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Abstract

In this work, a set of PGM-free mono-metallic electrocatalysts (Feap-N-CAF, Co-N-CAF, Mn-
N-CAF, Ni-N-CAF) were synthesized using multiple silica templates with a modified acid-free
sacrificial support method, characterized and tested for oxygen reduction reaction (ORR) in
acidic, neutral and alkaline electrolytes. The removal of the silica template is achieved
simultaneously to pyrolysis through the addition of Teflon powder to the mass of precursors
before the heat treatment, resulting in a simple, fast and green approach compared to the
conventional method based on the use of hydrofluoric acid (HF). Rotating ring disk electrode
tests show that the iron-based electrocatalyst, among all, have higher activity for ORR. An
electrocatalyst loading study was conducted with Feap-N-CAF revealing a dual-site reaction
mechanism and a maximum activity reached at 700 ug cm=2, while accelerated durability
test highlights its promising stability. This novel synthesis route can be classified as a new

intensified sustainable synthesis process.

Keywords: M-N-C electrocatalysts; oxygen reduction; sustainable synthesis; process

intensification; Teflon powder; PEMFC.

1. Introduction

Climate change is one of the crucial problems of the XXI century, with devastating effects
on weather patterns, ecosystems, societies and economies [1]. Greenhouse gases are the
main responsible and, among them, carbon dioxide gives the major contribution. CO2
concentration in the atmosphere reached a value of 414 ppm in 2020 with an increment of
about 50% respect to the pre-industrial level of 280 ppm, which remained constant for the

previous 10000 years of Holocene with negligible variations. The Intergovernmental Panel
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on Climate Change (IPCC) states that the principal cause of the increasing CO:
concentration is combustion of fossil fuels and deforestation, with sea level rise and acid
rains as consequences [2]. In this context, the transition towards an emission-free way of
producing energy is of vital importance and systems such as polymer electrolyte membrane
fuel cells (PEMFCs) and metal-air batteries (MABs). However, the cathodic electrochemical
reaction involved, oxygen reduction reaction (ORR), is sluggish and the required state-of-

the-art electrocatalyst, platinum [3], is expensive, scarce and characterized by price volatility
[4].

ORR mechanism in aqueous solutions involves several elementary steps and can occur
through a direct four-electron pathway (4e- transfer) with reduction of Oz to H20 or through
a two-electron pathway (2e- transfer) with formation of H202. Hydrogen peroxide can be
further reduced leading to the flow of two additional electrons (2x2e™ transfer) [5]. The direct
total reduction is more efficient and does not involve the production of H202, a reactive and

corrosive compound that can have a negative impact on the electrocatalyst durability [6].

Non-precious transition metal-nitrogen-carbon (M-N-C) electrocatalysts are the most
promising alternative to platinum-based materials for ORR. Carbon has the purpose of
conducting electrons and providing high surface area with a porous structure, transition
metal is the heart of the electrocatalytic site as a single atom and nitrogen is able to

coordinate the transition metal atom linking it to the carbonaceous structure [7].

From an historical point of view, the development of those materials started around 1960
when it was discovered that cobalt phthalocyanine is active towards ORR [8]. It is a
macrocyclic organic compound with four nitrogen atoms coordinating a single cobalt atom.
Since those molecules lack of durability in acid environment, it was found that heat treatment
at high temperature (400-1000 °C) can be an effective way to increase both their stability

and activity. Later it was shown that atomically dispersed active sites can be obtained
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through pyrolysis from every source of carbon and nitrogen atoms in the presence of

transition metal salts [9].

Those electrocatalysts show a plurality of possible active sites, depending on how the
transition metal is coordinated by nitrogen atoms. Generally, they are located as defects on
graphitic planes and their general formula is M-Nx, where x represents the number of
nitrogen atoms coordinating the metal atom. Several types of coordination are possible and
each of them show a different binding energy to the reactant with consequent different
activity [10,11]. M-Ng site is believed to be the main electrocatalytic site for ORR showing
an optimal binding energy [12,13]. Metal-free N-C moieties that are present in those
materials are also believed to contribute to the electrocatalytic activity; in particular, an
increasing content of pyridinic nitrogen is beneficial for ORR and graphitic nitrogen can

facilitate the adsorption of oxygen molecules [12,14,15].

There are different approaches for the synthesis of those electrocatalysts that share some
aspects in common, such as mixing of precursors, pyrolysis and acid washing [16,17].
Compounds with high N:C atomic ratio such as nicarbazin and melamine are desirable in
order to incorporate the highest possible number of nitrogen atoms in the carbon structure
increasing the density of active sites. Pyrolysis is the key to obtain the final structure of the
electrocatalyst with atomically dispersed active sites, since it provides the energy to
recombine the chemical bonds. It is a thermochemical decomposition of reactants in anoxic
conditions where temperatures in the range 700-1100 °C are necessary to decompose the
carbon source. Variables such as the ramp rate, final temperature and gas composition can
be optimized to finely tune the final structure of the material [18]; in particular, some previous
works show how a ramp rate of about 10 °C min~! allows to maximize the pore volume while
the final temperature must be accurately selected in order to avoid agglomeration of metal

particles and excessive graphitization [19]. The presence of ammonia in the pyrolysis
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atmosphere leads to an increased activity since it results in a greater specific surface area
respect to the use of inert gases, although it does not influence the nature of nitrogen
moieties and the entity of nitrogen doping [20]. Acid washing is the successive step for the
removal of acid soluble metal containing compounds such as metal/metal oxide
nanoparticles that are not strongly bonded to the carbon structure. Since they do not
contribute to the electrocatalytic activity, they represent an inert mass that is generally
removed through HCI or H2SO4 acid solutions [21,22]. Finally a second pyrolysis step is
important since it can improve the morphology of the porous structure and the configuration

of nitrogen, boosting the electrocatalytic activity [23].

