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Abstract

Fe-Nx-Cs being suitable to replace scarce and overpriced platinum group metals (PGMs) for
cathodic oxygen reduction reaction (ORR) are gaining significant importance in fuel cell arena.
Although the typical sacrificial support method (SSM) ensures the superior electrocatalytic
activity of derived Fe-Nx-C, removing silica hard templates always remains a great challenge
due to the hazardous use of highly toxic and not environmentally friendly hydrofluoric acid.
Herein, strategic insight was given to modified SSM by exploiting the in-situ formation of HF,
deriving from the decomposition of NH4sHF> and NaF, to dissolve silica templates, thus
avoiding the direct use of HF. First, the suitable molar ratio between the etching agent and the
silica was analyzed, revealing that NHsHF> efficiently dissolved silica even in a stoichiometric
amount, whereas an excess of NaF was required. However, both etching agents exhibited
conformal removal of silica while dispersed active moieties within the highly porous
architecture of derived electrocatalysts were left behind. Moreover, NHsHF>-washed

counterparts demonstrated relatively higher performance both in acidic and alkaline media.
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Notably, with NHsHF2-washed Fe-Nx-C electrocatalyst a remarkable onset potential of 970
mV (vs RHE) was achieved with nearly tetra-electronic ORR as the peroxide yield remained

less than 10% in the alkaline medium.

Keywords: oxygen reduction reaction, sacrificial support method, avoid HF, alkaline

media electrolyte, acid media electrolyte

Introduction

The Hydrogen Economy presents a paramount technology of Fuel Cells (FCs) having
the capability to sustainably convert chemical energy into green electrical energy without
environmental impacts. The demand for FCs covers a broad spectrum of applications, ranging
from domestic to industrial and even automotive sectors. For these scopes, low temperature (T)
FCs are preferred to high T FCs, because they are more prone to operate with intermittent
loading.

The most mature low T FCs are the proton exchange membrane FCs (PEMFCs) that
efficiently transform hydrogen into electricity. PEMFCs rely on electrocatalysts based on
platinum supported over carbon (Pt/C) on both anode and cathode electrodes.l*41 On the anode,
hydrogen is oxidized in the so-called hydrogen oxidation reaction (HOR) while on the cathode,
oxygen is reduced in the well-known oxygen reduction reaction (ORR). In PEMFCs, the ORR
is sluggish, and therefore, higher Pt/C loading is needed to improve the kinetics and restrict the
formation of intermediates while ensuring complete oxygen electro-reduction.>1 Many
improvements have been made in this sense by reducing the Pt/C loading,®*? improving the
electrocatalyst layer interface,[*>!4l enhancing the electrocatalyst utilization,[*>*" and so on.[**-
291 1t was also tried to substitute Pt/C with first-row transition metals (TMSs) in the form of TM-
Nx-C electrocatalysts.?2° Despite this strategy being the most promising, many issues are
related to this class of electrocatalysts operating in acid media, recently summarized in a
comprehensive review. !>

In the past 10-15 years, with the development of efficient anion exchange membrane
(AEM), the interest and investments in AEMFCs have grown exponentially.[?>?7 In an alkaline
environment, TM-Nx-C electrocatalysts can substitute efficiently Pt/C and therefore much
attention has been devoted to this topic. This class of electrocatalysts is based on TM-Nx-C
with x=2,3,4 and TM = Fe, Cu, Co, Mn, Ni, etc. integrated into a graphitic-like structure.[?8-33
These active sites are responsible for a direct 4e” transfer mechanism or for the reduction of the

intermediate to the final product.***% In general, concerning ORR in alkaline media, it was
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shown that Fe is the most promising electrocatalyst mainly due to its suitable interaction with
oxygen.[?% Other active sites can be present on the carbon backbone, such as TM oxides,
carbides and/or metallic nanoparticles.[*>! Importantly, also nitrogen moieties play an active
role in ORR and in general it can be implied that they are responsible for reducing oxygen
through a 2e" transfer mechanism producing the undesired intermediate, H,O™ + OH-.[40 42
Pyridinic nitrogen instead has been shown to be active toward the reduction of the intermediate
in the final product, OH~.[*?]

Different strategies are presented in the literature for synthesizing these
electrocatalysts“!l but, in general, four routes are the most explored and are here briefly
presented. The first one uses TM containing azamacrocycles (e.g. phthalocyaninel** and
porphyrins(?® 451y as precursors that are mixed with a high surface area carbon support and
are subjected to pyrolytic processes at different temperatures and different atmospheres.

In another synthetic route, porphyrins or other azamacrocycles can be used successfully
as building blocks to create a covalent framework aerogel possessing high surface area and
high active site density.’>°*1 The covalent framework is subject to supercritical CO2 drying
and then the aerogel is subject to pyrolysis at controlled temperature and atmosphere to gain
graphitization without losing its intrinsic high porosity.

