electrodes (FSE), the latter were cut out with a punch
as disk of 0.196 cm?, matching the size of the glassy carbon (GC) tip used for the RDE setup, with diameter
of 5 mm. The FSE was then attached on GC by placing it onto the GC and using a drop of Nafion
perfluorinated resin solution (5 wt% in lower aliphatic alcohols and water, Sigma-Aldrich) in between. The
typical weight per geometric area of FSE electrodes for PAN.@[Fe/Zn],SIM-P electrodes resulted in a

catalyst loading of ca 1.2 mg/cm?.

The RDE experiments were performed in 0.1 M aqueous solution of H,SO4. The working electrode was
a glassy carbon electrode (Pine research), rotating speed was 1600 rpm and all RDE data was measured
with a BiolLogic Potentiostat SP-300. In order to remove air trapped in the large pore volume of FSE, the
preliminary chronoamperometry at 0.2 V vs. RHE was applied with rotating speed of 1600 rpm, in the same
solution. Cyclic voltammetry scans were acquired between 0 and 1 V vs. RHE (scan rate 5 mV s for

nitrogen-saturated solutions and 2 mV s for oxygen-saturated solutions).

3.3.a Morphology of Zn-coated PAN fiber mat

In order to investigate the effect of zinc coating on PAN fiber mats and the effect of stabilisation steps,
four different possible combinations were applied for PAN-based electrospun mats, as resulting from the
application or not of the stabilisation step before Zn sputtering, and after Zn sputtering (see Table 1, labels

PAN,, PAN,, PAN;, PANgy). The photographs of these PAN mats after Zn sputtering and optionally
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stabilisation step in air, are illustrated in Figure 45. The pale colour of PAN, is related to the absence of
stabilisation step both before and after Zn sputtering. The grey colour of PAN, and PAN. in contrast is
related to the Zn film sputtered over a PAN film that has been stabilized only once, either before or after
Zn sputtering. Last, the darker colour of PAN4 is due to the stabilisation step of PAN both before and after

Zn sputtering.

Figure 45: Picture of zinc-coated electrospun PAN fiber mats: a) PAN,, b) PANy, c) PAN, d) PANg,
obtained after coating with Zn, and applying a stabilization step in air before and/or after Zn sputtering

(see Table 1 for explanation of PAN, to PANy labels).

After Zn sputtering, the PAN fiber mats were characterized morphologically using SEM and the results

are presented in Figure 46, in low magnification (a-d) and high magnification (a’-d’).
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Figure 46: FE-SEM micrographs of a-a’) PAN,, b-b’) PANy, c-c’) PAN,, d-d’) PANg.
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For the two PAN mats that were not stabilized after Zn deposition (PAN, and PANy), the thickness of
the Zn coating was homogeneous (Figure 46a-a’, b-b’). The average diameter of the coated fibers was ca
1.5 um, with average thickness of the Zn coating of ca 500 nm. For the fibers that were stabilized after Zn
deposition (PAN: and PANy), the thickness of the Zn coating was homogeneous (Figure 46 c-c’, d-d’). The

total diameter of the coated fibers was ca 2 um and the thickness of the Zn coating was ca 750 nm.

To understand better the nature of the zinc-coating and to explain why the fibers were thicker after
additional stabilization step after Zn-sputtering, XRD measurements were performed on the self-standing
fibers. The results are represented in Figure 47. For PAN,, PAN. and PANg, one can observe diffraction
peaks that can be assigned to both metallic Zn and ZnO, reference JCPDS n°96-901-1600 and JCPDS n°96-
101-1259, respectively. For PAN, one additional peak is observed at 17° corresponding to PAN, reference
JCPDS n°® 00-48-2119. It can be seen that for all samples the diffraction peaks, corresponding to Zn and
Zn0 are superimposed, however, except a peak observed at 36° it is possible to differentiate both Zn
(marked as *in Figure 47) and ZnO (marked as * in Figure 47). It is seen that PAN, and PAN, are mostly
covered by Zn, while PAN.and PANg4obtained after stabilization, covered by both Zn and ZnO. The oxidation
of the Zn deposit is clearly due to the additional treatment under air. The average size of the crystalline

particles was determined by the Scherrer equation:

092
€ Bcoso

For PAN, and PAN,, the average size of Zn crystals is ca 29 nm while the average size for ZnO is ca 11
nm. For PAN. and PANy, the crystal size of metallic Zn crystals changed to ca 10 nm. This decrease in
average crystallite size can be assigned to the influence of the stabilization step in air, when it is performed
after the Zn sputtering (case of PAN. and PANy). It is noted that, macroscopically, the thickness of the Zn
coating is larger for PAN. and PANg vs. PAN, and PANy. This may be due to the transformation from mostly
metallic Zn (density 7.14 g/cm3) to ZnO (density 5.61 g/cm?). The dense metallic Zn coating might therefore

have expanded as a result of oxidation into a lesser dense phase, ZnO.
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Figure 47: XRD diffractograms for a) PAN,, b) PANy, c) PAN,, d) PAN4. * symbols correspond to ZnO peak

patterns, + symbols correspond to metallic Zn peak patterns.
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3.3.b Morphology of SIM-1 particles grown on the zinc-coated PAN fiber mats and derived
FeNC cathodes

The Zn-coated PAN fiber supports, the fibers were immersed in solution for MOF seeding and growth.
SEM images of the resulting fibers are shown in Figure 48. Sample PANy (stabilized in air both before and
after Zn sputtering) dissolved during MOF growth and, therefore, it was impossible to further use it. SIM-
1 was seeded successfully on the sample PAN.@[Fe/Zn]10SIM, forming crystals with average size of ca 600
nm (Figure 48a). The crystals were seeded and grown homogeneously on the substrate, while the porous
Zn coating observed on PAN, was no longer visible on the PAN fibers after immersion and growth of the
SIM-1 crystals. SIM-1 crystals were also grown on PAN. (PAN.@[Fe/Zn]10SIM) with an average size of ca
600 nm (Figure 48e). Compared to PAN.@[Fe/Zn]1SIM however, the density of SIM-1 crystals along the
fibers is higher in PAN.@[Fe/Zn]:10SIM. The latter involved no stabilization step before Zn sputtering but a
stabilization step after the sputtering, which converted more Zn into ZnO. It may be hypothesized that
Zn(ll) on the PAN fibers is preferable for growing many small SIM-1 crystals than metallic Zn. Sample
PAN,@[Fe/Zn]10SIM was prepared from PAN, without any stabilization step before or after Zn-sputtering.
Figure 48b shows that the PAN fibers were fully covered by SIM-1 large crystals, with little porosity left

between the SIM-1 covered fibers. The average crystal size was ca 500 nm.

The morphology of the pyrolyzed mats are now described. After pyrolysis, sample PAN,@[Fe/Zn]1SIM
(labelled PAN.@[Fe/Zn]10SIM-P) resulted in an extremely shrunk electrode size (Figure 48b) and therefore
no further characterization could be applied to that sample. PAN,@[Fe/Zn]10SIM-P shows CNFs with much
smaller catalytic FeNC particles derived from SIM-1 crystals than the large SIM-1 crystals seen before
pyrolysis (compare Figure 48c and d). Also a presence of nano-sized extra fibers was seen for this sample,

arranged perpendicular to the main fibers. Last, PAN.@[Fe/Zn]10SIM-P shows smooth CNFs with sparse
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catalytic particles derived from the SIM-1 crystals. It is noted that the FeNC catalytic particles derived from

the pyrolysis of SIM-1 crystals are significantly smaller in size than SIM-1 crystals before pyrolysis.

Figure 48. FE-SEM micrographs of: a) PAN.@[Fe/Zn]10SIM, b) PAN.@[Fe/Zn]1cSIM-P, c) PAN,@[Fe/Zn]10

SIM, d) PAN,@[Fe/Zn]10SIM-P, €) PAN.@[Fe/Zn]1oSIM, f) PAN.@[Fe/Zn]10SIM-P
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3.3.c Electrochemical properties of FeNC cathodes derived from SIM-1 particles grown on
zinc-coated PAN fiber mats

After successful growth of Fe-doped SIM-1 on some of the Zn-coated fibrous PAN mats and their
pyrolysis, the resulting self-standing FeNC cathodes were characterized electrochemically, using the RDE
technique in order to determine their ORR activity, and to compare it with that of the reference FeNC
powder catalyst. Each electrode was cut and deposited on the glassy carbon electrode using Nafion resin
solution. The loading of “catalyst” (mg/cm?) was calculated by dividing the mass of the self-standing
electrode (before adding Nafion) by its geometric area. This information is important to compare to the
activity of the reference FeNC powder catalyst. For PANy,@[Fe/Zn]10SIM-P, the loading was 1.21 mg cm™
and for PAN.@[Fe/Zn]10SIM-P, it was 1.25 mg cm™. Each sample was cycled in N, saturated 0.1 M H,SO4 in
the potential range 0 and 1 V vs. RHE. The scan rate was 5 mV s. Then every sample was cycled in O,

saturated 0.1 M H,SO, with a low scan rate of 2 mV s*. The resulting curves are presented in Figure 49.
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Figure 49: Electrochemical characterization in RDE of FeNC cathodes prepared by growing ferrocene-
doped SIM-1 on Zn-coated PAN fiber mats, and of the reference FeNC catalyst: a) CV of in nitrogen
saturated 0.1 M H,S0, solution at 5 mV s, b) ORR polarization curves in oxygen saturated solution of 0.1
M H,S0.. The rotation speed is 1600 rpm. The catalyst loading is 1.21-1.25 mg cm™ for the self-standing
FeNC cathodes and 0.8 mg cm™ for FeqsNC.

The CV curves of both samples (Figure 49a) indicate high electrochemical capacitance of the cathodes,
in turn identifying high BET area and good wetting of the carbon surface area by the electrolyte. A
reversible peak visible at ca 0.72 V vs. RHE is assigned to the redox transition Fe?*/Fe3* from the FeN, active

sites that are electrochemically accessible, as previously reported for many FeNC catalysts[121,122]. The
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PAN.@[Fe/Zn]10SIM-P electrode shows the highest capacitive current and also the highest peak signal for
Fe2*/Fe3*, possibly indicating a higher density of active sites than for PAN,@[Fe/Zn]10SIM-P.

Both electrodes show significant ORR activity, approaching that of the reference FeqsNC powder
catalyst (Figure 49). This activity is high, especially taking into account that a non—negligible fraction of the
mass of PAN,@[Fe/Zn]10SIM-P and PAN.@[Fe/Zn]1SIM-P is made of N-doped but Fe-free CNFs whose ORR
activity in acid medium is negligible. Only the carbon phase derived from the Fe-doped SIM-1 crystals
significantly contributing to the overall ORR activity. In contrast, for the reference FeNC powder catalyst,
all of its mass is derived from ZIF-8, with a high density of FeN sites. While the trend for ORR activity is
qualitatively FeosNC powder > PAN.@[Fe/Zn]10SIM-P > PAN,@[Fe/Zn]10SIM-P, the shape of the ORR
polarization curves also identifies additional O, transport limitation for PAN,@[Fe/Zn]10SIM-P compared
to PAN.@[Fe/Zn]1SIM-P (Figure 49b). This is best seen in the transition region of the curves that is located
between the kinetic control region (exponential shape, at high potential) and the diffusion-limited current
density. PAN,@[Fe/Zn]10SIM-P shows an abnormal almost linear shape, while PAN.@[Fe/Zn]10SIM-P has a
shape of the polarization curve that is more similar to that expected from theory of RDE, and more similar
to that of the FeosNC powder. Increased mass-transport limitation for self-standing cathodes in RDE (the
pores of the electrode being filled by liquid electrolyte) is not illogic, since such electrodes are much thicker
(for a fixed catalyst loading) than an active layer prepared from a powder FeNC catalyst. In PEMFC
however, the pores will not be filled by electrolyte, but by O, (or air), implying that a larger amount of

macropores in the electrode (as expected for self-standing FeNC cathodes vs FeNC powder) may result in

125



improved mass-transport, while reduced mass-transport is expected for highly porous self-standing FeNC

cathodes in RDE conditions.
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Figure 50: Tafel plots derived from RDE polarization curves for FeNC cathodes derived from Fe-doped
SIM-1 grown on zinc-coated electrospun PAN support. Measured in oxygen saturated solution of 0.1 M

H,SO4and compared to the ink reference of FeqsNC. Rotating speed is 1600 rpm.