In this work the focus is on the sacrificial support method (SSM), developed by Atanassov’s
group at University of New Mexico [24], based on the mixing of silica particles together with
the precursors through ball milling, solvent evaporation or wet impregnation before pyrolysis
[25-27]. This approach allows to negatively replicate the tridimensional porous structure of
silica and to obtain an electrocatalyst with controlled porosity and atomically dispersed active
sites [28]. Finally, a treatment with HF aqueous solution (5-25 wt. %) or alkaline KOH
agueous solution is necessary for the removal of the silica template maintaining at the same
time the morphology of the electrocatalyst [29]. Increasing the amount of metal salt does not
allow to atomically disperse all the transition metal atoms since there is a limit amount that
can be incorporated as single atoms, this is why the masses of precursors are other
variables to be optimized [30]. This method is the only one that has been developed in the
industrial world by Pajarito Powder company for the synthesis of non-noble metal
electrocatalysts, since it allows to achieve both stability and activity [31]. However, there are
some problems to be solved such as the huge amount of liquid acid waste that is produced

(HF agueous solution), that requires downstream processes for its treatment and represents



a danger for human beings and environment placing question marks on the sustainability of

the whole process.

This study explores for the first time a sustainable and environmentally friendly variation of
the traditional sacrificial support method, based on the addition of Teflon powder to the mass
of precursors before pyrolysis without further acid washing. In such a way, the use of HF is
totally avoided, with increased safety for the operators and more respect for the
environment. The idea comes from previous works in the fields of supercapacitors and
carbon capture for the synthesis of carbonaceous porous structures based on the use of
silica templates [32—-34]. The use of polytetrafluoroethylene allowed to achieve carbon
materials with strongly enhanced surface area and higher microporosity, leading to a
complete removal of silica during heat treatment through in situ decomposition of Teflon with
chain mechanism and consequent in situ formation of minimal amount of gaseous HF, that
is able to rapidly react with silicon producing gaseous silicon tetrafluoride (SiFa4). In such a
way, emissions of harmful HF are completely avoided [33]. The PTFE/silicon mass ratio and
pyrolysis time are key variables to determine the final morphology of the material. In
particular, reducing the amount of Teflon at constant mass of silica and increasing pyrolysis
time the surface area and pore volume are decreased [33]. This approach allows to
drastically reduce the synthesis time since no further steps of acid washing are necessary
and to avoid simultaneously the treatment of huge amounts of liquid waste. Thus, this new
synthesis approach can be defined green and sustainable, and can be classified under the
umbrella of “process intensification” (PI). By definition, in fact, Pl observes the conceptual
design principles for a safe chemical process according to an inherent safety process
(safety-by-design) which i. avoids the use of extra chemicals or solvents; ii. avoids extra
pumps or vessels; iii. reduces holdups and number of unit of operations; iv. refers to a

inherent continuous process control [35,36].



Four mono-metallic electrocatalysts (Feap-N-CAF, Co-N-CAF, Mn-N-CAF, Ni-N-CAF) were
synthesized through modified sacrificial support method with the addition of Teflon powder
to the mass of precursors before pyrolysis, characterized by physical-chemical methods
(SEM, XPS, Raman Spectroscopy, XRD, STEM/EDS and BET) and tested for ORR in
acidic, neutral and alkaline electrolytes. Nicarbazin was selected as the source of carbon
and nitrogen atoms, hydrated nitrate salts were used to simultaneously provide additional
nitrogen and transition metal atoms. RRDE tests show that activities comparable to state-
of-the-art non-precious electrocatalysts are achievable and further improvements are
possible. In detail, halfwave potentials of 0.73 V vs RHE in 0.1 M HCIO4 and 0.81 V vs RHE
in 0.1 M KOH were obtained through the iron-based material with 4e~ pathway for ORR and
excellent stability. This study paves the road towards a novel and sustainable acid-free
process for the synthesis of those materials which can be explored with different optimization

routes.

2. Materials and methods
2.1 Chemicals

Nickel(ll) nitrate hexahydrate (purity = 98.5%), manganese(ll) nitrate tetrahydrate (purity =
97.0%), iron(lIl) nitrate nonahydrate (purity = 98.0%), cobalt(ll) nitrate hexahydrate (purity =
98.0%), polytetrafluoroethylene powder (1 um particle size), Nafion perfluorinated resin
solution 5 wt. % and nicarbazin were purchased from Sigma-Aldrich (USA). LM-150 fumed
silica (specific surface area ~150 m? g) was purchased from Cabot (USA). Aerosil 90
(specific surface area ~90 m? g=*) and Aerosil 200 (specific surface area ~200 m? g1) were
purchased from Evonik (USA). Stober's spheres (320 nm average diameter) were

synthesized by Stober’s method [37]. Potassium hydroxide (purity = 85.0%), sodium chloride



(purity 2 99.5%), isopropanol (IPA, purity = 99.9%), and hydrochloric acid (36.5 to 38 % m/w)
were purchased from Fisher Chemical (USA). Perchloric acid 70% was purchased from
Merck Millipore (USA) and ethyl alcohol was purchased from Gold Shield Distributors.
Aluminum oxide polishing solution (5 ym) was purchased from Allied High Tech Products
(USA). Nitrogen 6.0 was purchased from Linde (USA), oxygen 5.0 was purchased from
Praxair (USA), and ammonia (9.9 mole %, nitrogen: balance) was purchased from Airgas
(USA). Deionized ultrapure water (DIW) was obtained using a Millipore Milli-Q system

(product water conductivity at 25 °C = 0.056 uS cm1).