Another route is based on the utilization of a covalent organic framework (COF)
containing TM or metal-organic framework (MOF). In these cases, COF or MOF are prepared
and are subject to pyrolysis processes to enhance graphitization while maintaining the
morphological structure and preserving the desired TM-Nx-C active sites.[56-64

The fourth synthetic method considers the mixing of a nitrogen-rich organic precursor,
a metal salt and a templating agent. Softl®2¢°l and hard!®5-%81 templating are used with the first
one being removed during pyrolysis, while the second one after the pyrolytic process. Hard
templating is preferred because it helps within the graphitization process and creates a well-
structured porosity.[®74 In this context, many nitrogen-rich organic precursors have been
explored along with several metal salt precursors.’>"4 Hard templating using silica with
different sizes and morphologies has been also studied, leading to efficient ORR
electrocatalysts.l” The synthetic route known as the sacrificial support method (SSM) relies
on the pyrolytic process in a neutral and/or slightly reducing atmosphere at a temperature above
800°C, where graphitic carbon formation is enhanced.l’®! The removal of the hard templating
agent occurs afterward with the support of HF that etch out the silica and create a defined
porosity and the pore size distribution depends on the silica size. After silica removal, the ORR

electrocatalyst is subjected to a second pyrolysis in a reducing atmosphere.l’’ The last synthetic
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route is also the one that fabricates ORR electrocatalysts at a commercial scale through the
company Pajarito Powder.[5® 7l

While this process is scalable and the ORR electrocatalysts synthesized are among the
most efficient ever developed, the biggest bottleneck of the process lies in the utilization of
HF, which is difficult to handle and its waste raises remarkable environmental concerns.
Recently, the etching of silica was removed from the process by introducing
polytetrafluoroethylene (PTFE) within the mixture (N-rich organic molecules, metal salt, silica
templating) that allowed to obtain a defined porosity and efficient ORRI"™ and CO, reduction
reaction electrocatalyst.l®] This innovative, smart and efficient methodology, prompted us to
propose an alternative strategy to remove silica without using HF directly but by exploiting in-
situ forming HF agents such as NH4HF. and NaF. In this way, the direct utilization of HF is
avoided, reducing the risk of handling a hazardous acid, and leading to an easer and safer
synthetic route to fabricate efficient ORR electrocatalysts. In this framework we here propose
the design and development of a hard templating strategy for the production of Fe-Nx-C ORR
electrocatalysis exploring the effect of two atching agents — NHsHF> and NaF/HCI mixture —
as in situ forming HF agents and avoiding the direct use of the most hazardous HF and thus

opening the way for the sustainable production of ORR electrocatalysts.

Results and Discussion
Electrocatalysts structure and morphology

This study deals with the development of a more sustainable hard templating removal
procedure for the preparation of Fe-Nx-C ORR electrocatalysts, where Silica-iron NPs (SFe)
were simultaneously used as sacrificial supports to induce the micro- and meso-porosity while
homogeneously dispersing iron in the Fe-Nx-C structure.® The structure and composition of
silica SFe NPs are in agreement with our previous study,® as reported in Figure S1. Compared
to the current technology, which entails the use of HF as an etching agent for the removal of
SiO2-based templating agents, in this new approach, two different in situ HF forming agents
were tested: i) NHsHF2 and ii) NaF + HCI. This strategy was recently proposed by Gentile et
al. during the production of MXenel® but it was never proposed for SSM Fe-Nx-C family ORR
electrocatalysts. Samples were named SFe-Y-X where Y is the etching agent and X the ratio
between the etching agent and the silica. SFe-P1 is the electrocatalyst that was subject to the
first controlled pyrolysis but did not undergo silica etching.

The effective removal of SiO2> NPs was deeply investigated by using several techniques,
including ATR-FTIR, TGA, XRF, and TEM analyses. ATR-FTIR spectra of SFe-Y in
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comparison to SFe-P1 (Figure 1a) first evidence that these salts are efficient in the etching
process of SiOz: the typical features of SiO2, whose main peak is due to the stretching of Si-O-
Si bond (vsi-o-si) is located at 1060 cm™ in SFe-P1, disappears after the etching treatment with
both NH4HF, and NaF at high amount (X = 5). However, when smaller amounts of the two
agents are used (X = 1), only NH4HF> maintains the same high performance, while just a

reduction in the intensity of the SiO> peak is achieved with NaF.
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Figure 1. a) ATR-FTIR and b) XRF spectra obtained for SFe-Y-X materials in comparison to
SFe-P1. Magnification of the the Si spectral region in highlighted in b).