The ORR polarization curves were corrected for O, diffusion limitation by the Koutecky-Levich analysis,
and the mass activity at 0.8 V vs. RHE, extracted from the Tafel plots (Figure 50), are 0.77 Agtand 1.09 A
g for PAN,@[Fe/Zn]10SIM-P and PAN.@[Fe/Zn]:10SIM-P, respectively (Figure 51). In summary, both self-
standing FeNC electrodes demonstrate high potential for PEMFC application, and especially

PAN.@[Fe/Zn]10SIM-P. It was obtained by sputtering Zn on the as-spun PAN fiber mat, and then applying
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a stabilization step afterwards, before immersing the Zn-coated PAN mat in the solution for growing Fe-

doped SIM-1.
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Figure 51: ORR mass activity measured at 0.8 V vs. RHE for self-standing FeNC cathodes compared to that
of the reference FeosNC catalyst deposited on GC from an ink made with a Nafion solution. The average

activity and error bar was estimated from three independent measurements on three different layers.

3.3.d Properties of FeNC cathodes derived from SIM-1 particles grown on zinc-free PAN fiber
mats

The ORR mass activity of FeNC cathodes derived from zinc-coated PAN fiber mats showed promising
potential, as described above. However other research has also have shown the possibility of MOF seeding
and growth on polymer fibrous supports, without zinc coating of the polymer fibers’ surface[119,120,123-
125]. Such an approach could simplify the synthesis of FeNC cathodes, without reducing the catalytic ORR

activity.

To verify the validity of this approach for preparing FeNC cathodes, the growth of ferrocene-doped
SIM-1 (3.2.b) was investigated on four different PAN mats (labelled PAN. to PAN;), whose preparation is

summarized in Table 11 (rows 6-9). They differ according to whether a stabilization step was performed
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or not, and whether the electrospun solution contained only PAN, or PAN and ZnCl,. PAN. and PAN, were
not stabilized, and PAN; contained both PAN and ZnCl.. Similarly, PANsand PAN, were both stabilized, and
PANy contained both PAN and ZnCl,. Following the PAN mat preparation step, other steps for the cathode

preparation were the same as described in part 3.2.cand 3.2.d.

The resulting materials are present in Figure 52. Ferrocene-doped SIM-1 was successfully attached to
the polymer fibers and dispersed homogeneously for PAN.@[Fe/Zn]10SIM, PAN:@[Fe/Zn]1cSIM and
PAN;@[Fe/Zn]1cSIM. The sample PAN,@[Fe/Zn]:10SIM, which was grown on stabilized PAN+ZnCl, polymer

mats demonstrated uneven distribution of SIM-1, and the MOF seems to agglomerate at specific places.

Figure 52: FE-SEM micrographs of: a) PAN.@[Fe/Zn]10SIM, b) PAN:@ [Fe/Zn]10SIM, c) PAN @ [Fe/Zn]10SIM,
d) PANh@[Fe/Zn]10SIM

After successful growth of SIM-1 on the substrates and the pyrolysis, the self-standing FeNC cathodes
were characterized electrochemically, using the RDE technique, as described previously. For electrode

samples prepared without Zn-sputtering, the catalyst loading was ca 1.2 mg cm™ for PAN.@ [Fe/Zn]10SIM-
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P and PANt@[Fe/Zn]1oSIM-P. For PAN;@[Fe/Zn]10SIM-P PAN,@[Fe/Zn]10SIM-P the loading was ca 1 mg cm’

2, The resulting ORR polarization curves are presented in Figure 53.
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Figure 53: Electrochemical characterization in RDE of FeNC cathodes prepared by growing ferrocene-
doped SIM-1 on Zn-free or ZnCl,-containing PAN fiber mats, and of the reference FeqsNC powder catalyst:
a) CV of in nitrogen saturated 0.1 M H,S0;, solution at 5 mV s, b) ORR polarization curves in oxygen
saturated solution of 0.1 M H,SO,. Rotating speed is 1600 rpm. The catalyst loading is ca 1 mg cm™ for the

self-standing FeNC cathodes and 0.8 mg cm™ for FeosNC.

The trend of activity for this series of FeNC electrodes is PAN.@[Fe/Zn]10SIM-P > PANt@[Fe/Zn]10SIM-P
on one hand, and PAN,@[Fe/Zn]10SIM-P > PAN,@[Fe/Zn]10SIM-P on the other hand, as can be seen from
the high-potential region of the curves. This therefore identifies the negative effect of performing
stabilization of the PAN fiber mat on the final ORR activity. The activity comparison between electrodes
that involved ZnCl; in their synthesis (with label PANg or PANy) and those that did not (PANe and PANy) is
more difficult, due to abnormal shape of ORR polarization curves for the former, which much lower
diffusion limited current density than expected at 1600 rpm. In particular, PAN,@[Fe/Zn]10SIM-P shows a
high onset potential for ORR but already at 0.7 V vs. RHE it results in lower current density than for
PAN.@[Fe/Zn]1oSIM-P and PAN:@[Fe/Zn]1oSIM-P. In summary, for the most active electrode,
PAN;@[Fe/Zn]:1cSIM-P, the ORR polarization curve approaches that of the FeosNC reference material
within ca 20 mV, in the kinetic region. The curves were further analysed by correcting for O, diffusion
limitation by Koutecky Levich analysis, leading to the Tafel plots (Figure 54). From the Tafel plots, the mass
activity at 0.8 V vs. RHE were obtained by dividing by the catalyst loading measured for each electrode,
and the results are presented in Figure 55. The figure confirms that PAN.@[Fe/Zn]1c,SIM-P has the highest
ORR mass activity in this series, 0.77 A g™*. Similar activity is seen for PAN,@[Fe/Zn]10SIM-P (0.71 A g!) but
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the latter leads, in RDE conditions, to stronger mass transport limitation. Samples labelled
PAN:@[Fe/Zn]10SIM-P and PAN,@[Fe/Zn]10SIM-P show 2x to nearly 4x smaller catalytic activity, with mass

activity of 0.46 and 0.22 A g%, respectively (Figure 55).
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Figure 54: Tafel plots derived from RDE polarization curves for FeNC cathodes derived from Fe-doped
SIM-1 grown on on Zn-free or ZnCl,-containing PAN fiber mats, and of the reference FeqsNC powder

catalyst. Measured in oxygen saturated solution of 0.1 M H,SO4. Rotating speed is 1600 rpm.
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Figure 55: ORR mass activity at 0.8 V vs. RHE for self-standing FeNC cathodes and comparison to the
reference FeosNC powder catalyst. The average activity and error bar was estimated from three

independent measurements on three different layers.
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Conclusions

In this chapter, several series of FeNC self-standing electrodes were prepared via the growth of
ferrocene doped SIM-1 on different PAN fiber mats, then pyrolyzed in identical condition. The electrode
precursor (before pyrolysis) and electrode after pyrolysis were investigated morphologically as well as
electrochemically, using an RDE setup. The effect of coating the PAN fiber mats with Zn before growing
the SIM-1 crystals was studied. The results obtained with this approach were then compared to those
obtained without Zn-coating the PAN fiber mat, and also compared to results obtained by doping the bulk

of the PAN fibers with ZnCl,.

Overall, the ORR activity results show that Zn-coating or Zn-doping of the PAN fibers does not lead to
enhanced ORR activity. The FeNC electrode prepared simply by immersing a raw PAN fiber mat in a
solution containing Zn(ll), the SIM-1 ligand and ferrocene, followed by a stabilization step in air and then
by pyrolysis, resulted in high ORR activity at 0.8 V vs RHE of 0.77 A g'* (PAN.@[Fe/Zn]:10SIM-P). This activity
is comparable to the highest ORR activity obtained in this chapter (1.09 A g), obtained with raw PAN fiber
mat that was sputtered with Zn, then stabilized and then immersed in the solution for growing SIM-1

(PAN.@[Fe/Zn]10SIM-P).

These results show the promising approach of growing Fe-doped MOFs on PAN fibers. This approach is
further investigated on ZIF-8 and with another type of polymer fibers in Chapter 4. Zn coating or
functionalization was not pursued in Chapter 4, since it did not show significant benefit in terms of activity,

while complexifying the preparation method.

132



10.

11.

Allendorf, M.D.; Houk, R.J.T.; Andruszkiewicz, L.; Talin, A.A.; Pikarsky, J.; Choudhury, A.; Gall, K.A.;
Hesketh, P.J. Stress-induced chemical detection using flexible metal-organic frameworks. J. Am.

Chem. Soc. 2008, 130, 14404—14405.

Mandemaker, L.D.B.; Rivera-Torrente, M.; Delen, G.; Hofmann, J.P.; Lorenz, M.; Belianinov, A.;
Weckhuysen, B.M. Nano-Web Surface-Mounted Metal-Organic Framework Films with Tunable

Amounts of Acid Sites as Tailored Catalysts. Chem. - A Eur. J. 2019, 691-698.

Huang, Y.; Tao, C.A.; Chen, R.; Sheng, L.; Wang, J. Comparison of fabrication methods of metal-

organic framework optical thin films. Nanomaterials 2018, 8, 1-10.

Joshi, J.N.; Moran, C.M.; Feininger, H.P.; Dow, J.M.; Walton, K.S. Household Aluminum Products as
Insoluble Precursors for Directed Growth of Metal-Organic Frameworks. Cryst. Growth Des. 2019,

19, 5097-5104.

Bechelany, M.; Drobek, M.; Vallicari, C.; Abou Chaaya, A.; Julbe, A.; Miele, P. Highly crystalline

MOF-based materials grown on electrospun nanofibers. Nanoscale 2015, 7, 5794-5802.

Centrone, A.; Yang, Y.; Speakman, S.; Bromberg, L.; Rutledge, G.C.; Hatton, T.A. Growth of metal-
organic frameworks on polymer surfaces. J. Am. Chem. Soc. 2010, 132, 15687-15691.

Hou, L.; Zhou, M.; Dong, X.; Wang, L.; Xie, Z.; Dong, D.; Zhang, N. Controlled Growth of Metal-
Organic Frameworks on Polymer Brushes. Chem. - A Eur. J. 2017, 23, 13337-13341.

Aguado, S.; Canivet, J.; Farrusseng, D. Engineering structured MOF at nano and macroscales for

catalysis and separation. J. Mater. Chem. 2011, 21, 7582—-7588.

Armel, V.; Hannauer, J.; Jaouen, F. Effect of ZIF-8 crystal size on the O<inf>2</inf> electro-

reduction performance of pyrolyzed Fe—N—C catalysts. Catalysts 2015, 5, 1333—1351.

Zitolo, A.; Ranjbar-Sahraie, N.; Mineva, T.; Li, J.; Jia, Q.; Stamatin, S.; Harrington, G.F.; Lyth, S.M.;
Krtil, P.; Mukerjee, S.; et al. Identification of catalytic sites in cobalt-nitrogen-carbon materials for

the oxygen reduction reaction. Nat. Commun. 2017, 8, 1-10.

Jia, Q.; Ramaswamy, N.; Hafiz, H.; Tylus, U.; Strickland, K.; Wu, G.; Barbiellini, B.; Bansil, A.; Holby,
E.F.; Zelenay, P.; et al. Experimental Observation of Redox-Induced Fe-N Switching Behavior as a

Determinant Role for Oxygen Reduction Activity. ACS Nano 2015, 9, 12496—-12505.

133



12.

13.

14.

He, P.; Haw, K.G.; Ren, J.; Fang, Q.; Qiu, S.; Valtchev, V. MOF-cation exchange resin composites

and their use for water decontamination. Inorg. Chem. Front. 2018, 5, 2784—-2791.

Shangguan, J.; Bai, L.; Li, Y.; Zhang, T.; Liu, Z.; Zhao, G.; Liu, Y. Layer-by-layer decoration of MOFs
on electrospun nanofibers. RSC Adv. 2018, 8, 10509-10515.

Liu, C.; Wu, Y.N.; Morlay, C.; Gu, Y.; Gebremariam, B.; Yuan, X.; Li, F. General Deposition of Metal-
Organic Frameworks on Highly Adaptive Organic-Inorganic Hybrid Electrospun Fibrous Substrates.

ACS Appl. Mater. Interfaces 2016, 8, 2552-2561.

134



Chapter 4: Growth of ferrocene-doped MOFs on polymer fibers:

preparation of electrocatalysts and electrodes
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4.1 Introduction

In chapter 3, it was found that it is possible to grow ferrocene-doped SIM-1 on electrospun PAN fibers,
and this was best achieved on the non-stabilized electrospun PAN fibers. However, it was impossible to
grow ferrocene-doped ZIF-8 on electrospun PAN fibers because of solvent incompatibility. The issue is that
PAN is soluble in polar aprotic solvents such as DMF and DMAc, used to synthesize ferrocene-doped ZIF-

8.