2.2 Electrocatalyst synthesis

In the synthesis of Feap-N-CAF, Co-N-CAF, Mn-N-CAF, Ni-N-CA* four different types of silica
particles (Stober's spheres, Aerosil 90, Aerosil 200, LM-150 fumed silica) were
simultaneously used for each electrocatalyst. The contemporaneous use of multiple
varieties of silica with different surface area and porosity allows to obtain a hierarchical pore
size distribution that is beneficial for the electrochemical reactions. In particular, the most
active sites mainly sit in micropores, while mesopores facilitate the accessibility of gas or

ions to the active sites and macropores enhance mass transport of reactants and products
[6].

In the synthesis of the iron-based electrocatalyst, 6.25 g of nicarbazin, 1.19 g of iron nitrate
nonahydrate, 1.25 g of LM-150 fumed silica, 0.5 g of Stober’s spheres, 0.94 g of Aerosil 90
and 0.31 g of Aerosil 200 were dispersed in deionized water, sonicated for 30 min and mixed
at 45 °C under constant stirring overnight (Cole-Parmer Stuart Stirring Hot Plate). To
completely dry the precursors, a successive step in the oven at 60 °C and ambient pressure
was realized. After grinding with mortar and pestle, a calculated amount of Teflon particles

based on the wt. % of silica according to the following equation was added to the powder.
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o) Ci
(mass of powder obtained after drying (mg)) » WED2LC, 1/(63102

0.09 mg silica (1)
mg Teflon

my(mg) =

The mixture was then split equally in three agate ball mill jars (volume 100 ml each) with 32
agate balls (10 balls with 10.28 mm diameter, 22 balls with 6.26 mm diameter) in each jar
and subject to ball-milling (PQ-NO04 Planetary Ball Mill) at 10 Hz for 1 h. Since it was evident
that Teflon powder tends to stick to the walls, every 15 min the jars were opened and the
powder was mixed manually. The reactants were loaded into a weigh boat and subject to
pyrolysis under 100 % N2 atmosphere in a quartz tube, heating from room temperature to
900 °C with a ramp rate of 5 °C min~t and a 180 min hold at 900 °C. A Thermcraft controller
was used to regulate the temperature while MKS mass flow controller allowed to adjust the
flow rate of nitrogen to 100 ml min—1. The obtained powder was subject to ball-milling again
at the same conditions described above and it is denoted as Fe-N-C-Postpyrl in this study.
Then, Fe-N-C-Postpyrl was pyrolyzed for the second time under 9.9 mole % NHs and 90.1
mole % N2 atmosphere with a ramp rate of 10 °C min~ and 30 min hold at 950 °C to obtain
Feap-N-CAF. A similar procedure was used to synthesize all the other materials and the mass
proportions of the precursors are summarized in Table 1, where each raw is representative
of an electrocatalyst and the amounts are normalized with respect to 1 g of hydrated nitrate
salt. The mass ratios were selected so that each electrocatalyst shows the same amount of
transition metal atoms per unit total mass of precursors, in order to be able to have a

consistent comparison of performances.

Table 1. Precursors and mass ratios for the synthesis of M-N-C electrocatalysts.

SAMPLE Me C,N SILICA TEMPLATE
SOURCE SOURCE
Hydrated nitrate =~ Nicarbazin LM-150 Stober Aerosil 90 Aerosil 200
salt C19H18NeOs | (SA~150m?g™?) = spheres (SA~90m?g™?) (SA~200m?g)

Feap-N-CAF 1lg 525¢g 1.05¢g 0.42¢g 0.78¢g 0.26 g
Fe(NOs)s- 9H20

Ni-N-CAF 1lg 7.26¢g 145¢g 0.58¢g 1.09¢g 0.36¢g
Ni(NOs)2- 6H20

Co-N-CAF 1g 7.26 g 1.45g 0.58 g 1.09 g 0.36 g
Co(NOs)2 - 6H20

Mn-N-CAF 1g 8.45 g 1.69 g 0.68 g 1.27g 0429
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Mn(NOs)z - 4H20

A fraction of Feap-N-CAF total mass was also washed with hydrochloric acid agueous
solution at 80 °C for 8 h under constant stirring and centrifuged (Hermle Z366 centrifuge)
through 6 cycles of 5 min each at 9200 rpm with intermediate deionized water rinsing
between each cycle. The suspension was finally filtered under vacuum using a Buchner
flask with a Nylon membrane (GVS Filter Technology, disk diam. 47 mm NY 0.22 ym) and
washed with deionized water until the pH was neutral. The sample was then dried in the
oven at ambient pressure and 55 °C overnight. The acid solution was prepared by mixing
4.35 ml of hydrochloric acid (36.5 to 38 % w/w) with 95.65 ml of deionized water. The

notation used in this study for the acid-washed electrocatalyst is Fe-N-C-AW.