Similar results are highlighted by XRF analysis (Figure 1b). For all samples the peaks
due to Fe are detected at 6.41 KeV and 7.09 KeV,[ confirming the presence of iron within
the electrocatalysts. Besides, the Si signal at 1.74 KeV!® is observed in SFe-P1, but it becomes
imperceptible in the SFe-Y-X series. Only for SFe-NaF-1, a tiny peak is still visible (zoom of
Figure 1b), confirming that SiO: is only partially etched under these experimental conditions.
A quantification of SiO, removal was obtained by TGA analysis performed before and after
the HF in situ formation treatment (Figure 2). In SFe-P1 the weight percentage due to silica is
calculated by the sample weight (%) measured at 1000 °C, where only the inorganic component
is still present, while the organic part has been eliminated through combustion.®l This
corresponds to almost 50 wt% of SFe-P1, which is equal to a mass ratio between the inorganic
and organic part of 50:50; the reduced mass ratio compared to SFe-NC (30:70) is consistent
with the degradation of the nitrogen rich organic source (Nicarbazin) due to the first pyrolysis.
Interestingly, the use of NH4HF> at both molar ratios led to a complete removal of silica, as
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demonstrated by the tiny residual solid recovered at 1000 °C (< 4 wt%). This remaining
contribution accounts for the iron amount dispersed in SFe-Y-X materials, which is likely
transformed into iron oxide species due to the TGA thermal treatment performed in the air. On
the contrary, only the use of an excess of NaF (X = 5) led to similar results compared to
NHsHF2, whereas a significant amount of inorganic component (~ 20 wt%) is still measured at
1000 °C for SFe-NaF-1, in agreement with the previous observations in the FTIR and XRF

spectra.
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Figure 2. TGA curves of SFe-Y-X compared to that of SFe-P1.

These results indicate that both NH4HF2 and NaF are suitable precursors for the HF in
situ formation, necessary for the silica etching, and thus representing potential substitutes to
HF in the Fe-Nx-C preparation. In detail, these salts dissociate in aqueous solution through the

following reactions:

NHsHF; § NH '+ HF + F (1)
NaF + HCI 5§ Na" + Cl"+ HF (2)

giving rise to in situ HF formation. The so-formed dilute HF solutions generate the following

equilibrium reaction:

HF + H.0 S F + H30" (3)
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where F and HF are then able to interact forming:

HF + F 5 HFy (4)

The equilibrium constant at 25 °C of Eq. (3) and Eq. (4) are reported as K3 = 6.6*10™
and Ks = 3.9, respectively.[® According to K3 and Ka, in the NHsHF, solution, the most
predominant fluoride species is represented by HF2", which is formed from the reaction of HF
and F"ions, directly available from Eqg. (1). On the contrary, in the NaF solution, the similar
concentration of both HF and HF>" should be present, as only little amounts of F~ are formed
through Eq. (3) compared to the NH4HF> solution, due to the low Ks. The diversity in the
composition of the fluoride-based solutions could be herein used to explain the higher
performances obtained with NH4HF, at low content compared to NaF (X = 1). Indeed, Judge
et al. claimed that the dissolution rate of SiO> in dilute acidic fluoride solutions depends only
on the concentration of HF,” and HF, whereas no influence of free fluoride was observed.[®]
Besides, they claim that the dissolution rate is about four to five times higher with HF>
compared to that obtained with HF. Verhaverbeke et al. further validated the previous model
by Judge, also suggesting that a dimer of HF, (HF)2, is the other most important etching species
together with HF2",[ as only the occurrence of 2 or 4 fluorine atoms can initiate the etching
process. No other species as (HF)2F, (HF)sF or (HF)sF- are taken into account at low HF
concentrations (< 1M).[871 More recently, new models also included the HF and F
contribution to the silica etching process, still confirming the main role played by the negatively
charged HF," species.[® Thus, the likely higher HF, concentration in the NH4HF2 solution
could favor the kinetic of the etching process of SiO». The discrepancy is almost eliminated by
introducing higher amounts of the two etching agents.

In a nutshell, both NH4HF2 and NaF could represent potential turning points to reduce
the overall hazard encountered in the Fe-Nx-C synthesis due to the direct use of HF and prompt
the large-scale production of Fe-Nx-C by simplifying the entire process and required facilities.
Indeed, it must be stressed that even if the final obtained product if HF, the starting precursors
are labeled as corrosive and toxic for ingestion (NHsHF2) and irritating (NaF), the HF is
associated with much more severe risks as it is HF is defined as dangerous, fatal if swallowed,
in contact with skin or inhaled and requires much stringent safety procedures when used in

laboratory and industrial scale.
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Later on, the morphological and structural investigation was centered on SFe-NH4HF-
1 and SFe-NaF-5 samples, in which the lower amount of both agents was used with the highest
performance for silica removal, to unveil their main features.

The structure of the two novel electrocatalysts was studied through XRPD, which
shows a broad peak at about 25° and a minor one at about 44 °, due to the 002-oriented and
101-oriented diffraction peaks of graphite, respectively (Figure S2). No other features due to
additional phases (i.e. amorphous silica) or impurities are detected, indicating a good
homogeneity and purity of the materials at the end of the synthetic process.