Inthis chapter, the approach for growing ferrocene-doped SIM-1 on electrospun PAN fibers was applied
for different ferrocene contents. Furthermore, a different route to successfully grow ferrocene-doped ZIF-
8 on polymer fibers was investigated. On the basis of the synthesis for ferrocene-doped ZIF-8 in chapter 2,
carried out in DMF, we needed a polymer that is non-soluble in this solvent. Polybenzimidazole (PBI) may
be an option, as upon pyrolysis it also is transformed into N-doped carbon. Furthermore it has the
advantage of comprising benzimidazole, with analogous chemistry to the organic ligand in ZIF-8. However,
PBl is, as PAN, soluble in DMF. To overcome this issue, we used cross-linked PBI prepared with a method
previously developed in the laboratory [1]. Cross-linked PBI does not dissolve in DMF and was thus

successfully used as a support to grow ferrocene-doped ZIF-8 in DMF.

The as prepared materials, labelled PAN@[Fe/Zn]«SIM and PBIXL@[Fe/Zn]ZIF were characterized for
their composition and morphology, then used as precursors to prepare FeNC electrode upon thermal
treatments. Figure 56 is a schematic representation of the growth of MOFs onto the electrospun fiber mat
(as described in section 4.1.a) and (described in section 4.1.b) the resulting formation, upon pyrolysis, of
self-standing FeNC electrodes. The pyrolysis step eliminates most of the zinc present in those MOFs as
volatile products and transforms the organic ligands into N-doped conductive carbon, while Fe from
ferrocene is transformed into Fe-based active sites. Similar approaches were applied previously in the

literature for different applications (e.g. supercapacitors or fibrous filters ) [2—4]
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Figure 56: Scheme of the growth of ferrocene-doped MOF crystals on polymer nanofiber mats and
their later conversion in FeNC self-standing cathodes.

The derived self-standing cathodes were investigated with physico-chemical and electrochemical
techniques. We characterized their activity towards ORR first in RDE and then, after impregnation by
Nafion, in PEMFC. In addition, the electrochemical characterization was performed also on the grinded
self-standing electrodes and preparing thereafter an ink with the conventional procedure. The activity and
performance is compared and discussed as a function of the preparation and morphology of the catalyst

layers.
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4.2 Methodology

4.2.a Synthesis of polymer fiber mats decorated with ferrocene-doped MOFs

We already reported the syntheses of ferrocene-doped ZIF-8 and SIM-1 in chapter 2. Here the aim is to
grow the MOFs on the surface of polymer fibers. Thus, the synthesis takes place in the presence of the
polymer fiber mat, which is dipped in the solution containing the MOF precursors. The relative ratios of
the MOF ligand, the zinc salt and the ferrocene were kept the same as indicated in the syntheses in chapter

2, and the Fe/Zn mol % ratio investigated were 0.5, 1 or 2.

The precursors for growing Fe-doped SIM-1 were 4-methyl-5-imidazolecarboxaldehyde (99%, Sigma-
Aldrich), ferrocene (98%, Sigma-Aldrich), zinc nitrate hexahydrate (99%, Sigma-Aldrich) as reported in
chapters 2-3. [5] The imidazole ligand was dissolved first in 40 mL of ethanol at room temperature under
magnetic stirring for few minutes. The temperature of the solution was then raised to 60 °C, and the
ferrocene and zinc nitrate were added. The molar ratio between imidazole ligand and zinc was 4:1; the
quantity of ferrocene was set to 0.5, 1 or 2 mol % relative to Zn. After few minutes needed for
homogenization, the stirring was stopped and the raw PAN nanofiber mat (prepared via electrospinning
as described in chapter 1) was immersed in solution and put at the bottom of the beaker. Its thickness was
ca 50 um and the typical size of the piece of matimmersed in solution was 4 cm x 4 cm. After introduction
of the fiber mat in solution, the reaction was let to proceed at 60°C for 24 h without stirring, and the
nanofiber mat was then withdrawn from the solution and washed with ethanol. To verify if some Fe-doped
SIM-1 had also grown in solution, and how much, the remaining solution was centrifuged at 10,000 rpm
for 10 minutes and washed in ethanol. The centrifugation and washing was repeated 4 times and then the

collected powder was dried for 24 h at 80 °C.

The resulting materials were labelled as presented in Table 12, rows 2-4. For example:
PAN@I[Fe/Zn],SIM stands for SIM-1 doped by 2 mol% of ratio Ferrocene/Zn, grown of PAN polymer fiber,

pyrolysed (capital letter P) and, optionally, grinded (lower-case letter g) afterwards.
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Table 12. Investigated Zn/Fe atomic ratio in solution and labels of Fe-doped MOFs grown on polymer

fibers and of the resulting FeNC catalysts

Zn/Fe at.
Fe-doped MOFs grown Self-standing FeNC Grinded self-standing
MOF Ratio in
on polymer fibers cathodes FeNC cathodes
solution
0.5 PAN@[Fe/Zn]osSIM PAN@|[Fe/Zn]o.sSIM-P PAN@][Fe/Zn]osSIM-P,
SIM-1 1.0 PAN@[Fe/Zn]:SIM PAN@[Fe/Zn]:SIM-P PAN@][Fe/Zn];SIM-P,
2.0 PAN@[Fe/Zn],SIM PAN@[Fe/Zn],SIM-P PAN@][Fe/Zn],SIM-P,
0.5 PBIXL@[Fe/Zn]osZIF PBIXL@[Fe/Zn]osZIF-P PBIXL@[Fe/Zn]osZIF-Pg
ZIF-8
1.0 PBIXL@[Fe/Zn]:1ZIF PBIXL@[Fe/Zn] ZIF-P PBIXL@[Fe/Zn]:1ZIF-Pg
2.0 PBIXL@[Fe/Zn],ZIF PBIXL@[Fe/Zn],ZIF-P PBIXL@[Fe/Zn],ZIF-Pg

The precursors for growing Fe-doped ZIF-8 were 2-methylimidazole (99%, Sigma-Aldrich), ferrocene
(98%, Sigma-Aldrich), zinc nitrate hexahydrate (99%, Sigma-Adrich) and N-N-dimethylformamide (DMF,
99%, Sigma-Aldrich), as reported in chapter 2. [6] The imidazole ligand was first dissolved in 40 mL of DMF
at room temperature using magnetic stirring. After heating to 140 °C, ferrocene and zinc nitrate were
added in the solution. The molar ratio between imidazole ligand and zinc was 4:1; the quantity of ferrocene
was 0.5, 1 or 2 mol % relative to Zn. After few minutes, the stirring was stopped and the cross-linked PBI
nanofiber mat was introduced in solution horizontally and was held in the solution by gravity. The
preparation of this mat is separately described in the next section. The typical thickness of the PBI fiber
mat was ~ 20 um and the typical size of the piece of mat immersed in solution was 4 cm x 4 cm. After
introduction of the fiber mat in solution, the reaction was let to proceed at 140°C for 24 h without stirring,
and the nanofiber mat was then withdrawn from the solution and washed with ethanol. The resulting
materials were labelled as presented in Table 12 rows 5-7. For example: PBIXL@[Fe/Zn].ZIF-Pg stands for
ZIF-8 doped by 2 mol% of ratio Ferrocene/Zn, grown of cross-linked PBI polymer fiber, pyrolysed (capital

letter P) and, optionally, grinded (lower-case letter g) afterwards.
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4.2.b Preparation of cross-linked polybenzimidazole (PBI XL) nanofiber mats.

The polymer solution was prepared by using N-N-dimethylacetamide, DMAc (>99%, Sigma-Aldrich),
dichloroxylene DCX (98%, Sigma-Aldrich) and polybenzimidazole PBI S26 (26.2 wt% solution in DMAc, PBI
Performance Products). The initial PBI solution was first diluted to 15 wt% in DMAc under mild heating (ca
50°C), and then the cross-linking agent DCX was added in the solution, under magnetic stirring. The
quantity of added DCX was 200 % relative to the mass of PBI in the solution. The homogeneous solution
was cooled to room temperature and then was electrospun at 20° C and collected on a drum rotating at
100 rpm (RT Advanced, Linari Engineering s.r.l). The distance between the tip of the needle (18 gauge) and
the collector was 10 cm and the voltage of 20 kV was applied to obtain a stable Taylor cone. The flow rate
was kept constant at 0.2 mL h™. The obtained PBI and DCX fiber mat was cross-linked in a furnace under

150° C in flowing air for 3 h in order to obtain a PBIXL fiber mat.

4.2.c Preparation of FeNC electrodes derived from polymer fiber mats decorated with
ferrocene-doped MOFs

The electrode precursors described in 4.1.3, i.e. the polymer nanofiber mats (4 cm x 4 cm typically)
decorated with ferrocene-doped MOFs, were pyrolysed at 1050 °C in flowing Ar for 1 h via a ramp mode
with a heating rate of 5 °C/min (see scheme on the right in Figure 56). Before this pyrolysis however, the
PAN@SIM-1 decorated mats were subjected to a low-temperature thermal treatment at 150° C in air for
2 hours, then 250° C in air for 3 hours, allowing the cyclisation of PAN, as described in chapter 1. This was

not necessary, and therefore not performed, for the PBIXL@ZIF-8 mats[7].

For comparison, the activity of the FeNC electrodes was evaluated both in their self-standing form and
in their powder form. To this end, the FSE were manually grinded and catalytic inks were then prepared
as described in the next section. The typical morphology of the grinded FSE obtained is shown Figure 57.
The manually grinded fibers are shorter than the CNFs seen in the FSE, with length of the fibers ranging
from 0.4 to 5 um. MOF-derived carbon particles can also be seen in this picture. They are not deviated

morphologically from non-grinded fibers.

The in-plane electronic conductivity was measured using a 4 probe cell (Fumatech). The CNFs were cut
into 4 cm x 1 cm strips that were attached to conducting tape. The measurement was carried out using
Keithley’s Series 2400 Source Measure Unit in a Fumatech MK3-L cell operated in the current range 0-100

mA at room temperature.
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Figure 57: FE-SEM micrographs of PBIXL@[Fe/Zn]:ZIF-Pg, given as an example of morphology obtained

for manually grinded fiber mats.

The morphology of the polymer fibers and/or CNFs was investigated by field emission-scanning
electron microscopy (FE-SEM) using a Hitachi S-4800 microscope. Data analysis and fiber diameter
distribution were performed using an image processing software Image J 1.48 v (U. S. National Institutes
of Health). CNFs were analyzed by transmission electron microscopy (TEM) using a JEOL 2200FS (Source:
FEG) microscope operating at 200 kV equipped with a CCD camera Gatan USC (16 MP). For TEM cross-
sectional analysis, a microtome was used on resin-encapsulated sample and slices were deposited on

carbon-coated copper grids (Agar Scientific).

The metal content in the catalysts was measured via X-ray Fluorescence (XRF) (Axios Max from
PANanalytical). Fe-doped samples were manually grinded into powder and mixed with boric acid as a
binder in a ratio of 1:3 manually. Then, the mixture was pressed into pellets of a 13 mm diameter for XRF
measurements. The calibration curve was performed using 0.1, 0.2, 0.5, 1.0, 1.5 and 2.0 wt. % Fe in a

mixture of Fe(ll) acetate and Vulcan XC72R.
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4.2.d Electrochemical characterization

The electrochemical activity towards ORR was determined in RDE setup and the initial performance

measured in a single-cell laboratory fuel cell.

For RDE measurements on the fibrous free-standing electrodes (FSE), the latter were cut out with a
punch as circles of 0.196 cm?, matching the size of the glassy carbon (GC) tip used for the RDE setup, with
diameter of 5 mm. The FSE was then attached on GC by placing it onto the GC and adding a drop of Nafion
perfluorinated resin solution (5 wt% in lower aliphatic alcohols and water, Sigma-Aldrich) on top of the
FSE. The typical weight of FSE electrodes for both the PBIXL@[Fe/Zn]«ZIF-P and PAN@[Fe/Zn]SIM-P
electrodes resulted in a catalyst loading of ca 0.5 mg/cm?. However, the electrode was thinner for PBI-

derived electrodes (ca 20 um) relative to PAN-derived electrodes (ca 50 um).

The RDE experiment was performed in 0.1 M aqueous solution of H,SO4. The working electrode was
glassy carbon electrode (Pine research), rotating speed was 1600 rpm and all RDE data was measured with
a BiolLogic Potentiostat SP-300. In order to remove air from the large pore volume of FSE the preliminary
chronoamperometry at 0.2 V vs. RHE was applied with rotating speed of 1600 rpm in same solution). Cyclic
voltammetry scans were acquired between 0 and 1V vs. RHE (v =5 mV s for nitrogen-saturated solutions
and v = 2 mV s for oxygen-saturated solutions). The time for nitrogen or oxygen saturation of solution

was 15 minutes for each measurement.

For RDE measurements on the grinded FSE, 10 mg of grinded FSE was added to 108.5 uL of Nafion
perfluorinated resin solution (5 wt% in lower aliphatic alcohols and water, Sigma-Aldrich), 300 pL of
ethanol (absolute, Sigma-Aldrich) and 36.5 uL ultrapure water 18 MQ. The prepared ink was ultra-
sonicated for 1 h at 25 °C and 8.8 pL were then deposited on the GC tip and dried in air, resulting in a

catalyst loading of 1.0 mg cm™.

