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Introduction

Morphological and structural design through
hard-templating of PGM-free electrocatalysts for
AEMFC applications+

Hilah C. Honig,? Silvia Mostoni, &2 £ Yan Presman,? Rifael Z. Snitkoff-Sol, {2

Paolo Valagussa, {2 ® Massimiliano D'Arienzo,” Roberto Scotti,” Carlo Santoro,
Mohsin Muhyuddin*b and Lior Elbaz 2 *®

b

This study delves into the critical role of customized materials design and synthesis methods in influen-
cing the performance of electrocatalysts for the oxygen reduction reaction (ORR) in anion exchange
membrane fuel cells (AEMFCs). It introduces a novel approach to obtain platinum-free (PGM-free) elec-
trocatalysts based on the controlled integration of iron active sites onto the surface of silica nanoparticles
(NPs) by using nitrogen-based surface ligands. These NPs are used as hard templates to form tailored
nanostructured electrocatalysts with an improved iron dispersion into the carbon matrix. By utilizing a
wide array of analytical techniques including infrared and X-ray photoelectron spectroscopy techniques,
X-ray diffraction and surface area measurements, this work provides insight into the physical parameters
that are critical for ORR electrocatalysis with PGM-free electrocatalysts. The new catalysts showed a hier-
archical structure containing a large portion of graphitic zones which contribute to the catalyst stability.
They also had a high electrochemically active site density reaching 1.47 x 10'° sites g~ for
SAFe_M_P1AP2 and 1.14 x 10'° sites g~* for SEFe_M_P1AP2, explaining the difference in performance in
fuel cell measurements. These findings underscore the potential impact of a controlled materials design
for advancing green energy applications.

due to its sluggish kinetics and complex pathways; therefore,
high loadings of Pt/C are required. This, in turn, translates

Green hydrogen is expected to be used in many hard-to-abate
sectors, such as the metal industries, fertilizers, automotives,
and residential purposes,’ where fuel cell technologies will
play a pivotal role in producing electricity directly from
hydrogen.

The most developed low-temperature fuel cell technology
today is the proton exchange membrane fuel cell (PEMFC).
These fuel cells rely on platinum group metals (PGMs) sup-
ported on carbon (Pt/C) to catalyze both the anodic hydrogen
oxidation reaction (HOR) and the cathodic oxygen reduction
reaction (ORR). The ORR is considered the bottleneck reaction

“Chemistry Department, Bar-Ilan Center for Nanotechnology and Advanced
Materials, Bar-Ilan University, Ramat-Gan 5290002, Israel.

E-mail: lior.elbaz@biu.ac.il

bDepartment of Materials Science, University of Milano-Bicocca U5, Via Roberto
Cozzi 55, 20125 Milano, Italy. E-mail: m.muhyuddin@campus.unimib.it

“Institute for Photonics and Nanotechnologies-CNR, Via alla Cascata 56/C, 38123
Povo, TN, Italy

T Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4nr01779j

1 The authors have equally contributed to the manuscript.

1174 | Nanoscale, 2024, 16, M74-11186

into a high cost and large dependence on PGMs that are also
considered as critical raw materials (CRMs) and hinder the
PEMFC’s wide commercialization.> One way to mitigate this
issue is to develop anion exchange membrane fuel cells
(AEMFCs), recently proposed as a cost-effective and practical
alternative to PEMFCs.>* Their main advantage is that oper-
ation in an alkaline environment allows the utilization of
Earth-abundant transition metals such as iron for the electro-
catalysis of the ORR and can completely remove the depen-
dence on scarce and overpriced PGMs.”™® Particularly, atomic-
ally dispersed transition metals coordinated with nitrogen
embedded in a carbonaceous support (M-N,-Cs) are the most
promising active sites for the ORR in AEMFCs."® One drawback
of using PGM-free ORR electrocatalysts is their relatively low
turnover frequency (TOF) when compared with PGMs.'""?
Therefore, a plethora of attempts have been undertaken to
increase the number of active sites in the materials to compen-
sate for their low reaction kinetics.”'*™'® Different synthetic
routes have been pursued over the years, mainly based on the
mechanical mixing of various precursor species, followed by
pyrolytic processes in which the temperature and atmosphere