The morphology of the samples was investigated through TEM analyses. Images show
for both the samples the occurence of an homogeneous and continous graphitic-based hollow
structure made of holes and cavities generated from the removal of silica nanoparticles (Figure
3a-a’, b-b’). It has to be mentioned that in SFe-NaF-5 the presence of disordered regions appear
sligthly more recurrent (Figure 3b-b”). At higher magnifications the superimposition of several
macro-microporous architectures (macropore size estimated from the images of about 65+5
nm) can be appreciated along with the absence of any segregated or crystalline phase (Figure
3c-¢’, d-d’).

Lt 53

Figure 3. TEM images of SFe-NHsHF:-1 (a-d) and SFe-NaF-5 (a’-d’) at different

magnifications.

The BET-specific surface area (SSAget) and pore-size distribution were determined by
nitrogen physisorption. The samples show combined Type I-1V isotherms with narrow H3
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hysteresis loop relatable to the presence of micro and mesopores in a macroporous network
(Figure S3), in agreement with the hollow architecture observed from TEM images. Both
SFe-NHsHF2-1 and SFe-NaF-5 display large SSAget, namely 495+ 2 m? gt and 58642 m? g°
! respectively. In both samples, the micropores have an average diameter of ~1 nm and
represent the majority of the pore population (Figure S4).

Surface Chemistry

The surface chemistry of the electrocatalyst was thoroughly investigated by means of
XPS. All the Fe-Nx-C samples show a similar surface atomic composition, with a carbon
content of about 90.00 at. % and an oxygen content of around 5.50 at. %. The three
electrocatalysts show a relatively high nitrogen doping (N at. % > 3.50), with the maximum
value for the material based on the use of NH4HF> (N at. % = 4.10 + 0.20). The detected amount
of iron is relatively low (Fe at. % < 0.20), but in line with previous studies from the

literature.[®%9% The results are summarized in Table 1.

Table 1. Surface atomic composition in at. % from XPS survey spectra.

At. % SFe-HF SFe-NH4HF2-1 SFe-NaF-5
C1ls 90.98 £0.10 89.99 +0.39 90.91+0.25
N 1s 3.52+0.14 410x0.20 3.76 + 0.06
O1s 5.36 +0.04 5.84+0.18 5.24 +0.36

Fe 2pse 0.15+0.01 0.08 £0.02 0.10£0.05

The high-resolution N1s and Cls spectra were fitted according to previous
works.[68829-981 From the nitrogen 1s detailed spectra, shown in Figure 4, several nitrogen
moieties were identified: N pyridinic at 398.5 eV, Fe-nitrogen coordination at 399.4 eV, N
pyrrolic at 400.8 eV, N graphitic at 401.8 eV, N quaternary at 403.2 eV and NOx species at
404.4 eV and 405.9 eV. The N 1s relative atomic percentages are presented in Table 2.
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Figure 4. Detailed N 1s spectra of the three electrocatalysts synthesized: SFe-HF, SFe-

N - Fe
N Quaternary

—— N Pyrrolic

NO,

CPS (a.u.)

- SFe-HF

L

408

405

403

400

Binding Energy (eV)

NH4HF»-1, SFe-NaF-5

Table 2. Surface relative composition of nitrogen moieties in relative at. % from XPS N 1s

high-resolution spectra.

398

NO

X

Rel. At. % SFe-HF SFe-NHsHF»-1 SFe-NaF-5
N pyridinic 19.96 + 0.09 23.66 £0.42 23.92+£0.82
N - Fe 14.80 + 0.17 15.36 £ 0.53 10.36 £ 0.85

N pyrrolic 36.24 +£0.20 34.67+1.14 38.46+£0.11
N graphitic 12.05 + 0.40 1251 +£1.76 13.44 £ 0.35
N quaternary 8.48 +0.18 6.64 +0.39 6.33+1.21
NOx 3.50 £0.08 4.04+0.04 4.18 +0.30
NOx 4.98 +0.39 3.14+0.16 3.32+0.30
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The following carbon moieties were identified through the carbon 1s detailed spectra, presented
in Figure 5: graphitic carbon at 284.5 eV, disordered carbon at 285.2 eV, C-N bond at 286.0
eV, C-Oat 287.1 eV, C=0 at 288.3 eV, COOH at 289.7 eV, C-F; at 291.3 eV and C-F3 at 293
eV. The C 1s relative atomic percentages are summarized in Table 3.

C-N —_—C -0
—— C - Shake C - Shake

—— C Graphitic C Disordered
—C=0 — COOH

SFe-NH,HF -1

CPS (a.u.)

296 294 292 290 288 286 284 282
Binding Energy (eV)

Figure 5. Detailed C 1s spectra of three electrocatalysts synthesized: SFe-HF, SFe-NHsHF»-1,
SFe-NaF-5

Table 3. Surface relative composition of carbon moieties in relative at. % from XPS C Is high-

resolution spectra.