The accelerated stress tests were performed in this work with the collaboration of LEPMI, Grenoble.
The load-cycling (LC) protocol was used, where the potential was stepped between 0.6 and 1.0 V vs. RHE.
For each ageing test a square-wave ramp was used and each potential was held for three seconds. The

electrolyte was Ar or O,-saturated 0.1 M H,SO4 and the temperature was T = 25°C.

For fuel cell measurements with cathodes prepared via the conventional ink method, an ink made was

prepared by using 20 mg of grinded FSE, 625 uL of Nafion perfluorinated resin solution (5 wt% in lower
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aliphatic alcohols and water, Sigma-Aldrich), 300 uL of 1-propanol (99.7 % Sigma-Aldrich) and 272 puL of
ultrapure water 18MQ. The ink was ultra-sonicated for 1 h at 25 °C and then the total ink volume was
deposited in 5 steps of 210 pL each, on the microporous side of a gas diffusion layer (Sigracet S10-BC, SGL
Group), resulting in a catalyst loading of 4.84 mg cm™. During the ink deposition process, the gas diffusion
layer was heated on a hot plate, in order to accelerate solvent evaporation, and each 210 uL aliquot of ink
was introduced only after complete drying of the previous layer, in order to avoid layer cracking. The anode
was a 0.5 mgp: cm™? commercial layer pre-deposited on Sigracet S10-BC and S24BC. Membrane electrode
assemblies (MEAs) were prepared by hot-pressing the anode and cathode with geometric areas of 4.84
cm? against a Nafion NRE-211 membrane at 135 °C for 2 minutes. The MEAs were installed in a single-cell
PEMFC with serpentine flow fields. The fuel cell bench was an in-house bench connected to a Biologic
Potentiostat with a 50 A booster. The experiments were controlled with the EC-Lab software. For all fuel
cell tests reported in the present work, the cell temperature was 80 °C, the humidifier temperature was
85 °C, and the inlet gas pressures were 1 bar gauge at both the anode and the cathode. The humidified H,
and O; flow rates were ca. 50-70 sccm, as controlled downstream of the fuel cell. The fuel cell polarization
curves were recorded with EC lab software using cycling voltammetry experiment and scanning the cell

voltage at 0.5 mV-s™.

Last but not least, a down-selected FSE, namely PBIXL@[Fe/Zn]osZIF-P, was investigated for evaluating
its performance at the cathode of a PEMFC, without grinding. The FSE was functionalized by Nafion by
dipping pre-cut self-standing electrodes with geometric area of 4.96 cm? in the Nafion perfluorinated resin
solution (5 wt% in lower aliphatic alcohols and water, Sigma-Aldrich) for 3 seconds and drying in air. The
prepared thin electrode in Nafion was later assembled in MEA as described in previous paragraph. As self-
standing electrodes consisted mainly out of CNFs, there was no need in the gas diffusion layer from
cathode side, so several amount of CNFs (1, 4 or 7 layers) was superimposed and later hot pressed with
membrane and anode. The anode and membranes were the same as described for MEA preparation with

grinded FSE cathodes.
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4.3 Results and discussion

4.3.a Morphology of Fe-doped MOF crystals grown on polymer fibers

The synthesis of ferrocene-doped MOFs was reported by other groups earlier [5,6] and adapted here
to drive their growth from the precursor solution onto polymer nanofibers. The choice of the nature of
the polymer fibrous support is however not trivial as discussed below. Moreover, the choice of the polymer
also implies that some solvents may not be used for the growth of MOFs (i.e. the polymer should not

dissolve).

Due to the synthesis identified in chapter 2 for preparing ferrocene-doped SIM-1, ethanol was also used
as a solvent to synthesize PAN@[Fe/Zn],SIM materials. On the other hand, replicating the synthesis
identified in chapter 2 for preparing ferrocene-doped ZIF-8 (in DMF solvent) was not successful due to
dissolution of PAN fibers in DMF (chapter 3). For those reasons, we selected a polymer that is non-soluble
in DMF, i.e. cross-linked PBI. Different tests with varying cross-linker content relative to PBI were
performed, ranging from 50 to 200 % cross-linker. The results show that high cross-linker content resulted
in minimized shrinking during both the MOF growth stage (Figure 58. Photograph of ferrocene-doped ZIF-
8 grown on cross-linked electrospun PBI nanofibers prepared with different amount of crosslinker as
indicated in % compared to their initial size before deposition in MOF precursor solution and during the
pyrolysis stage (not shown). Raman spectra and electric conductivity after pyrolysis were however
comparable for all PBI-XL samples (Table). Therefore, the PBIXL mat with minimized shrinking was chosen

for practical reasons (200 % cross-linker, labelled simply as PBIXL thereafter).

Table 13: In-plane electrical conductivity and relative areas and intensities of D and G bands (Ip/ls,

Ap/Ac) in the Raman spectra for pyrolysed CNFs derived from cross-linked PBI

% of cross-linking thickness, Conductivity, Raman Raman
agent pm Scmt Io/ls Ap/Ac
50 17 7.4 1.5 1.7
100 21 4.9 2.3 4.6
150 19 5.2 1.3 1.7
200 17 8.2 1.8 2.9
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Figure 58. Photograph of ferrocene-doped ZIF-8 grown on cross-linked electrospun PBI nanofibers
prepared with different amount of crosslinker as indicated in % compared to their initial size before

deposition in MOF precursor solution.

The synthesis described in 4.1.a was then used to prepare the PBIXL@[Fe/Zn].ZIF mats. Interestingly,
the same synthesis but with the ratio of Zn and ligand for SIM-1 did not result in PBIXL@[Fe/Zn]«SIM mats.
The compatibility between PAN, PBIXL, SIM-1 and ZIF-8 is summarized in Table 14.

Table 14 Possible (+) and impossible (-) combinations for growing Fe-doped MOFs onto polymer

nanofiber mats.

Polymer fibers

MOFs PAN PBIXL
SIM-1 + -
ZIF-8 - +

XRD was performed on the polymer fiber mats decorated with Fe-doped MOFs to confirm that the
targeted MOF structure was obtained. XRD was also performed on the pyrolysed mats in order to
investigate whether the Fe formed large crystalline particles of metallic Fe or Fe carbide, or formed mainly

atomically dispersed FeNy sites during pyrolysis.

The XRD pattern of PAN@[Fe/Zn]o.sSIM corresponds to the reference pattern for SIM-1, [5] and also to
the pattern of ferrocene doped SIM-1 (see Figure 30 in chapter 2), confirming the presence of SIM-1
crystals (Figure 59-left). The intensity of PAN@[Fe/Zn]osSIM peaks was less sharp and the width broader

than for the reference SIM-1 pattern, indicating possibly than the crystal size of MOFs in
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PAN@[Fe/Zn]osSIM was smaller than in the reference powder. An additional peak, present at 20 value of

17°, corresponds to PAN electrospun nanofibers.

For PBIXL@[Fe/Zn]osZIF, the diffraction peaks are matching with those for pristine ZIF-8 and Fe-doped

ZIF-8 (Figure 59 - right). The relatively high intensity indicates crystal structure, except that the XRD

patterns for fibrous PBIXL@[Fe/Zn]osZIF are slightly less intense and had more amorphous background

(Figure 59 right). The same observations were made at the Fe/Zn ratios of 1 and 2 mol % (Figure 60).
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Figure 59. XRD diffractograms for PAN@[Fe/Zn]o.sSIM (left) and PBIXL@[Fe/Zn]osZIF (right) compared

to powder MOF samples.
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Figure 60. XRD diffractograms registered for PAN@[Fe/Zn]:SIM and PAN@[Fe/Zn],SIM (a) and

PBIXL@[Fe/Zn]:ZIF and PBIXL@[Fe/Zn].ZIF (b) compared to powder MOF samples.
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After pyrolysis, only two diffraction peaks are visible for PAN@[Fe/Zn]osSIM-P, at 26° and 42°,
corresponding to carbon (Figure 61a, black curve)- At the higher Fe/Zn ratios of 1 and 2 mol%, only two
diffraction peaks are also visible, but the position of the first peak is shifted to lower angle (red and orange

curves in Figure 61a).
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Figure 61. XRD diffractograms for PAN@[Fe/Zn],SIM-P (a) and PBIXL@[Fe/Zn]ZIF-P (b), withx = 0.5, 1

or 2.

For PBIXL@[Fe/Zn]osZIF-P and PBIXL@[Fe/Zn].ZIF-P after pyrolysis (Figure 59 right) similarly, only two
broad peaks assigned to carbon are visible (at 26° and 42°, related to the graphite (002) plane and to (100)
plane respectively). For PBIXL@[Fe/Zn],ZIF-P however, additional intense diffraction peaks can be seen
that correspond to a superposition of iron carbide and iron oxide. More, precisely, peak at 43°, related to
(400) plane corresponds to Fes0, (reference JCPDS n°01-074-1910), peaks at 42° and 44°, related to (101)
plane and (110) plane respectively, corresponds to iron carbide (reference JCPDS n°00-044-1292)..

Scanning electron microscopy (SEM) characterization was then performed to investigate the size,
morphology and distribution of i) the ferrocene-doped MOF crystals grown on either PAN or PBIXL mats,

and ii) the same but after pyrolysis.

First, we discuss the morphology of the PAN@SIM-1 self-standing structures, before and after pyrolysis.
They were prepared using three different Fe/Zn ratios (see Table 12). Figure 62 shows micrometric crystals
of SIM-1 visible on PAN polymer nanofibers (Figure 62 left) and their homogeneous dispersion on the
surface of polymer nanofibers. The crystalline shape is rhombic dodecahedral. The size of crystals is

relatively similar for each Fe/Zn ratio, ranging between 2 and 5 um, as shown in the inset of Figure 62. for
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PAN@[Fe/Zn]osSIM. Similar morphology is also observed for PAN@[Fe/Zn]:SIM and PAN@[Fe/Zn],SIM
(Figure 63).

One can see that, after pyrolysis at 1050 °C, the morphology of the MOF crystals was conserved (Figure
62-b,d,f), even though the XRD measurements (see Figure 61a) demonstrate complete transformation into
an amorphous carbon structure. Thus, this means that the size and shape of the Fe-doped carbon particles
derived from the MOF crystals are similar to those of the MOF crystals before pyrolysis. This effect has
been reported previously for ZIF-8 crystals pyrolyzed in ramp heating conditions, leading to the formation
of carbon particles that have the same outer morphology than the starting ZIF crystals, including the shape
of the crystallographic facets[9]. This templating effect of the morphology and size of MOF crystals into
FeNC or CoNC catalytic particles is important and allows tuning the size of the latter by controlling the
average size of MOF crystals. In turn, a small size of FeNC (or CoNC) catalytic particles is important to
facilitate O, and proton transport within these porous particles, important to reach the FeNy active sites

that are located in intra-particle pores.
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Figure 62. FE-SEM micrographs of a, e) PAN@[Fe/Zn]osSIM; ¢c) MOF size distribution histogram of

PAN@[Fe/Zn]osSIM; b, f) FE-SEM micrographs of PAN@[Fe/Zn]o.sSIM-P; d) MOF size distribution histogram

of PAN@[Fe/Zn]o.sSIM-P.
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Figure 63: FE-SEM micrographs of a) PAN@[Fe/Zn];SIM, b) PAN@[Fe/Zn];:SIM-P, c) PAN@[Fe/Zn],SIM,
d) PAN@[Fe/Zn],SIM-P.

The SEM characterization of the PBI@ZIF-8 self-standing structures (Table 12), before and after
pyrolysis are now discussed. In the SEM micrograph of PBI@ZIF-8 (Figure 64) ZIF-8 crystals with well-
defined crystalline rhombic dodecahedral shape are visible on the polymer nanofibers, homogeneously
distributed on the fiber. The density and amount of the large ZIF-8 crystals on PBI seems lower than the
large SIM-1 crystals on PAN. The size of crystals is relatively similar for each Fe/Zn ratio, ranging between

1 and 3 um with an average value of 2 um, as shown in the size distribution histogram, Figure 64c-d.