Another fraction of Feap-N-CAF powder was subject to a third ball-milling step at the same

conditions described above and it is denoted as Feap-N-CAF-BM.

2.3 Physical-chemical characterization

Scanning electron microscopy (SEM) was conducted using a FEI Magellan 400 XHR SEM
to visualize the surface morphology of the electrocatalysts. Current (50 pA — 0.80 nA) and
voltage (18 kV - 20 kV) were adjusted for each electrocatalyst in order to focus and both

TLD and ETD detectors were used depending on the case.

X-Ray photoelectron spectroscopy (XPS) on a Kratos AXIS Supra spectrometer with a
monochromatic Al Ka source (1486.6 eV) at 15 mA anode current allowed to determine the
atomic composition and chemical structure of the surface. Survey spectra were obtained in
the range 0 to 1400 eV, detailed Nis spectra in the range 390 to 415 eV, Cis spectra in the
range 270 to 300 eV and Fis spectra in the range 675 to 695 eV. The calibration was

performed respect to a value of the Cis binding energy equal to 284.5 eV. To quantify the
10



elemental composition Casa XPS is the software that was used, selecting a linear
background for N 1s, C 1s, F 1s regions and a Shirley background for transition metal

regions. Peak fitting was realized using a 70%/30% Gaussian/Lorentzian line shape.

X-ray diffraction (XRD) analysis was realized using a Rigaku Powder X-ray diffractometer
with Cu (K radiation 0.15418 nm) run at 40 kV and 30 mA with a Nickel K-beta filter, a step
size of 0.03° and 20 varying from 20° to 85°, in order to understand the crystalline structure
of the materials. Phase identification was conducted through the software PDXL and ICDD

database.

Raman spectra were obtained through inVia, Renishaw Corp., UK system with a 633 nm

laser to quantify the degree of disorder of carbon.

The morphology and single atom sites of the electrocatalyst was analyzed by aberration-
corrected scanning transmission electron microscopy using a JOEL ARM-200F at an

accelerating voltage of 200 kV.

The elemental distribution of the electrocatalyst was analyzed by energy dispersive X-Ray
spectroscopy using a FEI Talos F200X at an accelerating voltage of 200 kV, equipped with

superX 4 SSD EDX detectors.

N2 physisorption was realized on a Micromeritics 3Flex Analyzer at a temperature of 77 K.
The surface area and the distribution of the pore dimensions were calculated using the
Brunauer-Emmett-Teller (BET) method and Barrett-Joyner-Halenda (BJH) method,

respectively.

2.4 Electrochemical measurements
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The electrochemical tests were conducted with a three electrode system (Pine research
instrument), a potentiostat (BioLogic VSP-300), a rotating ring-disk electrode (Pine research
instrument, glassy carbon disk 0.247 cm? geometric area, Pt ring), a rotation rate control
unit (Pine research instrument), carbon rod as counter electrode, HydroFlex hydrogen

reference electrode (Gaskatel) and a Teflon cell (200 ml).

Before any test, the working electrode and the ring were cleaned by wiping with ethanol and
sonicating in ethanol for 10 minutes. Aluminum oxide (5 um) solution was also used to polish
the working electrode. The Teflon cell was cleaned by rinsing 5 times with deionized water
at ambient temperature and by filling 1 time with deionized water bringing it to the boll

through microwaves.

For ORR, the activity of the electrocatalysts was investigated in 0.1 M KOH (pH = 13), 0.1
M HCIO4 (pH = 1), 0.5 M NaCl (pH = 7) and 2 M NacCl (pH = 7) aqueous solutions saturated
by bubbling O2 or N2. For each electrocatalyst the ink was prepared by mixing 3.94 mg of
powder with 255.2 pl of DIW, 255.2 pl of IPA and 21.3 ul of Nafion perfluorinated resin
solution 5 wt. %. Platinum on graphitized carbon (Pt/C, 20 wt. %) is used as a benchmark.
The ink is based on 2.5 mg of Pt/C powder, 1619.4 ul of DIW, 1619.4 ul of IPA and 135.0 pl
of Nafion perfluorinated resin solution 5 wt. %. The suspensions were then sonicated for 30
min at ambient temperature. 20 ul of ink were deposited onto the glassy carbon disk and
dried at ambient conditions in such a way that electrocatalyst loadings of 600 ug cm=2 for
PGM-free electrocatalysts and 60 ug cm=2for Pt/C were obtained. The electrolytic solution
was bubbled with N2z for 15 min before any test in order to purge any other gas.
Electrochemical impedance spectroscopy (EIS) was performed without rotation of the disk
to evaluate the ohmic resistance of the solution, by setting the potential of the working
electrode at 0.45 V vs RHE, the sinus amplitude at 10 mV and by varying the frequency in

the range 1.0 Hz — 1.0 MHz. The solution resistance can be evaluated by extrapolating the
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real axis value at the high frequency intercept and it is useful for iR compensation. Prior to
kinetic measurements, cyclic voltammetry (CV) in the potential range 0.05 — 1.23 V vs RHE
with a scan rate of 500 mV s~ was conducted for 100 cycles in order to activate and clean
the surface of the electrocatalyst; this procedure was sufficient to obtain a stable response.
Another CV under N2 is collected at 1600 rpm at a scan rate of 5 mV s in the potential
window 0.1 — 1.05 V vs RHE to evaluate the capacitive current that was then removed from
the current due to the electrocatalytic reaction. The electrolyte was saturated with O2 for 15
min and a final CV at 1600 rpm was collected at a scan rate of 5 mV s~ between 0.1 — 1.05
V vs RHE, fixing the potential of the ring at 1.1 V vs RHE to collect the current due to H202

oxidation. The anodic sweep was used to extract kinetic data. Each test was repeated twice.