Rel. At. % HF NHiHF NaF
C graphitic 65.51 £ 0.17 62.59 + 1.99 52.68 £ 4.53
C disordered 1.94+0.44 10.18 £ 2.52 14.66 + 3.36
C-N 9.70£0.23 9.12+0.23 13.81+1.65
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C-0 5.40+0.61 5.86+0.14 5.92+0.27
Cc=0 5.26 £0.37 3.72+0.58 3.80+0.39
COOH 5.97+0.09 481+0.17 5.51+£0.32
C-Fk 3.90+£0.11 251+0.13 2.31+0.43
C-Fs 2.35+0.08 1.23+0.12 1.31+0.25

The sample based on the use of HF (SFe-HF) shows the highest amount of iron and a
relatively high content of N-Fe bond, reasonably resulting to be the material with the highest
Fe-Nx active site density based on the XPS analysis. Instead, following the previous

observation, the NaF-based electrocatalyst is the one with the lowest Fe-Nx active site density.

Electrochemical results

Oxygen reduction reaction in acid media

ORR electrocatalytic activity of the three electrocatalysts (SFe-HF, SFe-NHsHF>-1 and SFe-
NaF-5) was evaluated in acidic media, with the electrolyte being 0.5 M H2SOs. The linear
sweep voltammetry was run from 1V vs RHE to 0 V vs RHE at a rotating rate of 1600 rpm.
Two electrocatalyst loadings were investigated, being 0.2 mg cm? and 0.6 mg cm. Disk
currents are presented in Figure 6a. Interestingly, the increase in electrocatalyst loading led to
an increase in both potential onset and half-wave potential (Figure 6a). At lower electrocatalyst
loading, SFe-NaF-5_ 0.2 had an Eon of 0.75 V (vs RHE) and an Ey of 0.55 V (vs RHE).
Identical Eon but higher E12 (0.57 V vs RHE) was recorded for both SFe-NHsHF2-1_0.2 and
Sfe-HF_0.2. The limiting current (Jiim) for tests at 0.2 mg cm electrocatalyst loading was in
the range of 2.8 A cm™2 and 3.3 A cm™. At electrocatalyst loading of 0.6 mg cm™, the Eon varied
between 0.81 V vs RHE (SFe-NH4HF2-1_0.6) and 0.85 V vs RHE (SFe-HF_0.6). The Eip
varied between 0.63 V vs RHE (SFe-HF_0.6) to 0.65 V vs RHE (SFe-NHsHF2-1_0.6) and 0.71
V vs RHE (SFe-NaF-5_0.6). The higher Jiim was recorded with SFe-NH4HF>-1_0.6 and it was
4.4 mA cm. Ring current density was recorded and presented in Figure 6b. From the ring
current density, it was possible to determine the peroxide produced (Figure 6c¢) that varied
between 4% and 15% at potentials below 0.4 V vs RHE. The increase in electrocatalyst loading
led to a decrease in peroxide produced indicating that the peroxide is consumed within the
thicker electrocatalyst layer. The number of electrons transferred was always above 3.7 (Figure
6d). This indicates that the ORR occurs mainly over a direct 4-electron transfer.
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Figure 6. Disk Current density (a), Ring Current density (b), Peroxide produced (c) and
Electrons transferred (d) for electrocatalyst etched using HF (grey lines), NaF (red lines) and
NH4HF; (light blue lines). Two loadings were explored, 0.2 mg cm (dot line) and 0.6 mg cm’

2 (continuous line). Tests were done in 0.5 M H,SO4 with rotating speed of 1600 rpm.

Oxygen reduction reaction in alkaline media

The electrocatalytic activity of Fe-Nx-C electrocatalysts in alkaline media is higher
compared to the one in acid medial® ! and this was shown also in this case (Figure 7). Disk
current is presented in Figure 7a, ring current is shown in Figure 7b, peroxide production is
displayed in Figure 7c and transferred electrons are presented in Figure 7d. Eon and Eip
increased with the electrocatalyst loading.

SFe-NH4HF2-1 had higher results compared to the other electrocatalysts in both
loadings. Particularly, SFe-NH4HF2-1_0.2 showed an Eon 0of 0.94 V vs RHE and E12 0f 0.85 V
vs RHE. At 0.6 mg cm, SFe-NHsHF2-1_0.6 had an Eon of 0.97 V vs RHE and Ey2 of 0.88 V
vs RHE. Interestingly, at the loading of 0.2 mg cm™, SFe-NaF-5_0.2 outperformed SFe-
HF_0.2, but at higher loading, SFe-HF 0.6 had slightly higher electrocatalytic activity
compared to SFe-NaF-1_0.6 (Figure 7a). A lower peroxide generation was recorded by SFe-
NaF-5 followed by SFe-NHsHF2-1 and SFe-HF, for which the highest peroxide yield was
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detected (Figure 7c¢). Higher number of electrons transferred was achieved by SFe-NaF-5 and
SFe-NH4HF2-1 samples (Figure 7d). Higher electrocatalyst loading led to a higher number of
transferred electrons as lower peroxide was detected due to its reduction within the
electrocatalyst layer. In general, despite the loading, in alkaline media, the removal of silica
through NHsHF results in electrocatalysts with superior features compared to those obtained
after etching with HF.
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— SFe-NaF-5_0.6 /4 N —— SFe-NaF-5 0.6
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Figure 7. Disk Current density (a), Ring Current density (b), Peroxide produced (c) and
Electrons transferred (d) for electrocatalyst etched using HF (grey lines), NaF (red lines) and
NH4HF; (light blue lines). Two loadings were explored, 0.2 mg cm (dot line) and 0.6 mg cm’