After pyrolysis at 1050 °Cin Ar atmosphere, the size and morphology of the FeNC particles derived from
Fe-doped ZIF-8 crystals were significantly modified. This is in contrast with the results described above for
PAN@[Fe/Zn],SIM. Besides the CNFs, one can only observe particles with irregular shape and broad size
range from 0.1 up to 1 um, much smaller than the size of the MOF crystals before pyrolysis. The non-
conservation of MOF crystal morphology after pyrolysis was previously reported by Zhang et al, for the
ZIF-8/ZIF-67 MOF backbone structure, which dissociates after decomposition at 800 °C into amorphous
Fe-containing carbon particles present on CNFs [8]. It is however possible that nano-sized Fe-doped carbon
particles are present and uniformly dispersed on the CNFs, but are not visible in the FE-SEM images due

to limited resolution of the technique, as discussed below.
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Figure 64: FE-SEM micrographs of a,e) PBIXL@[Fe/Zn]osZIF; c) MOF size distribution histogram of

PBIXL@[Fe/Zn]osZIF; b,f) FE-SEM micrographs of PBIXL@[Fe/Zn]osZIF-P; d) MOF size distribution histogram

of PBIXL@[Fe/Zn]o.sZIF-P.
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Figure 65: FE-SEM micrographs of: a) PBIXL@[Fe/Zn]:ZIF before pyrolysis, b) PBIXL@[Fe/Zn].ZIF after
pyrolysis 1050° C Ar, c) PBIXL@[Fe/Zn].ZIF before pyrolysis, d) PBIXL@[Fe/Zn],ZIF after pyrolysis 1050° C
Ar

In order to better understand the morphological transformation of the Fe-doped MOF crystals during
pyrolysis of PBIXL@[Fe/Zn]osZIF, we evaluated the elemental composition and distribution in the sample
by SEM-EDX analysis. In Figure 66 is depicted the SEM-EDX mapping of the expected elements (Fe, C, N,
Zn) for the PBIXL@[Fe/Zn]osZIF-P sample. One can see that Fe is homogeneously distributed on the
nanofibrous structure, along with N and O. A high zinc signal is however seen in the few large particles
that are derived from the large MOFs crystals. Furthermore, zinc is also homogeneously dispersed on the
polymer nanofibers outside these large MOF-derived particles. The distributed background for Zn and Fe
signals could possibly evidence the presence of atomically dispersed FeNy and ZnNy sites on the CNFs. In
turn, this could imply that, before pyrolysis, nano-sized Fe-doped ZIF-8 existed, along with the micrometer
sized crystals seen in the SEM images. Such nano-sized crystals cannot be detected by SEM-EDX methods

because they are below the resolution limit of this technique.
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Figure 66: Elemental mapping analysis by EDX-SEM of PBIXL@[Fe/Zn]osZIF-P: a) SEM micrograph, b)
elemental mapping (red for C, purple for Zn, green for N, blue for O and yellow for Fe) c) Individual

elemental mapping of each element.

In order to investigate with higher resolution the dispersion of Fe over CNFs after pyrolysis, TEM
coupled EDX chemical topography was performed for down-selected FSE, namely PAN@[Fe/Zn]osSIM-P
(Figure 67) and PBIXL@[Fe/Zn]osZIF-P (Figure 68).
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The elemental mapping of C (in red) and Fe (in yellow) is shown in Figure 67 and 68. The samples were
prepared by impregnation of the pores in the self-standing electrode by a resin, which appears as the red
background in Figure 67 and 68. The more intense red sections, richer in carbon than the resin, represent

the cross-sections of the cut CNFs in TEM while the yellow particles represent the position of Fe.

For PAN@[Fe/Zn]osSIM-P, the intensity of Fe and C signal is significantly lower than as for
PBIXL@[Fe/ZnlosZIF-P and they can be observed only around cut carbon nanofibers. That can be the

indication of less accessible Fe sites in the SIM-1 derived carbon particles.

For PBIXL@[Fe/Zn]osZIF-P, the TEM-EDX mapping shows that Fe rich particles derived from Fe-doped
MOF crystals are homogeneously dispersed around the CNFs and also it can be possible that the FeNC
particles are present not only in the form of microcrystals that were visible in SEM images but also as

nanometric MOF crystals.
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Figure 67. TEM-EDX chemical topography of PAN@[Fe/Zn]osSIM-P sample.
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Figure 68. TEM-EDX chemical topography for PBIXL@[Fe/Zn]osZIF-P

In order to investigate the possible presence of metallic Fe particles, extended X-ray absorption fine
structure (EXAFS) at the Fe K-edge was applied to characterize the electrodes with Fe/Zn extreme ratios
(i.e. [Fe/Zn]os and [Fe/Zn],) to both PAN and PBIXL CNFs (Figure 69). The Fe K-edge EXAFS spectra of
selected self-standing FeNC cathodes were compared to that of a pure metallic Fe foil and to that of the

reference powder catalyst FegsNC (to confirm or infirm the same FeN,4 spectroscopic signature).

The Fourier transform of the EXAFS spectra of PBIXL@[Fe/Zn]osZIF-P and PBIXL@[Fe/Zn],ZIF-P shows
signals at 2.2 A, indicating Fe-Fe interactions which leads to the conclusion that there is some metallic Fe
or Fe carbide particles besides FeN, catalytic sites (Figure 69c-d) [9]. For PAN@[Fe/Zn]osSIM-P and
PAN@[Fe/Zn].SIM-P, the pattern is different, and very similar to the reference FeosNC catalyst and the
absence of signals at 2.2 A and 2.6 A further indicates the absence of metallic or metal carbide Fe particles

(Figure 69a-b).
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Figure 69. Fourier transforms of the experimental Fe K-edge EXAFS spectra of a) PAN@[Fe/Zn]osSIM-P,
b) PAN@[Fe/Zn],SIM-P, c) PBIXL@[Fe/Zn]osZIF-P, d) PBIXL@[Fe/Zn]osZIF-P and compared to the spectra

for the reference FeosNC catalyst and a metallic Fe foil.

The FeNC self-standing electrodes obtained by pyrolysis of polymer fibers decorated by ferrocene-
doped SIM-1 and ZIF-8 were analysed for their electrocatalytic activity towards ORR. They have been

investigated as self-standing webs as well as introduced in conventional inks. The results are presented in

the following paragraphs.
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4.3.b Electrochemical properties of self-standing and grinded FeNC cathodes in RDE

4.3.b.1 Electrochemical properties of self-standing FeNC cathodes in RDE

The electrocatalytic properties of self-standing FeNC catalysts were first measured by a rotating disc
electrode (RDE) in oxygen saturated 0.1 M H,SO4 and in nitrogen saturated 0.1 M H,SOa4. The results were
compared with the reference FeosNC catalyst prepared and deposited by ink method[10] (Figure 70). It is
important to take into account that the self-standing catalysts that were cut and attached to the GC
electrode are thicker than the reference layer obtained by ink deposition. The thickness expected for a
loading of 1 mg cm™ of FeNC powder catalyst (mostly, carbon) is ca 20 um. The lower-range thickness of
self-standing FeNC cathodes that may be prepared was limited by mechanical properties. The self-standing
FeNC cathode thickness was ~ 50 um for PAN-derived cathodes and ~20 um for PBIXL-derived cathodes,
both significantly thicker that the 1 mg cm™ catalytic layer deposited by ink process. The real part of the
FeNC self-standing cathode involved in the ORR is not known precisely, especially for PAN-derived

electrodes with a thickness higher than the diffusion layer thickness in the electrolyte at 1600 rpm.

In order to better understand differences in the activity of self-standing cathodes and ink-deposited
catalyst layers, it is also important to assess the loading of catalyst (mg/cm?) corresponding to self-standing
cathodes. The latter was assessed by measuring the mass of the cut-out circular self-standing cathodes
and dividing by the electrode surface (0.196 cm? for standard RDE glassy carbon electrode). For self-
standing cathodes, the value of catalyst loading may vary by every measurement due to different thickness
of the carbon webs (50-60 um for SIM-1 and 20-30 um for ZIF-8). However, usually for both
PAN@|[Fe/Zn],SIM-P and PBIXL@[Fe/Zn]«ZIF-P electrodes, the value of loading was around 0.5 mg cm™.
For ink-deposited catalyst powders, the catalyst loading was fixed at 1 mg cm™?. To compare the
electrocatalytic activity of self-standing electrodes versus ink-deposited catalytic layers, one must
therefore take into account the ca double loading of the latter (1 vs. 0.5 mg cm). In addition, one must
keep in mind that the FeNC catalytic particles derived from MOFs that are present in the self-standing
cathodes are diluted by the mass of carbon derived from PBI-XL or PAN. As a result, the Fe content may
be lower compared to Fe0.5-NC. The absolute quantity of Fe was assessed by X-ray fluorescence

spectroscopy for grinded self-standing cathodes, and results presented in Table 15.
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Table 15: Bulk Fe content in the grinded self-standing FeNC cathodes

Samples Iron, wt%
PAN@[Fe/Zn]o.sSIM-P, 0.112
PBIXL@[Fe/Zn]osZIF-P, 0.460

By comparison, the bulk Fe content in Feos-NC is circa 1.5 wt%, and it is entirely present as FeNy sites.

Firstly, the self-standing FeNC electrodes derived from PAN were characterized by RDE techniques. The
cyclic voltammetry was applied in the N;-saturated electrolyte, and the results are shown in Figure 70a.
The CV curve of PAN@[Fe/Zn]osSIM-P show high electrochemical capacitance that corresponds to high
accessible carbon surface area (in agreement with high surface area of [Fe/Zn]osSIM-P, see chapter 2) and
is in correlation with its high ORR activity. The curves of PAN@[Fe/Zn]:SIM-P and PAN@[Fe/Zn],SIM-P are
narrower, which indicates lower electrochemical capacitance, and that can possibly be due to less
accessible microporous structure inside the FeNC catalytic particles, in line with results seen in chapter 2
on the series of [Fe/Zn]SIM-P materials. The reversible peak shown at Figure 70a at the potential of 0.77
V vs. RHE corresponds to Fe?*/Fe®" reduction/oxidation, probably from FeNy active sites. Now, the ORR
results of PAN@[Fe/Zn]«SIM-P electrodes are discussed. The ORR of PAN@[Fe/Zn]osSIM-P (Figure 70c,
black curve) indicates high catalytic activity that is comparable to the reference FeosNC catalytic layer. For
PAN@[Fe/Zn]:SIM-P and PAN@][Fe/Zn],SIM-P, they have in contrast a drastically lower activity,

repetitively observed for every synthesized sample.

The CV curves of PBIXL@[Fe/Zn]ZIF-P shown in Figure 70b indicate high electrochemical capacitance
of the cathodes, that is also connected to high surface area and microporous volume (in agreement with
high BET area of [Fe/Zn]«ZIF-P, see chapter 2). The reversible peak shown in Figure 70b at the potential of
0.77 V vs. RHE is also present for this batch of catalysts and corresponds to Fe?*/Fe3* reduction/oxidation.

One can also see that the intensity of this peak progressively increases with increasing Fe/Zn mol %.

The ORR polarization curves of PBIXL@[Fe/Zn].ZIF-P electrodes (Figure 70) indicates high activity for all
measured samples, showing almost identical curves for all three ZIF-derived electrodes. However, the
activity was still lower than that of the FeosNC powder catalyst layer. The highest activity was recorded for
PBIXL@[Fe/Zn],ZIF-P (Figure 70), and this is in agreement with high specific surface area (Sger 1822 m?g?)

measured for the corresponding pyrolysed powder [Fe/Zn],ZIF-P (see chapter 2).
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Figure 70: Electrochemical characterization in RDE of self-standing FeNC electrodes. a) CV in N»-
saturated pH 1 solution of PAN@[Fe/Zn],SIM-P (x = 0.5, 1 or 2), b) CV in N,-saturated pH 1 solution of
PBIXL@[Fe/Zn]«ZIF-P (x = 0.5, 1 or 2), c) ORR polarization curves in O;-saturated pH 1 solution of
PAN@[Fe/Zn],SIM-P (x = 0.5, 1 or 2), d) ORR polarization curves in O,-saturated pH 1 solution of
PBIXL@[Fe/Zn]«ZIF-P (x=0.5, 1 or 2), and compared to the same curves measured for the reference FeosNC

active layer. The electrolyte was 0.1 M H,SO, and electrode rotation rate 1600 rpm.

In summary, according to the RDE measurements, the ORR catalytic activity is quite high for
PAN@[Fe/Zn]osSIM-P and for all three PBIXL@[Fe/Zn]«ZIF-P electrodes (x=0.5, 1 or 2). The Tafel plots
derived from the RDE ORR polarization curves are shown in Figure 71. The mass activity measured at 0.8
V vs. RHE for all samples is presented in Figure 72, identifying the electrodes PAN@[Fe/Zn]osSIM-P and
PBIXL@[Fe/Zn],ZIF-P as the most promising self-standing electrodes, with mass activity of 0.9 and 0.82 A

160



gl respectively. This is however still about 3 times lower ORR activity than measured for Fegs-NC, and this

difference can be assigned, in part, to their lower Fe content (see Table 15).
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Figure 71: Tafel plots derived from RDE polarization curves measured in O;-saturated pH 1 electrolyte
for a) PAN@[Fe/Zn],SIM-P electrodes, b) PBIXL@[Fe/Zn]«ZIF-P electrodes, and compared to the reference

FeosNC catalytic layer
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Figure 72 : Mass activity for self-standing cathodes measured at 0.8 V vs. RHE and compared to the
reference FeosNC catalytic layer. The average activity and error bar was estimated from three independent

measurements on three different layers.
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The catalytic performance of PAN@[Fe/Zn],SIM-P and PBIXL@[Fe/Zn]«ZIF-P electrodes was further
characterized in fuel cell. The self-standing electrodes were used as such at the cathode, except that they
needed to be impregnated with a given amount of Nafion resin solution, in order to provide some proton

conductivity through the electrode. The results are reported in section 4.3.c.