The activity of the electrocatalysts towards ORR was evaluated by extracting from the
anodic polarization curve the values of typical descriptors: the onset potential (Eonset)
corresponding to a current density of 0.1 mA cm=2, the halfwave potential (E12) calculated
through the first-derivative method [38], the number of electrons transferred (n) and the

hydrogen peroxide yield (% H202) evaluated respectively with the following equations [39].

iq
n=4x- o (2)
ld+N
i_r
%H,0, = 2 * Nl. 3)
ig + 5

Where ir and ig are the absolute values of the ring current and the disk current respectively,
while N is the collection efficiency of the ring which was empirically evaluated to be 0.5

through the reversible and single-electron ferrocyanide/ferricyanide half reaction.

An electrocatalyst loading study in the range 50 ug cm=2— 900 ug cm~2 was conducted using

Feap-N-CAF-BM electrocatalyst in 0.1 M HCIO4 electrolyte for ORR, by preparing inks at
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different concentrations and by executing RRDE tests at the same conditions described

above; each test was repeated twice.

Accelerated durability testing was conducted on Feap-N-CAT-BM electrocatalyst with a
loading of 700 uyg cm=2 in N2 saturated 0.1 M HCIO4 by cycling the potential between 0.60
and 1.00 V at 50 mV s~. The activity for ORR was evaluated through RRDE polarization

curves at 1600 rpm in Oz saturated electrolyte before and after 5,000 and 10,000 cycles.

3. Results and discussion
3.1 Structure and morphology

The crystalline structure of the materials was analyzed through XRD and the patterns are
shown in Fig. 1 a. All the electrocatalysts show diffraction peaks at about 26° and 44° that
can be both ascribed to graphitic carbon, respectively related to the (002) and (100) planes.
The sharpness of the peak at 26° is decreasing following the order Ni-N-CAF > Co-N-CAF >
Mn-N-CAF > Feap-N-CAF, underlining that a different number of graphene layers is stacked
in the carbonaceous structure among the different materials. This can be explained
considering that the presence of transition metals can catalyze graphitization of carbon
during heat treatment [40,41] and Ni demonstrate higher catalytic property in this sense.
Fig. S1 e-f is an example of the catalytic graphitization property of Fe nanoparticles. Feap-
N-CAF shows a broader peak at 26°, highlighting the presence of increased long-range

disorder and lattice defects in the graphitic structure.

The presence of nanoparticles is evident for all the materials, as a consequence of
agglomeration during the high-temperature pyrolysis. In detail, manganese carbide peaks
(DB card number: 01-080-1701) at 44.2°, 51.4° and 75.8° respectively due to the (511),

(600) and (660) diffraction planes are visible for the Mn-N-CAF powder. Ni-N-CAF sample
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shows narrow diffraction peaks at 44.5°, 51.8° and 76.4° which can be ascribed respectively
to the (111), (200) and (220) planes of nickel (DB card number: 00-004-0850) and nickel
carbide (DB card number: 01-074-5561) particles. It is evident from the sharpness of the
reflections that Ni has a higher tendency to form bigger clusters and it is not homogeneously
dispersed in the carbonaceous matrix. Feap-N-CA" peaks at 44.7° and 50.8° correspond to
the (111) and (200) planes respectively of both iron (DB card number: 01-071-3739) and
iron nitride (DB card number: 01-075-2127) clusters. However, the intensity associated to
them is relatively lower demonstrating a more uniform dispersion of Fe in the tridimensional
structure of the material. Co-N-CAF pattern presents a variety of different peaks which
gualitatively put under evidence different species such as cobalt carbide, cobalt nitride,

cobalt oxide and cobalt particles.

No signals related to silicon dioxide are present, demonstrating a successful removal of the

silica templates.
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Figure 1. Chemical-physical characterization. (a) XRD patterns of Co-N-CAF, Mn-N-CAF, Ni-
N-CAF, Feap-N-CAF, Fe-N-C-AW and Fe-N-C-Postpyrl. (b) Low magnification AC-HAADF
STEM image of Feap-N-CAF. (c) Atomic resolution AC-HAADF STEM image of Feap-N-CAF,
bright spots indicate atomically dispersed Fe sites. (d) AC-HAADF STEM image and
corresponding EDS mapping of the Feap-N-CA* electrocatalyst.

In order to elucidate the transformations between the first and the second pyrolysis steps,
XRD analysis was conducted also for Fe-N-C-Postpyrl. Analyzing the XRD spectrum of Fe-
N-C-Postpyrl and comparing it with that of Feap-N-CAF after the first and the second
pyrolysis respectively, it is evident that the graphitic reflection at about 26° is less sharp after
a single heat treatment highlighting that an additional pyrolysis step leads to enhanced
graphitization. Iron/iron carbide clusters are visible at about 44.5° and 49°. The XRD pattern

of Fe-N-C-AW still shows the presence of metallic nanoparticles after acid washing already
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observed for Feap-N-CAF, leading to the conclusion that graphitic carbon layers were able to

protect those clusters from the dissolution in acid by encasing them [42].