2 (continuous line). Tests were done in 0.1 M KOH with a rotating speed of 1600 rpm.

While coming to the point, it is important to highlight that both reagents i.e. NaF and
NH4HF. showed to be very effective in dissolving the silica templates while maintaining the
architectural features and corresponding electrocatalytic activity similar or even superior to
that treated by HF. Compared to NaF, five times less NHsHF2 was consumed to remove silica.
Moreover, the NHsHF,-treated sample kinetically outperformed the other counterpart by
realizing higher ORR Eon and E1/ in both electrolytic media i.e. acidic and alkaline. However,

the activity was clearly enhanced under alkaline conditions which is aligned with the ultimate
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goal of AEMFCs applications. The peak ORR Kkinetic activity i.e. Eon and E12 can be linked
with the relative higher proportion of Fe-Nx in the NHsHF.-treated sample as revealed by XPS.
Fe-Nx are known as the primary active sites for the ORR.[*3%5%1 Moreover, TEM illustrated
the well-defined mesoporous graphitic structure without large-scale coalescence of Fe-type
species into metallic nanoparticles, especially for SFe-NHsHF2-1 sample. On the other hand, a
slightly higher content of graphitic nitrogen could be a cause of delaying the Eon an E1 of the
NaF-etched sample.’l However, the five-fold increased usage of NaF provided a slightly
higher surface area, which might ensure enhanced accessibility to the active moieties and could
be the reason behind the marginally lower peroxide yield. In any case, the performance of the
NHsHF>-treated sample outperformed the other counterparts in terms of activity while
following a nearly tetra-electronic pathway and keeping the peroxide yield below ~10% and
~15% in acidic and alkaline media, respectively.

Comparisons with existing literature

The results presented are in line and sometimes outperform the best PGM-free
electrocatalysts shown in literature for oxygen reduction reactions. In Table 4, a few examples
of electrocatalysts tested using SSM and removal of the hard templating using HF are reported.

Commercially available Fe-Nx-C electrocatalysts are also compared.

Table 4: Comparison with recent studies involving the etching of silica templates to form ORR

electrocatalysts

Electrocatalysts Etching Eon Eip Peroxide Electrons Electrolyte  Ref.
Agent (Vs (Vs (%) Transfer
RHE) RHE)
Feap-N-CAF Teflon 0.9 0.81 1.10 3.9 0.1 M KOH 8]
powder
FeNSC HF 0.97 0.87 - 3.98 0.1 M KOH o8]
solution
HPC-Fe/N-700 NaOH 0.92 0.84 5.4 3.89 0.1 M KOH (%]
Ordered mesoporous ~ NaOH 0.83 0.75 25 2.4 0.1MKOH [0
carbon
Co-TpBpy-800 6M KOH 0.91 0.83 - ca. 3.9 0.1 M KOH [101]
Si-Fe-N/C HF - 0.83 3.35 ca. 3.9 0.1 M KOH [102]
solution
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NFe-PG NaOH 1.00 0.83 - 3.87-3.99 0.1 M KOH [103]

solution

Fe(0)/FeNx-NC-7 HF 0.95 0.86 <12.3 3.72-39 0.1MKOH 1041
solution

FeNC_PM HF ~0.83 0.7 ca. >30 3-35 0.1 M KOH [105]
solution

SEFe_M_P1AP2 HF 0.96 0.88 ca.<145 ca.3.75- 0.1 M KOH (801

solution 3.97
SFe-NH4HF,-1 NHiHF 0.97 0.88 <15 >3.81 0.1MKOH  This

work

Outlook towards sustainable large-scale ORR electrocatalysts

In this work, Fe-Nx-C-type electrocatalysts were synthesized through the sacrificial
support method (SSM). The main variation was the removal of the hard templating with
different agents. While HF is generally used for this procedure, the utilization of other agents
that can produce HF in situ is novel and not yet explored. The usage of HF is considered a
critical bottleneck for the SSM synthetic procedure because HF is extremely difficult to handle,
it is extremely volatile and if not handled properly it can cause extremely severe health injuries
and environmental issues. Therefore, alternative solutions that are also more sustainable have
to be considered. In this work, the etching was conducted also with NaF and NHsHF2. While
the etching with NaF was done by mixing NaF with HCI, a water solution containing NH4HF»
was used limiting the handle of dangerous agents. Even HBF4 was used in this work (data not
shown), however the removal of silica was extremely poor. In this study, the etching using an
aqueous solution containing NH4HF2 was more effective than using HF and this was proven by
higher Nx-Fe relative percentage (primary active sites) and by the higher percentage of N-
pyridinic (secondary active sites) compared to other two electrocatalysts tested. Moreover, the
NH4HF etched electrocatalyst showed similar performance compared to HF in acid media but

superior electrocatalytic activity in alkaline media.