The goal of the project was to improve the mass transport of FeNC electrodes by introducing self-
standing electrodes that are able to provide both microporosity (to improve or maintain the ORR activity)

and in particular high macroporosity (in order to improve the mass transport through the electrode).

The self-standing structures obtained here may however present a too high degree of macroporosity
that leads to another extreme, with sufficient macroporosity for molecular gas iffusion but insufficient
density of active sites per unit volume of electrode (leading to low volumetric ORR activity). To overcome
this issue, there are several possible strategies, as for example, densification of the self-standing fiber
mats. Another possible strategy is to transform the self-standing cathodes into FeNC catalyst powder but
with a retained fibrous structure of the FeNC catalyst. This could lead to an optimum in terms of
macroporosity inside the active layer between what may be obtained from MOF-derived FeNC catalyst
powders and self-standing FeNC electrodes. As an example of this second approach, we will discuss below
the effect of manual grinding of self-standing FeNC electrodes on the electrochemical properties,

measured both in RDE and PEMFCs.

4.3.b.2 Electrochemical properties of grinded FeNC cathodes in RDE

The self-standing electrodes were manually grinded in order to achieve a material morphology which
can be used to form a conventional catalytic ink, while still retaining the high aspect-ratio morphology of
fibers. Also this method allows an easy comparison with the reference Feos-NC powder catalyst[12] that
could also be beneficial in the following study. The SEM micrograph of Figure 57 depicts the typical
morphology of a grinded self-standing FeNC electrode, with CNF morphology of dispersed lengths.
Although the length of the fibrous carbon nano-rods cannot be precisely controlled, generally it is sohwn
that this method results in anisotropic shape of FeNC catalytic domains, and the obtained nano-fibrous
FeNC catalysts can be processed as an ink. The RDE measurements for grinded FeNC electrodes are shown

in Figure 73.

For CV curves measured in N,—saturated electrolyte, PAN@[Fe/Zn]osSIM-P; and PAN@[Fe/Zn],SIM-P,

show similar curves as before the grinding. There is a significant peak at 0.77 V vs RHE that is attributed to
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Fe?*/Fe® oxidation/reduction. Interestingly, the CV curve for PAN@[Fe/Zn]:SIM-Pg is seemingly wider than
that of PAN@[Fe/Zn];:SIM-P (red curves in Figure 70), which means that during grinding some carbon
surface inaccessible before the grinding became accessible after the grinding. Therefore, one expects that
the grinded electrode will be more ORR active than the self-standing electrode. This expectation is
confirmed in the ORR polarization curves (red curve in Figure 73c), with PAN@[Fe/Zn];SIM-P; now
identified as the most active catalyst among the series of PAN@[Fe/Zn],SIM-P,;while it was almost inactive

before grinding.

The most active catalyst in the other series of materials is PBIXL@[Fe/Zn]osZIF-Pg, characterized both
by highest electrochemical capacitance (black curve in Figure 73b) and highest ORR activity (black curve in
Figure 73d. The other two materials of the series, PBIXL@[Fe/Zn]:ZIF-P, and PBIXL@[Fe/Zn],ZIF-Pg, have
similar ORR activity in RDE, about 50 mV downshifted compared to PBIXL@[Fe/Zn]o.sZIF-Ps.

The Tafel plot presentations derived from the ORR polarization curves better allow the comparison of
the activity of each catalyst (Figure 74), and the mass activity at 0.8 V vs. RHE are shown in Figure 75. The
most active catalysts in RDE are PAN@[Fe/Zn]:SIM-P; and PBIXL@[Fe/Zn]osZIF-Pg, with electrocatalytic

activity of 0.63 A gt and 0.79 A g respectively.
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Figure 73: Electrochemical characterization in RDE of grinded FeNC electrodes. a) CV in N;-saturated
pH 1 solution of PAN@[Fe/Zn],SIM-P; (x = 0.5, 1 or 2), b) CV in Nj-saturated pH 1 solution of
PBIXL@[Fe/Zn]ZIF-Pg (x = 0.5, 1 or 2), c) ORR polarization curves in O,-saturated pH 1 solution of
PAN@[Fe/Zn]SIM-P; (x = 0.5, 1 or 2), d) ORR polarization curves in O;-saturated pH 1 solution of
PBIXL@[Fe/Zn]ZIF-Pg (x = 0.5, 1 or 2), and compared to the same curves measured for the reference

FeosNC active layer. The electrolyte was 0.1 M H,SQ,, electrode rotation rate 1600 rpm and catalyst loading

1 mgcm™.
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Figure 74: Tafel plots derived from RDE polarization curves measured in O;-saturated pH 1 electrolyte
for a) PAN@[Fe/Zn]SIM-P, catalyst layers, b) PBIXL@[Fe/Zn]ZIF-Pg catalyst layers, and compared to the

reference FeosNC catalytic layer.
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Figure 75: Mass activity for grinded FeNC electrodes, measured at 0.8 V vs. RHE and compared to the
reference FeosNC powder catalyst. The average activtiy and error bar was estimated from three

independent measurements on three different layers.

In summary, the grinding did not improve the ORR activity compared to what was measured for the

self-standing electrodes that showed high ORR activity. One exception is seen for PAN@[Fe/Zn]«SIM-Pg
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with ORR activity matching that of the best grinded electrodes, while before grinding it showed almost no
ORR activity. Overall, the electrochemical RDE results show that all self-standing or grinded FeNC
electrodes show lower ORR mass activity than that of the reference Feos-NC material. This is mostly due
to a dilution effect of the “active FeNC phase” derived from the MOFs by the inactive or less active carbon
phase derived from the polymer fibers. Significant further addition of iron in the MOFs would lead to the
creation of metallic iron particles (i.e. metallic iron, iron carbide or even iron nitride nanoparticles) that

are not or less active for ORR than the FeNy sites [13].

4.3.c Electrochemical properties of self-standing and grinded FeNC cathodes in PEMFC

The electrochemical performance of the MEAs prepared with different grinded FeNC cathodes with the

loading of 4.84 mg cm™ are shown in Figure 76.

The ORR activity of the series of PAN@[Fe/Zn]«SIM-P, fibrous catalysts is lower than that of cathodes
based on FegsNC reference catalyst. The trends of ORR activity measured in aqueous conditions and in fuel
cell are thus in agreement for the grinded PAN-derived electrodes, with the most active material being

PAN@[Fe/Zn]iSIM-Pg and the least active PAN@[Fe/Zn].SIM-Py, respectively.

For the series of PBIXL@[Fe/Zn]ZIF-Pg fibrous catalysts, the activity trends as a function of the Fe/Zn
ratio remained relatively the same in RDE and PEMFC, identifying the most promising sample as
PBIXL@[Fe/Zn]osZIF-Pg. The PBIXL@[Fe/Zn],ZIF-Pg catalyst is the least active in this series, both in RDE and
PEMFC data.
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Figure 76: The polarization curves of MEAs with cathode comprising a) grinded PAN@[Fe/Zn]«SIM-Pg
catalysts, (x=0.5, 1 or 2), 4 mg cm™ cathode loading deposited on the microporous side of a GDL b) grinded
PBIXL@[Fe/Zn]ZIF-Pg catalysts, (x = 0.5, 1 or 2), 4 mg cm™ cathode loading deposited on the microporous
side of a GDL. The curves are also compared to polarization curves obtained with MEAs comprising
cathodes based on the FeosNC reference (4 mg cm™ cathode loading, deposited on the microporous side
of a GDL). Anode was GDE Sigracet 24BC with loading 0.5 mgp:cm-3. Membrane Nafion NR211. The pressure

of H; and O, gases was set as 1 bar. The compression rate was ca 30%.

Although the activity of the fibrous FeNC catalysts remained lower than that of the FeqsNC reference
catalyst, we down-selected on this basis PBIXL@[Fe/Zn]osZIF-P as the most promising self-standing FeNC
cathode for thorough investigation in PEMFC. Unfortunately, it was found later by EXAFS (Figure 69) that
the chosen cathode PBIXL@[Fe/Zn]osZIF-P contains some metallic Fe particles. In any case, this electrode
showed a decent ORR activity in both RDE and PEMFC measurements in grinded form, or in RDE as a self-

standing electrode.

Since self-standing FeNC electrodes possess high macroporosity, required for gas diffusion, it is possible

to prepare MEAs without GDL on the cathode side when using self-standing FeNC electrodes.

The self-standing cathode was prepared by impregnating a 20 um layer of PBIXL@[Fe/Zn]osZIF-P in
Nafion solution 5%, and successive drying in air. The resulting cathode was assembled in MEA and
measured in fuel cell under pure oxygen environment (1 layer of FeNC self-standing electrode). After that,
we also tested to stack 4 layers of PBIXL@[Fe/Zn]osZIF-P and even 7 layers of PBIXL@[Fe/Zn]osZIF-P. Each
layer corresponds to circa 0.5 mg per cm? of FeNC catalyst. The resulting polarization curves are shown in

Figure 77.
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For the moment, all self-standing electrodes present a lower activity and performance than that
obtained with the reference catalyst Feos-NC. Even the grinded electrode that was then deposited as an
ink resulted in lower performance, for a same cathode loading of 4 mg cm™ than the reference catalyst.
The shape of the polarization curve indicates lower ORR activity but improved mass-transport however,
compared to the polarization curve of the reference Fe0.5-NC catalyst (compare the black and blue

curves).
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Figure 77: The polarization curves for MEAs with self-standing FeNC cathodes based on
PBIXL@[Fe/Zn]osZIF-Pg (different numbers of layers of self-standing cathodes, 1, 4 or 7, loading ca 0.5 mg
cm?, 2 mg cm? and 3.5 mg cm™ respectfully) and comparison to the polarization curve obtained with
PBIXL@[Fe/Zn]osZIF-P; (4 mg cm™ cathode loading) and also to that obtained with FeosNC reference
catalyst (4 mg cm™ cathode loading). For the self-standing FeNC cathodes, they were used as such after
Nafion functionalization, and without GDL between them and the cathode endplate. Anode was GDE
Sigracet 24BC with loading 0.5 mgp: cm2. Membrane Nafion NR211. The pressure of H, and O, gases was

set as 1 bar. The compression rate was ca 30%.
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4.3.d Electrochemical properties of Basolite-functionalized fibrous FeNC catalyst

The mass activity of the self-standing and/or grinded FeNC electrodes prepared by the growth of
ferrocene-doped MOFs on polymer fiber mats followed by pyrolysis, has hitherto been significantly lower
than that of the reference FeosNC powder material in both RDE and in PEMFC setup. This has impeded
reaching higher performance in PEMFC, even if the electrode macroporosity of self-standing electrodes or
layers made from grinded electrodes is higher than the macroporosity of layers made from the reference
FeosNC catalyst. One of possible reasons for the lower activity is that during MOF synthesis on the polymer
fibers, the quantity of Fe introduced in the self-standing polymer fiber mat is significantly lowered due to
the high mass of polymer relative to the mass of MOF grown and attached on the polymer fibers. This
hypothesis was confirmed by X-ray fluorescence spectroscopy on selected samples (Table 15), showing 3

to 10 times less Fe bulk content in such FeNC electrodes compared to FeosNC powder catalyst.

To increase the quantity of Fe sites in the self-standing electrodes, the synthesis procedure was
modified, replacing the MOF precursor by commercial ZIF-8 (Basolite® 21200, Sigma-Aldrich). The

synthesis step for functionalizing with Basolite the polymer fiber mat was as following:

A mass of 2.32 g of Basolite® 21200 was first dispersed in 40 mL of DMF at room temperature using
magnetic stirring. After heating to 140 °C, 2.1 g of ferrocene and 6.7 g of zinc nitrate were then added in
the solution. That corresponds to Zn/Fe ratio of 0.5 at %. After few minutes, the stirring was stopped and
the cross-linked PBI nanofiber mat was introduced in solution and placed horizontally. The thickness of
the PBI fiber mat was ~ 20 um and the size of the piece of mat immersed in solution was 4 cm x 4 cm. After
introduction of the fiber mat in solution, the reaction was let to proceed at 140°C for 24 h without stirring,

and the nanofiber mat was then withdrawn from the solution and washed with ethanol.