The porous structure of Feap-N-CAF is confirmed by the low magnification aberration
corrected high angle annular dark field (AC-HAADF) image in Fig. 1 b, which is in accord
with SEM analysis in Fig. S2. The high mag AC-HAADF shown in Fig. 1 ¢ demonstrates the
presence of single bright points, which are atomically dispersed iron sites; however, some
nanoparticles were observed as evident in Fig. S1 c-d and those results are in perfect

agreement with the XRD pattern.

EDS further confirms the homogeneous dispersion of Fe atoms in the material and the
effective doping of the carbonaceous structure with nitrogen moieties, as observed from

elemental mapping in Fig. 1 d.

Raman spectra of Feap-N-CAF in Fig. 2 a is useful to evaluate the degree of disorder of
carbon; the deconvolution is based on previous works present in literature [43,44], with the
D1-band peak at 1360 cm™ associated to defects in the graphene layers, the D3-band peak
at about 1500 cm! related to amorphous carbon and its long-range disorder, the D4-band
peak at about 1230 cm™ assigned to the simultaneous presence of sp?-sp® structures and
finally the G-band peak at about 1580 cm~ ascribed to sp? graphitic carbon. All the materials
show similar trends as evident from Fig. S3, with values of intensity ratio Io/lc in the range
of 1.05 to 1.09. This ratio is calculated based on the maximum values of the G and D bands
and it is often reported in literature to quantify the relative amounts of ordered and disordered
carbon. However, this value can lead to inaccurate conclusions when the broadening of the
peaks is large as in this case and, as consequence, using the peak area is preferable. Based
on this, all the samples show approximately two-thirds of carbon as disordered,

demonstrating the presence of a large number of defects and a successful doping of the
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graphitic structure with nitrogen moieties already confirmed through EDS, which is beneficial

for the reactions.
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Figure 2. (a) Raman spectrum of Feap-N-CAF. (b) N2 adsorption isotherm and (c) corre-
sponding pore size distribution of Feap-N-CAF. (d-f) High-resolution N1s, C1s and F1s spec-
tra respectively of Feap-N-CAF,

The BET analysis was conducted on Feap-N-CAF and Ni-N-CAF samples and the results are
presented in Fig. 2 b-c and Fig. S4 respectively. Both the materials have almost the same
specific surface area (482.9 m? gt and 477.2 m? g1, Ni and Fe electrocatalysts respectively)
and pore size distribution, highlighting that the morphology of the material is dependent only
on the choice of the silica templates. The hierarchical porous structure with mesopores and
micropores is evident respectively from the distribution of the pore dimensions, with a broad
peak centered at about 19 nm, and the adsorption isotherm, with a non-negligible uptake at

the lowest values of relative pressure.

XPS spectra were used to analyze the surface chemical environment of the materials. High-

resolution N1s, Cls and F1s spectra where deconvoluted based on previous studies [45—
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50]. All the materials after the second pyrolysis have similar atomic composition as
summarized in Table 2, with Feap-N-CAF showing the largest amount of nitrogen. The metal
content is relatively low compared to previous works related to M-N-C electrocatalysts
synthesized with the traditional sacrificial support method [51] and traces of silicon and

fluorine coming from the silica templates and Teflon respectively are present.

Table 2. X-Ray photoelectron spectroscopy at. % concentration of Feap-N-CAF, Mn-N-CAF,
Co-N-CAF, Ni-N-CAF and Fe-N-C-Postpyrl.

Atomic %  Fe-N-C-Postpyrl Feap-N-CAF Mn-N-CAF Ni-N-CAF Co-N-CAF
Cls 90.47+0.35 94.86+0.47 94.39+1.53 93.54+1.55 96.19+0.49
N 1s 4.01+0.34 2.47+0.18 1.82+0.03 2.06+£0.57 1.50+0.72
O 1s 4.58+0.52 2.58+0.28 3.65+1.44 4.20£2.04 2.01+0.98
Si 2p 0.30+£0.03 0.07+0.01 0.09+0.06 0.04+0.01 0.11+0.06
Me 2p 0.04+0.04 0.01+0.00 0.02+0.02 0.10£0.01 0.03+0.03
F 1s 0.60+0.08 0.01+0.00 0.03+0.03 0.06+0.06 0.16+£0.11

About nitrogen moieties in Fig. 2 d, the presence of N pyridinic at 398.2 eV, metal-nitrogen
coordination at 399.4 eV, N pyrrolic at 400.8 eV, N quaternary at 401.8 eV, N graphitic at
402.9 eV and NOx species respectively at 404.2 eV, 405.6 eV and 407.2 eV is observed. It

is evident from Tab. 3 that all the samples show a low ratio N pyridinic/N pyrrolic.

Table 3. X-Ray photoelectron spectroscopy high-resolution N 1s relative at. % concentration
for Feap-N-CAF, Mn-N-CAF, Co-N-CAF, Ni-N-CAF and Fe-N-C-Postpyr1l.