Experimental Section
Materials

For the synthesis of silica templates: tetraethylorthosilicate (TEOS), ammonium
hydroxide (NH4OH 25%) and iron sulphate eptahydrate Fe2(SOa)3-7H20 were purchased from
Merck Life Science (Germany). N-aminoethyl-aminopropyltriethoxysilane (EDTMS) and
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Ethanol (EtOH, 99.8 %) were obtained from abcr Gute Chemie (Germany) and Exacta Optech
LabCenter (ltaly), respectively. For the electrocatalyst preparation, nicarbazin (NC),
ammonium hydrogen difluoride (NHsHF2, 95 %), sodium fluoride (NaF, > 99 %) and
hydrochloric acid (HCI, 37 % v/v) were acquired from Merck Life Science (Germany). Milli-

Q water was produced by a Milli-Q Essential apparatus.

Electrocatalyst synthesis

The electrocatalysts were prepared by means of the hard template approach, using
functionalized SiO2 NPs as sacrificial supports for the dispersion of iron active centers and to
induce the micro- and meso-porosity into the electrocatalyst structure.l’ Briefly, SiO2 NPs
(average diameter 70 + 5 nm) were prepared through a Stdber method™®! and surface
functionalized by the hydrolysis and condensation of EDTMS with the surface -OH groups of
SiO2 NPs (molar ratio between silane: OH groups of SiO2 equal to 1:2). Then, the terminal
amino groups of EDTMS were exploited to disperse single iron sites onto the SiO» surface
(Fe:EDTMS molar ratio equal to 1.5:1). The final material was labeled as SFe and used to
synthesize Fe-Nx-C electrocatalysts.

SFe was mixed with nitrogen rich organic molecule, in this case Nicarbazin, with a mass
ratio equal to 30:70, in Milli-Q water (100 mL/gsre) for 24 h at room temperature (RT). The
dried material was pyrolyzed (SFe-P1) at 900 °C under pure N2 for 1 h, using a heating and
cooling rate of 300 °C h. Then, the mixtures were etched in Teflon labware to remove the
silica sacrificial supports by testing two aqueous solutions of different in situ HF forming
agents as recently shown:¥1 i) NH4HF2 (10 wt%) and ii) NaF + HCI (8.5 wt% and 18 wt%,
respectively). The amount of the etching solutions has been calculated according to three
parameters:

- the quantity of HF formed from the dissolution of NHsHF> and NaF in water (Eg. 1-2),
that corresponds to 1 mol of HF for each mole of tested etching agent. According to Eq.

3-4 and to the values of K3-Ka, this amount will mostly correspond to the moles of HF2" in

solution in the case of NH4HF solution, while a mixture of HF, F-, HF>™ and dimers of

(HF)2 will form in the NaF solution;

- the amount of SiO> in SFe-P1 measured by Thermogravimetric Analysis (TGA);
- the overall dissolution reaction of SiO2 by HF, which requires six moles of F for each Si

mole to produce the hexafluorosilicic acid (H2SiFs) during the etching process. 41071
For the tests, both a stoichiometric amount (1x) and an excess of the two agents (5x,

correspondent to five times the stoichiometric amount) were used, correspondent to a molar
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ratio between the in situ formed HF and SiO. equal to 6 and 30, respectively. In a typical
procedure, the etching solutions were slowly mixed with SFe-P1 at 40 °C and kept under
stirring in an oil bath for 24 h. Later on, the samples were recovered through centrifugation
(9000 rpm, 30 min) and washed several times with water until the pH of the supernatant became
neutral. The powders were dried at 80 °C overnight and finally pyrolyzed a second time under
a slightly reducing atmosphere of N2/H2 95/5 wt% at 900 °C for 1 h, with a heating and cooling
rate of 300 °C h%. The final samples were labeled as SFe-Y-X, where Y is the used HF forming
agent for silica removal and X is the amount used of each agent, equal to 1 or 5, for the
stoichiometric amount and the excess, respectively.