After this step, the subsequent cathode preparation method was kept identical as before, and is
described in sections 4.1.b and 4.1.c. A part of the resulting FeNC electrode was later grinded manually
with a mortar in order to also obtain comparative PEMFC data for a cathode prepared by ink deposition
of the grinded FeNC electrode. The self-standing FeNC electrode and grinded electrode were labelled as

PBIXL@[Fe/Zn]o.sZIFpas-P and PBIXL@[Fe/Zn]osZIFbas-Pg, respectively.
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Figure 78: Electrochemical characterization in RDE of grinded PBIXL@[Fe/Zn]o.sZIFpas-P electrode.
a) ORR polarization curves in O,-saturated pH 1 solution and compared to the same curve measured for
the reference FeosNC active layer. The electrolyte was 0.1 M H,SO,, electrode rotation rate 1600 rpm and
catalyst loading 1 mg cm™. Inset: Mass activity of grinded PBIXL@[Fe/Zn]osZIF-P electrode, measured at
0.8 V vs. RHE and compared to the reference FeqsNC powder catalyst, b) ORR activity at pH 1, determined
by nitrite striping method before/after, O,-LC. Inset: Mass activity of grinded PBIXL@[Fe/Zn]osZIFpas-P
electrode after 10000 cycles, measured at 0.8 V vs. RHE and compared to the reference FeosNC powder
catalyst. The potential was stepped between 0.6 and 1.0 V vs. RHE. Each potential was held for three

seconds.

The ORR activity measured for PBIXL@[Fe/Zn]osZIFsas-P and compared to FeosNC reference is
present at Figure 78. For the case of basolite-based material there is clear improvement in the mass activity
(Figure 78 a) compared to Figure 29 with a non-modified Fe-doped synthesis. The activity losses after AST

(Figure 78 b) were compared to the reference and are in agreement with expected loses.
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Figure 79: The polarization curves of MEAs comprising the self-standing FeNC cathode
PBIXL@[Fe/Zn)osZIFuas-P (4 identical layers superposed on each other, corresponding to ca 2 mg cm FeNC
loading) or the cathode active layer prepared by ink-deposition of PBIXL@[Fe/Zn]o.sZIFpas-Pg (4 mg cm™
cathode loading). The curves are also compared to polarization curves obtained with MEAs comprising
cathodes based on a) ink-deposited PBIXL@[Fe/Zn]osZIF-Pg or b) the FeosNC reference (4 mg cm™ cathode
loading, deposited on the microporous side of a GDL). No GDL was used on the cathode side with the self-
standing cathode. Anode was GDE Sigracet 24BC with loading 0.5 mgp:cm™. Membrane Nafion NR211. The

pressure of H, and O, gases was set as 1 bar. The compression rate was ca 30%.

4 self-standing FeNC layers of PBIXL@[Fe/Zn]osZIFsas-P were first immersed in the solution of Nafion
(5wt%) and after drying they were stacked on each other and assembled in the MEA on the cathode side
under hot press, labelled as “4 layers PBIXL@[Fe/Zn]osZIFuas-P”, in the figure. The resulting polarization
curves are presented in Figure 79. The results were also compared to the most active sample obtained via

MOF growth on polymer fibers, namely the grinded electrode PBIXL@[Fe/Zn]osZIF-Pg.
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The PEMFC results evidence a great improvement of ORR activity at 0.8 V and overall performance at
any cell voltage for the 4-layer of PBIXL@[Fe/Zn]osZIFswas-P, compared to the 1-, 4- or 7-stacked layers of
PBIXL@[Fe/Zn]osZIF-P (see Figure 77). It therefore seems that introducing pre-existing ZIF-8 crystals in the
solution resulted in increased density of Fe active sites than when the ligand 2-methylimidazole is
introduced. The initial OCP recorded for the 4-layers of PBIXL@[Fe/Zn]osZIFpas-P is 0.94 V. Interestingly,
this self-standing cathode is also as ORR active at 0.8 V as the catalytic layer prepared by ink deposition of
PBIXL@[Fe/Zn]osZIFsas-Pg (compare the green and magenta curves in Figure 79), despite of higher FegsNC
loading in the latter (4 mg cm™ for the PBIXL@[Fe/Zn]o.sZIFwas-Pg cathode, versus circa 2 mg cm™ of FeosNC
expected for 4 stacked layers of self-standing FeNC electrodes). At lower cell voltage, the performance
obtained with the cathode “4 mg cm™ of PBIXL@[Fe/Zn]osZIFsas-Pg” is however higher. Compared to the
result obtained with the cathode comprising 4 mg cm™ of the reference FeosNC catalyst, the latter shows
higher ORR activity at e.g. 0.8 V compared to the cathode based on 4 mg cm™ of PBIXL@[Fe/Zn]o.5ZIFpas-Pe.
However, these two cathodes show the same performance at circa 0.4 V, and at lower cell voltage, the
cathode performance becomes slightly better with the fibrous FeosNC catalyst PBIXL@[Fe/Zn]o.sZIFpas-Pg
than with the conventional Basolite-derived reference FeosNC catalyst (compare blue and magenta curves

in Figure 79).

This achievement is encouraging and could lead to further studies of ZIF/polymer fiber composites for
improved cathode morphology. Increasing the ratio of MOF/polymer fiber mass is important to reach
sufficient ORR activity with such synthesis method, while a small amount of polymer fiber should suffice
to secure a fibrous morphology of the FeNC cathode or grinded cathode, necessary for increasing the
electrode or active layer macroporosity. The introduction of nano-sized ZIF-8 instead of the large crystals
or particles present in the commercial Basolite Z1200 could, for example, be studied to improve the
performance. In addition, PEMFC tests in air should be performed, which could further highlight the

benefit of the fibrous FeNC catalysts versus the Basolite-derived reference FeosNC catalyst.
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4.4 Conclusions

In this chapter, self-standing FeNC electrodes were investigated morphologically and electrochemically,
using RDE and PEMFC measurements. The family of PAN@[Fe/Zn],SIM electrode precursors have well-
defined MOF crystal shapes that is retained after pyrolysis. EXAFS analysis shows the absence of Fe-based
crystallographic structures, implying that all Fe atoms were converted into FeN,4 active sites during
pyrolysis. However, the electrochemical ORR mass activity measured in RDE and PEMFC is lower than that

of the FeosNC reference catalyst.

On the other hand, the family of PBIXL@[Fe/Zn].ZIF electrode precursors comprises both nano- and
micro- sized Fe-doped MOFs, homogeneously distributed on the polymer fibers. After pyrolysis, the Fe-
based active sites are dispersed around the CNFs, which can explain the high activity of PBIXL@[Fe/Zn].ZIF-
P electrodes in RDE and fuel cell measurements. However, EXAFS analysis also reveals the presence of Fe-

based particles in this type of electrode.

Significant performance in PEMFC was obtained with stacked layers of Nafion-functionalized self-
standing FeNC cathodes. The Fe content in such FeNC cathodes, and thus the active site density, seems
however to strongly limit the electrode performance. In an attempt to increase the site density, the MOF
ligand was exchanged by commercial ZIF-8 (Basolite Z1200) during the step of MOF growth on the polymer
fibers (in this case, PBIXL polymer fibers). The resulting self-standing FeNC cathode, PBIXL@[Fe/Zn]o.sZIFpas-
P, showed much higher ORR activity and performance in PEMFC than any other self-standing cathode,
reaching ca 300 mA cm™ at 0.4 V. After grinding (PBIXL@[Fe/Zn]osZIFpas-Pg), a cathode layer prepared by
ink deposition showed further enhancement, reaching ca 640 mA cm™ at 0.4 V, exactly matching the
performance of the cathode layer prepared by ink deposition of the reference FeosNC catalyst. At cell
voltage < 0.4V, it even became better than the reference Feos-NC catalyst. This highlights the potential of
fibrous FeNC catalysts, to tune the cathode layer morphology. Self-standing FeNC cathodes may also be
optimized to a large extent in the future, for example by optimizing the Nafion content or gradient of

Nafion content through the different FeNC self-standing layers.
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General conclusions

This thesis work was focused on the design and investigation of novel type of self-standing FeNC
cathodes for PEMFC, with improved macroporosity. Those cathodes were prepared by electrospinning in
order to achieve macroporosity in the fibrous web structures while microporosity, necessary for the high
oxygen reduction activity and high number of Fe-based active sites in FeNC, was achieved either by forming
intra-fiber micropores inside the fibers or by functionalizing the fibers with microporous MOF domains on

the outside surface of the fibers.

During this work, a first approach for the preparation of CNFs with intra-fibre micropores resorted to
the co-electrospinning of PAN with an added porogen agent, either a sacrificial polymer porogen (PMMA,
Nafion®, PVP) or an inorganic porogen (ZnCl,). The electrospun polymer fibre web was then carbonized in
Ar at 1000°C and then subjected to a short ammonia activation at 900°C. Only the combination of the
porogen addition during electrospinning and the ammonia activation step lead to intra-fiber open
porosity, with high BET area ranging from 325 to 1083 m?2g™®. Without the ammonia activation step,
porosity was created in the fibers, but it was a closed porosity, as demonstrated by low BET area. Then the
porogens PVP and ZnCl, were down-selected for the preparation of self-standing FeNC electrodes,
prepared via electrospinning of a solution of PAN/porogen/Fe salt, followed by carbonization in Ar and
then activation in ammonia. The highest ORR mass activity at 0.8 V vs. RHE measured in RDE for such self-
standing FeNC electrodes was 0.88 A g, versus 2.71 A g for the mass activity of the reference catalytic
layer of the Fe0.5NC reference catalyst pyrolyzed in Ar. The value of 0.88 A g is low, especially taken into
account that the self-standing FeNC cathodes were ammonia-treated, which is known to further increase

the ORR mass activity of the FeqsNC reference catalyst by ca a factor of x20 to x30[9].

The second approach for preparing self-standing FeNC cathodes resorted to the growth of ferrocene-
doped metal organic frameworks on the 3D web of polymer nanofibers prepared by electrospinning, and

then its pyrolysis in argon.

Chapter 2 described the first step toward that goal, namely the optimized synthesis of ferrocene-doped
MOFs (SIM-1 and ZIF-8) to be pyrolyzed later into FeNC. These were prepared by solvothermal synthesis,
optimizing the ferrocene-to-zinc molar ratio, in order to maximize the ORR activity of the resulting FeNC
catalyst powders after pyrolysis in Ar. With SIM-1, it was found that the ferrocene content in the MOF is
proportional to the Fe/Zn ratio in solution, while with ZIF-8 it was found that this is true only up to a

maximum Fe/Zn ratio in solution, above which very little additional ferrocene could be encapsulated in
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ZIF-8. The resulting FeNC powder catalysts after Ar-pyrolysis were characterized structurally and
electrochemically, revealing a high microporous structure of materials (The Sger was between 406 and 1824
m? gt before pyrolysis and between 488 and 1347 m? g after pyrolysis). The highest ORR activity in RDE
were obtained with [Fe/Zn]1ZIF-P and [Fe/Zn]sZIF-P with the mass activity at 0.8 V vs. RHE of 2.35 A gt and
3.05 A g respectively. Although a high atomic ratio of Fe/Zn in ferrocene-doped ZIF-8 led to the creation
of metallic Fe particles (possibly along with FeNx sites), as shown by EXAFS, the other materials were free
of Fe particles, indicating the full conversion of ferrocene into atomically-dispersed FeNyactive sites during
pyrolysis. Based on the results from this chapter, the following synthesis and the atomic ratio of Fe/Zn
were chosen for the further preparation of self-standing FeNC electrodes: [Fe/Zn]osSIM, [Fe/Zn]:SIM,
[Fe/Zn],SIM and [Fe/Zn]10SIM, [Fe/Zn]osZIF-P, [Fe/Zn]1ZIF, [Fe/Zn],ZIF.

This study was followed by chapter 3, where self-standing FeNC electrodes were prepared via the
growth of ferrocene-doped SIM-1 on different PAN fibrous webs, then pyrolyzed identically as in chapter
2. The effect of coating the PAN polymer fibers with zinc was investigated and the ORR activity of the
resulting self-standing FeNC electrodes were measured in RDE. Overall, the growth of ferrocene-doped
SIM-1 on PAN polymer nanofibers was successful, leading to the formation of micro-sized MOFs on the
surface of the polymer fibers. After pyrolysis, FeNC electrodes were characterized by RDE setup, resulting
in significant ORR mass activity (0.77 A g for SIM-1 grown on PAN fiber mat vs 1.09 A g™ for SIM-1 grown
on Zn-coated PAN fiber mat). However, there is no significant benefit of coating the polymer fibers with
Zn, and this complexifies a lot the synthesis. Therefore, all following preparations in chapter 4 were done

on pristine polymer nanofiber mats.