N moiety Fe-N-C-Postpyrl Feap-N-CAF Mn-N-CAF Ni-N-CAF Co-N-CAF

N pyridinic 24.88+0.29 14.91+0.96 12.87+0.70 14.63+0.28 15.87+0.43
N-Me 13.78+0.81 6.62+2.45 6.45+0.36 7.57+0.35 6.36+0.57

N pyrrolic 31.65+2.83 35.71+0.24 38.99+1.31 33.78+2.35 36.27+0.86
N quaternary 11.89+1.59 19.19+0.91 14.78+0.36 18.24+1.42 17.20+1.11
N graphitic 6.95+0.46 7.17+0.82 9.89+1.29 9.52+0.68 9.25+1.57
NOx 4.80+0.43 6.04£1.75 6.75+0.27 6.21+0.41 6.52+0.53
NOx 3.90+0.16 5.29+1.01 5.08+0.89 4.76x0.74 4.24+0.68
NOx 2.15+0.40 5.09+0.71 5.19+0.29 5.30+0.61 4.28+0.59

High-resolution carbon spectrum in Fig. 2 e shows graphitic carbon at 284.5 eV, disordered
carbon at 285.1 eV, C-N bond at 286 eV, C-O at 287.1 eV, C=0 at 288.3 eV, COOH at 289.7
eV, C-F2 at 291.3 eV and C-Fs at 293 eV. Graphitic carbon on the surface is predominant
among carbon moieties as evident from Table 4 and this is beneficial for corrosion

resistance, while the presence of oxygenated species demonstrates an effective doping of
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graphene layers with defects [51]. C-F2 and C-F3 groups (C* shake) can be ascribed to the
addition of Teflon to the precursors before the first pyrolysis step. High-resolution fluorine
spectrum in Fig. 2 f obtained for the Feap-N-CA" sample show not only the presence of

organic fluorine at binding energies greater than 686 eV but also the formation of metal

fluoride species at 685 eV.

Table 4. X-Ray photoelectron spectroscopy high-resolution C 1s relative at. % concentration
for Feap-N-CAF, Mn-N-CAF, Co-N-CAF, Ni-N-CA* and Fe-N-C-Postpyrl.

C moiety Fe-N-C-Postpyrl Feap-N-CAF Mn-N-CAF Ni-N-CAF Co-N-CAF
C graphitic 51.97+4.05 54.30+£1.69 48.49+6.03 46.4614.56 58.57+0.55
C disordered 14.45+4.36 9.31+1.48 14.63+5.07 15.52+4.23 5.62+0.34
C-N 10.55+1.34 10.54+0.42 11.59+2.08 13.57+2.12 9.59+0.47
C-O0 6.87+0.43 6.36+0.23 6.35+£0.82 5.86+0.76 6.04+0.48
C=0 4.30+0.76 4.64+0.01 4.13+0.68 4,11+0.94 4.64+0.19
COOH 6.03+0.40 7.18+0.22 7.78+1.37 8.24+1.22 7.08+0.19

C shake* 3.57+0.54 4.73+£0.09 4.18+0.59 3.91+0.86 5.23+0.17
C shake* 2.26+£0.52 2.96+0.10 2.44+0.47 2.31+0.67 3.24+0.08

Table 1 also highlights how elemental composition significantly varies between Fe-N-C-
Postpyrl and Feap-N-CAF, with the former showing larger amounts of nitrogen and oxygen
atoms that during the second pyrolysis were partially removed forming gaseous products.
Interestingly, non-negligible amounts of silicon and fluorine are still present in the Fe-N-C-
Posypyrl sample and this is evidence of the fact that a second heat treatment is necessary
to reduce their content to negligible values. The largest differences in the nitrogen moieties
are a significantly greater ratio N pyridinic/N pyrrolic and approximately a double amount of
nitrogen coordinated to iron in Fe-N-C-Postpyrl, while high-resolution carbon spectra
demonstrate that a second heat treatment enhances graphitization by exposing carbon to
high temperature for additional time and this is in line with XRD analysis. Additional XPS

images for the other samples can be found in Fig. S5.

3.2 Electrochemical study on RRDE
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Higher values of Eonset and E12 are indicators of enhanced electrocatalytic activity, since a
lower overpotential to achieve a determined value of current density is necessary. %H202
and n are useful to understand the reaction mechanism and they are dependent on each
other. In particular, a value of n equal to 4 means that 4e- pathway is realized and this
correspond to the absence of hydrogen peroxide generation which is beneficial for
performances. Since they are dependent on the applied potential, their averages in the

potential window from 0.25 V to Eonset are also reported for convenience in this study.

Fig. S6 shows the ORR polarization curves and the ring currents of Feap-N-CAF, Mn-N-CAF,
Co-N-CAF and Ni-N-CA* electrocatalysts in 0.1 M HCIO4, 0.1 M KOH, 0.5 M NaCl and 2 M
NaCl respectively with an electrocatalyst loading of 0.6 mg cm=2 at 1600 rpm, where
commercial Pt/C is used as reference with a loading of 60 ug cm=2. Additionally, the trends

of n and % H20:2 as function of the applied potential are reported in Fig. S7.

As expected from previous works [52], Feap-N-CAF electrocatalyst show better performances
among PGM-free materials because of its intrinsic higher electrocatalytic property and the
general trend of activity is Feap-N-CA" > Mn-N-CAF > Co-N-CA* > Ni-N-CA* in every type of
electrolyte, as demonstrated in Fig. 3 a-b in terms of E12 and Eonset. In detail, as shown in
Tab. S2, halfwave potentials of 0.81 V in alkaline environment (0.82 V with Pt/C) and 0.70
V in acidic solution were achieved with Feap-N-CAF. Higher activities are reached in alkaline
electrolyte and this is in line with the fact that ORR is kinetically favored in this kind of
medium because of improved charge transfer [53]. Poor performance is evident, also from
Table S3, in both neutral solutions since the scarcity of protons H* and hydroxyl ions OH~ is

a limiting factor.