Reference Fe-Nx-C sample for the electrochemical tests was prepared by following the
same procedure herein described but using a HF/HNO3z mixture for the silica etching process
(2:1 mixture of HF 25 wt% and HNO3 35 wt%, RT, 3 days), according to Honig et al.[®%

Electrocatalyst characterization

Infrared Spectroscopy (FTIR) in the Attenuated Total Reflectance (ATR) mode was
carried out using a Thermo Fisher Scientific Nicolet iS20 instrument. FTIR spectra were
collected between 4000-550 cm™, with a 1 cm™ resolution, 32 scans. Thermogravimetric
analysis (TGA) was performed by using a Mettler Toledo StarE system TGA/DSC1 instrument
(scan range 30-1000 °C, heat rate 10 °C min, constant air flow 50 mL min™). Both FTIR
spectra and TGA curves were registered on bare SFe to assess the successful SiO»
functionalization, as well as on SFe-Y samples to verify the effective silica removal by the HF
forming agents compared to SFe-P1. This was further verified by X-ray Fluorescence (XRF)
with a Bruker EDXRF spectrometer (Artax 200) equipped with an X-ray tube (Mo anode) with
a beam collimated down to 0.65 mm in diameter (excited sample area of 0.33 mm?). The
working conditions were 20 kV and 1.0 mA with an acquisition time of 300 seconds.
Transmission Electron Microscopy (TEM) images collected at low magnification were used to
confirm the absence of silica particles on SFe-Y. TEM analysis was performed with a JEOL
JEM-2100Plus TEM operating with an acceleration voltage of 200 kV, equipped with an 8-
megapixel Gatan RioTM complementary metal-oxide-semiconductor camera. The samples
were deposited onto carbon coated Cu TEM mesh grids by drop-casting dilute NPs dispersions
in EtOH.
Inductively Coupled Plasma-Optical Emission spectroscopy (ICP-OES) was used to measure
the iron amount in SFe, with an ICP-OES Optima 7000 DV Perkin Elmer instrument, after the

acid digestion in a microwave Milestone Ethos mineralizer.
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The structure of SFe-Y electrocatalysts was studied with the X-Ray Powder Diffraction
(XRPD), by using a Rigaku MiniFlex 600 diffractometer with 1.5406 A Cu Ka radiation, in
the 20 range between 5-80°, 20 step 0.02°, 1° min™ scan rate. Specific surface area (SSA),
desorption cumulative pore volume (DCPV) and pore size distribution were measured with a
Quantachrome Autosorb iQ-C instrument, where nitrogen was employed as the adsorbate at 77
K, according to BET. The samples were previously evacuated at 80 °C for 30 min, 120 °C for
other 30 min and finally at 350 °C for 7 h before the analysis. The pore size distribution was
calculated using the DFT method for slit pores.The surface chemical environment and
composition of the materials were examined using X-ray photoelectron spectroscopy (XPS) on
a Kratos AXIS Supra machine with a focused Al Ka beam (1486.6 eV) at 15 mA and 225 W.
Data was gathered from 0 to 1400 eV for survey scans, 270 to 300 eV for C 1s detailed scans,
390 to 415 eV for N 1s detailed scans, 702 to 740 eV for Fe 2p detailed scans, and 525 to 543
eV for O 1s detailed scans.

The software CasaXPS was employed for elemental analysis of the surface. A linear
background was used for C 1s, N 1s, and O 1s, while a Shirley background was applied to the
Fe 2p 3/2 region. Gaussian/Lorentzian peak (70%/30%) was chosen for peak analysis.

Electrochemical characterization

Linear sweep voltammetry in a three-electrode cell (Pine WaveVortex RDE system coupled
with a Pine potentiostat) was used to study the ORR electrochemical activity of the samples.
The working electrode was a rotating ring disk electrode (RRDE) with the geometric area of
the glassy carbon disk equal to 0.2376 cm? and the platinum ring geometric area of 0.2356
cm?). The rotation speed of the working electrode was set to 1600 rpm. An SSG was immersed
into the electrolyte solution and used as a reference electrode. The counter electrode was a
titanium spring. The inks were prepared by tip sonication 5mg of the catalyst in a solution made
of 985 pL of isopropanol and 15 pL of Nafion® 5% dispersion in water/ethanol. The obtained
ink was deposited over the glassy carbon by drop casting. Before the measurements, the
electrolyte was saturated with oxygen by flowing it for 20 min in the solution. In order to
maintain the solution saturated with oxygen, a minimum flow of oxygen was maintained also
during measurements. The potential scan range was from 1 V to 0 V versus RHE. All measured

potentials were converted to potential versus RHE according to Eqg. ().

ERHE = ESSG + 0059 - pH + ESQSG (I)
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The potential of the ring was fixed at 1 V versus RHE. The currents generated at the disk (l4)
and the ring (Ir) were used to calculate the hydrogen peroxide anion produced and the number

of electrons transferred (n) respectively following the Eq. (1) and (111):

Ir
2001
Peroxide, % = - (1
at
al
n= -t (I
Ig+ =
N

N is the collection efficiency of the ring, it was reported by the supplier as 38%.
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