The last chapter was dedicated to the design and optimization of self-standing FeNC electrodes
prepared by the growth of ferrocene-doped SIM-1 or ZIF-8 on different polymer fiber mats prepared by
electrospinning. Another polymer fiber mat, namely cross-linked polybenzimidazole (PBIXL), was used in
order to be able to grow ZIF-8 on a polymer fiber mat, since the growth of ZIF-8 on PAN fibers was
unsuccessful. Resulting electrodes after Ar pyrolysis were investigated morphologically and
electrochemically using RDE and PEMFC measurements. The family of PAN@[Fe/Zn]«SIM-P electrodes
were shown by EXAFS to comprise Fe only in the form of FeN, active sites. Only rather large, micrometric
SIM-1 crystals were grown on the PAN polymer fibers. However the electrochemical activity in both RDE
and PEMFC was lower than that of the FeosNC reference catalyst. The family of PBIXL@[Fe/Zn]ZIF-P
electrodes were shown by EXAFS to comprise sometimes metallic Fe particles, depending on the Fe/Zn

ratio. Both micro and nano-sized ZIF-8 crystals were formed on the surface of the PBIXL polymer fibers.
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After pyrolysis self-standing FeNC electrodes were characterized by RDE setup, revealing high catalytic
activity for all measured samples. PAN@[Fe/Zn]osSIM-P and PBIXL@[Fe/Zn],ZIF-P were the most
promising self-standing electrodes, with mass activity of 0.9 and 0.82 A g%, respectively. The self-standing
electrodes were also grinded, deposited in electrode by drop-casting method and characterized in RDE
setup, also revealing high catalytic activity. The most active samples were PAN@[Fe/Zn];SIM-P; and
PBIXL@[Fe/Zn)osZIF-P,, with electrocatalytic activity of 0.63 A g™ and 0.79 A g™ respectively. In summary,
the grinding of self-standing FeNC electrodes did not generally improve the catalytic activity, thereby

validating the RDE measurement and concept of the self-standing electrodes.

The self-standing electrodes were also investigated in H,/O; fuel cell. The trends of ORR activity
measured in PEMFC for grinded electrodes was in agreement with the results obtained by RDE. The most
promising sample was PBIXL@[Fe/Zn]osZIF-Pg, revealing decent activity, almost comparable with that of
FeosNC catalyst. Several self-standing PBIXL@[Fe/Zn]osZIF-P layers were stacked on each other (1, 4 or 7
layers; corresponding to FeNC loadings of ca 0.5, 2 and 3.5 mg cm™, respectively) to form a complete FeNC
cathode, and were installed in a single cell PEMFC without GDL between the self-standing catalyst layers
and the cathode endplate. This resulted in decent ORR activity and polarization curve. While the activity
and performance was lower than for the grinded version of this sample, this demonstrates the concept of

self-standing FeNC cathodes in PEMFC.

Finally, the thesis work was concluded by the PEMFC investigation of cathodes prepared by the
attachment of commercial ZIF-8 particles (Basolite Z1200) on PBIXL nanofibers in the presence of
ferrocene. The synthesis of those cathodes was similar to previously investigated ones, but the ligand of
ZIF-8 was exchanged by commercial ZIF-8 in order to increase the quantity of active sites on fibers, then
pyrolyzed in Ar. The resulting self-standing FeNC cathode, PBIXL@[Fe/Zn]o.sZIFpas-P reached ca 300 mA cm”
2 at 0.4 V. After grinding (PBIXL@[Fe/Zn)osZIFwas-Pg), @ cathode layer prepared by ink deposition showed
further enhancement, reaching ca 640 mA cm™ at 0.4 V, exactly matching the performance of the cathode
layer prepared by ink deposition of the reference FeosNC catalyst. At cell voltage < 0.4V, it even became
better than the reference Feos-NC catalyst. Therefore, this modified approach (exchanging 2-methyl-
imidazole ligand for Basolite in the solution) resulted in much higher ORR activity in PEMFC, both as self-
standing cathode or catalyst, compared to all other self-standing cathodes or catalysts previously studied

in chapter 4.

Overall, the results obtained in this PhD thesis work highlight the potential of fibrous FeNC catalysts, to

tune the cathode layer morphology.
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Outlook for future studies:

The activity and power performance of self-standing FeNC cathodes could be significantly improved in

the future by optimizing the following properties:

e Increased density of Fe-based actives sites per volume of electrode

e  Optimized content of ionomer in the electrode

e  Gradient of ionomer through the overall cathode (composed of several self-standing
layers)

e  Optimized content of MOFs grown or attached to the polymer fibers before pyrolysis

e  Optimization of the size of MOFs

e  Deposition of a microporous layer (carbon black + Teflon) on one self-standing layer, for

improved water management in PEMFC operation

After optimization of such self-standing FeNC electrodes, it would also be interesting to compare the
performance in fuel cell with a cathode fed with air instead of pure oxygen. Air feed is the application
conditions for PEMFCs, and the expected higher porosity in self-standing electrodes vs. conventional FeNC

powder catalyst layers could therefore play an important role in such conditions.

In parallel, the investigation of grinded self-standing cathodes is also promising, resulting in FeNC

catalyst powders but with anisotropic, fibrous, morphology.

Also, an interesting approach could be developped by combining the self-standing electrode concept
and the conventional catalyst ink process, for example by depositing optimized content of catalyst ink into

self-standing FeNC electrodes.
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Résumé de la thése

Francais

L'objectif de ce projet de these était le développement de cathodes FeNC autosupportées préparées par électrofilage, pour la préparation d’électrodes
a porosité hiérarchique. Une telle structure pourrait améliorer 'accessibilité des sites actifs a base de fer par 'O, pour la réaction de réduction de
I'oxygene (ORR), et par conséquent la performance des cathodes FeNC dans la pile a combustible a membrane échangeuse de protons (PEMFC). En
raison de I'activité plus faible pour 'ORR des catalyseurs FeNC par rapport au platine dispersé sur carbone, les couches actives FeNC de I'état de I'art ont
une épaisseur d’environ 100 um aujourd’hui, environ 5 a 10 fois plus épaisses que les couches Pt/C. Pour cette raison, 'optimisation de la diffusion d’O,
dans les électrodes FeNC est cruciale pour permettre le remplacement du Pt par des catalyseurs moins chers. Différentes approches ont été étudiées
pour préparer des électrodes FeNC autosupportées. Dans une premiére approche, un tapis 3D de nanofibres de polyacrylonitrile (PAN) comprenant
également un précurseur de Fe et un porogene a été préparé par électrofilage, puis traité thermiquement sous argon et NHs. Cela a abouti a des
électrodes autosupportées a base de nanofibres de carbone microporeux avec des sites actifs a base de fer. Dans une seconde approche, des solides
hybrides poreux cristallisés (MOF) dopés au fer ont été formés sur un tapis 3D de nanofibres polymeéres (polyacrylonitrile ou polybenzimidazole, PBI),
qui a ensuite été traité thermiguement sous argon. Pour cette approche, il a d’abord été nécessaire d’établir une méthode reproductible pour la
préparation de MOF dopés au fer. Ceci a été réalisé par encapsulation de ferrocene dans les cavités de deux MOF différents (SIM-1 et ZIF-8). La teneur
en ferrocene et les conditions de synthése ont été optimisées séparément pour atteindre I'activité ORR la plus élevée. La méme synthése a ensuite été
appliquée pour faire croitre des MOF dopés au fer sur des tapis 3D de fibres de PAN ou PBI. La croissance de ces MOFs a été étudiée soit sur les fibres
polymeres bruts, soit sur les fibres polymeres recouvertes d’une couche mince de zinc. Les électrodes FeNC préparées par ces différentes approches
ont été caractérisés vis-a-vis de leur morphologie, leur structure et type de fer par microscopie électronique a balayage, microscopie électronique a
transmission, analyse dispersive en énergie, diffraction des rayons X, spectroscopie des photoélectrons X, spectroscopie Raman et spectroscopie
d’absorption des rayons X. Les électrodes autosupportées et/ou les poudres de FeNC broyées ont été étudiées par voie électrochimique avec une
électrode a disque tournant et en mono-cellule PEMFC. Les matériaux actifs en ORR ont été obtenus par différentes approches. La plus prometteuse
d’entre elles a été la croissance cristalline de ZIF-8 dopé au ferrocene sur des fibres de PBI réticulées, puis pyrolysé sous argon. Les électrodes ont été
étudiées en pile PEMFC, soit aprés broyage des cathodes FeNC autosupportées soit en tant que structure autosupportée. Ces dernieres ont été
imprégnées par le Nafion avant la caractérisation électrochimique en pile. Les cathodes broyées ont conservé leur structure fibreuse issue du filage
électrostatique, et ont montré de bonnes performances en pile PEMFC. En raison de leur faible épaisseur (20 um) plusieurs électrodes autosupportées
(fonctionnalisées par le Nafion) ont été superposées pour obtenir une activité ORR suffisante. Le concept de cathode FeNC autosupportée a été validé
pour la premiere fois, mais il est nécessaire d’optimiser encore leur fonctionnalisation par le Nafion pour démontrer tous les avantages de cette
approche. De telles électrodes pourront également trouver une application dans d'autres dispositifs de conversion électrochimique de I'énergie, tel que
les piles a combustible a membrane échangeuse d'anions, les supercondensateurs électrochimiques et la réduction électrochimique du CO,.

English

The aim of this PhD thesis project was the development of self-standing FeNC cathodes prepared by electrospinning, in order to achieve hierarchical
microporous and macroporous electrodes. Such a structure is desirable to improve accessibility by O, of the Fe-based active sites for oxygen reduction
reaction (ORR), and therefore to improve the performance of FeNC cathodes in proton exchange membrane fuel cell (PEMFC). Due to the lower activity
for ORR of FeNC catalysts compared to platinum on carbon, FeNC active layers of ca 100 um thickness are today the state-of-art, about 5 to 10 times
thicker than Pt/C layers. For this reason, the optimization of O diffusion in FeNC electrodes is important to allow the replacement of Pt by less expensive
catalysts. Different approaches were investigated to prepare self-standing FeNC electrodes. In a first approach, a 3D web of polyacrylonitrile (PAN)
nanofibers comprising also a Fe precursor and additional porogens was first prepared by electrospinning, and then thermally treated in argon and NHs.
This resulted in self-standing electrodes based on microporous carbon nanofibers with Fe-based active sites. In a second approach, iron-doped metal-
organic frameworks (MOFs) were grown on 3D web of polymer nanofibers (polyacrylonitrile or polybenzimidazole, PBI), and then thermally treated in
argon. For this approach, it was first necessary to establish a reproducible method for the preparation of iron-doped MOFs, which was achieved with
ferrocene encapsulation in two different MOFs (SIM-1 and ZIF-8). The ferrocene content and synthetic conditions were separately optimized to achieve
the highest ORR activity. The same synthesis was then applied to grow Fe-doped MOFs on 3D webs of either PAN or PBI fibers. The growth of these
MOFs was studied either on the polymer fibers, or on such fibers pre-coated with zinc. The FeNC electrodes and materials prepared by these different
approaches were characterized for their morphology, structure and Fe speciation by scanning electron microscopy, transmission electron microscopy,
energy-dispersive x-ray spectroscopy, x-ray diffraction, x-ray photoelectron spectroscopy, Raman spectroscopy and Fe K-edge x-ray absorption
spectroscopy. The self-standing electrodes and/or grinded FeNC powders were electrochemically investigated with rotating disk electrode and single-
cell PEMFC. ORR-active materials were obtained with the different approaches, but the most promising one is identified to be the crystalline growth of
ferrocene-doped ZIF-8 on a web of cross-linked PBI fibers, followed by pyrolysis in argon. The electrodes were investigated in PEMFC, either after grinding
the self-standing FeNC cathodes into a powder or as a self-standing structure. In the latter case, they were functionalized by Nafion before
electrochemical measurement in PEMFC. Grinded FeNC cathodes are shown to retain a fibrous structure derived from the electrospinning process,
leading to increased macroporosity in the electrodes and good performance in fuel cell. Due to their thickness of only ca 20 um, several self-standing
FeNC layers (functionalized with Nafion) were superimposed in order to reach sufficient overall ORR activity. The concept of self-standing FeNC cathode
was validated for the first time, but further optimization of their functionalization by Nafion ionomer is needed to take full advantage of this approach.
Future research is therefore needed to functionalize such novel electrode structures by proton-conducting ionomers to optimize the electrode activity
and proton conductivity. Such electrode structure can also find application in other electrochemical energy conversion devices such as anion exchange
membrane fuel cells, electrochemical supercapacitors and electrochemical CO; reduction.
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