The iron-based electrocatalyst also presents almost a 4e~ pathway in 0.1 M HCIO4, 0.1 M

KOH, 0.5 M NacCl with negligible H202 production, as highlighted in Fig. 3 c-d, while all the
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materials present a sharp reduction of n in neutral solution when increasing NacCl

concentration from 0.5 M to 2 M.
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Figure 3. Electrochemical performance on RRDE. (@) Eonset, (b) E12, (¢) number of trans-
ferred electrons n and (d) %H202 of M-N-C electrocatalysts and Pt/C in 4 different electro-

lytes.

The following discussion is focused only on the acid medium since the gap with platinum is
still strong in this kind of environment. Feap-N-CA" ORR activity was further compared in
acid electrolyte with Fe-N-C-Postpyrl, Fe-N-C-AW, Feap-N-CAF-BM. As clear from Fig. 4,
the second pyrolysis step leads to a strong enhancement of activity highlighting that after

only a single heat treatment the configurations of carbon and nitrogen together with relatively
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high surface contents of silicon and fluorine result in a reasonably lower active site density.
As expected, the acid-washing did not cause any change in the final performance since no
phase transformations were observed while an additional ball-milling step led to a 20 mV

positive shift of the halfwave potential, as result of greater homogeneity of particle size

distribution.
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Figure 4. (a) ORR polarization curves and (b) variation of E1.2 of the iron-based electrocat-
alyst at different synthetic steps in 0.1 M HCIO4 at 1600 rpm with a loading of 600 ug cm=2.

Those results demonstrate that the acid-free method based on the use of Teflon can be a
successful variation of the traditional SSM to synthesize materials for ORR electrocatalysis,
with activity comparable to state-of-the-art non-precious electrocatalysts as shown in Table
S5. For the sake of comparison, the iron-based material show slightly lower performances
in alkaline medium respect to Fe-N-C-like electrocatalysts synthesized by traditional
sacrificial support method with 25 wt. % HF, also using nicarbazin as source of carbon and
nitrogen atoms [51]. This further confirms the goodness of this novel synthesis approach,

which is still all to be optimized.
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Additionally, a study on the electrocatalyst loading from 50 yg cm=2 to 900 yg cm=2 was
conducted for the Feap-N-CAF-BM sample, the one showing the highest activity in acid
medium. In this way it is possible to obtain precious information about the real reaction
mechanism. Fig. 5 a-b show how halfwave potential and hydrogen peroxide vyield
respectively change by varying the electrocatalyst loading, pointing out that the performance
reaches a plateau at 700 ug cm=2 with a value of E12 of 0.73 V. Increasing the loading does
not lead to a proportional increase of activity since, when the thickness of the electrocatalytic
layer is relatively large on the disk, oxygen is not able to easily reach all the active sites of

the material because of mass transfer limitations.
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Figure 5. (a) E12 with corresponding polarization curves and (b) %H202 of Feap-N-CAF-BM
in 0.1 M HCIO4 at 1600 rpm with electrocatalyst loading varying from 50 ug cm-2 to 900 ug
cm—2.

In the range of 50 uyg cm=2 to 300 ug cm~2, hydrogen peroxide yield has a sharp reduction
and this reveals a 2x2e~ pathway; in particular, when the loading increases, H202 has a
greater probability of being further reduced to H20 inside the material before reaching the

ring and it is not detected as ring current.
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Accelerated durability testing was conducted on Feap-N-CAF-BM in acid medium through
cycling in the typical potential window of operation in systems such as PEMFCs. It is well
known that while the activity of PGM-free electrocatalysts has made promising
improvements, the stability of those materials in acid medium is distant from technical
requirements for their commercialization. Issues such as demetallation, flooding of

micropores and carbon corrosion lead to a fast degradation of performances after few hours

[6].
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Figure 6. Accelerated durability test on RRDE conducted on Feap-N-CAF-BM with a loading
of 700 ug cm—2 and Pt/C with a loading of 60 ug cm=2in 0.1 M HCIO4 at 1600 rpm. (a) ORR
polarization curves and (b) Ei2 before and after potential cycling.

Fig. 6 a-b demonstrate excellent stability on RRDE of Feap-N-CA™-BM with a reduction of
Eiw2 of 1.4% (4.1% for Pt/C) and 2.1% (6.0% for Pt/C) after 5000 and 10000 cycles
respectively respect to the initial value, with negligible variation of the average number of
transferred electrons. This result further confirms that this novel synthesis method could be
a successful way to synthesize non-precious materials with enhanced electrocatalytic

properties and stability, that can be reasonably ascribed to the presence of a hierarchical
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porous structure successfully doped with active sites and with a high degree of surface

graphitization, as verified through physical-chemical characterization.

4. Conclusions and future perspectives

In summary, a novel and sustainable process for the synthesis of electrocatalysts with
atomically dispersed active sites was presented in this study. In particular, it was
demonstrated that the iron-based material shows activity towards ORR comparable to state-
of-the-art PGM-free electrocatalysts with excellent stability in acid medium. This unique
approach to synthesize non-precious materials is all to be explored also for different
electrocatalytic processes, with the possibility to finely tune the tridimensional structure and
porosity of the electrocatalyst by varying synthesis conditions, precursors and mass ratios,

silica templates and morphology of polytetrafluoroethylene powder.
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