This journal is © The Royal Society of Chemistry 2024
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are finely controlled.'”” The influence of temperature incre-
ments during pyrolysis has been elucidated, shedding light on
the temperature’s impact on the metal coordination, as well as
the activity and durability of the derived electrocatalysts.'®>°
Inert atmospheres are more often used during pyrolysis;
however, reducing atmospheres containing hydrogen or
ammonia have also been reported to have a positive impact on
the electrocatalyst performance.*'

To deal with their intrinsically low TOF, which is approxi-
mately two orders of magnitude lower than that of PGMs,>*?
soft and hard templating strategies have been adopted to
increase the porosity of electrocatalyst materials, and thus the
active sites’ utilization®*® as well as the electrochemically
active site density (EASD).""*°

Soft templating involves a templating agent that disappears
during pyrolysis, forming the porosity of the material.>* For
tuning the porosity, for example, Zn or ZnO can be used, and
later decomposed to create porous structures.”’ Another soft
templating agent can be urea which decomposes at a relatively
low temperature (350 °C), increasing the porosity>*”* and can
be used as a source of nitrogen for M-N,~C.** Even hard tem-
plating methods have been widely used. For example, silica
nanoparticles (NPs) that are generally removed through
etching methods have been used to create PGM-free electroca-
talysts with well-defined porosity.>>*°

So far, several different precursors have been used for
making active M-Nx-C electrocatalysts: porphyrins and
phthalocyanines,*"** metal-organic frameworks (MOFs), par-
ticularly ZIF-8,*¢™*® covalent frameworks,'**° and various com-
binations of nitrogen-rich organic precursors and transition
metal salts.’*>?

The choice of precursors and the synthetic parameters has
shown to affect the coordination chemistry of the metal
centers®** their bond lengths,” ligand structure,’®*” graphi-
tization of the carbonaceous matrix,”® and surface defects,*”
which were manifested in the overall catalytic performance,
durability, and EASD.*®®°% The only commercially available
PGM-free ORR electrocatalysts are commercialized by Pajarito
Powder® Precious-Metal-Free™ (PMF) electrocatalysts. These
electrocatalysts are produced via the silica hard templating
method and have achieved high electrocatalytic activity, and
nowadays they are considered as the benchmark for ORR elec-
trocatalysis. However, the intrinsically low TOF of PGM-free
ORR electrocatalysts can be resolved by engineering the active
site structures while ensuring enough accessibility. This ulti-
mately can improve the EASD, thereby enhancing ORR kine-
tics. For better control of the iron coordination and its distri-
bution within the electrocatalyst, herein we propose a new syn-
thetic method for synthesizing ORR Fe-based electrocatalysts
to substitute the more conventional mechanical mixing
approach.

Amino-based functionalizing agents were tethered to silica
NPs and used to coordinate iron ions onto the surface of the
NPs, which were used as a hard templating sacrificial support
to create porous carbonaceous materials through a combined
pyrolytic and etching method. Such functionalized silica NPs
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at the same instance acted as the template to induce porosity
and the Fe source that can reduce the undesired coalescence
of Fe into the evolution of metallic NPs and ensure the homo-
geneous distribution of active sites. Later, the effects of syn-
thesis conditions on the physical properties and eventually the
performance were investigated. The remarkable performance
in AEMFCs is discussed in terms of the synthesis protocol
itself and the pyrolysis conditions, which resulted in an
increase in the EASD.

Experimental
Materials

All the chemicals and reagents used in the study were of high-
purity analytical grade and used as it is without any further
processing. For the synthesis of silica templates functionalized
with amino-based ligands and iron, tetraethylorthosilicate
(TEOS), ammonium hydroxide 25% (NH,OH), and iron sulfate
hydrate Fe,(SO,);7H,O were purchased from Sigma Aldrich.
(3-Aminopropyl)triethoxysilane (APTES) and N-aminoethyl-
aminopropyltriethoxysilane (EDTMS) were purchased from
aber Gute Chemie. Ethanol (EtOH) 99.8% was obtained from
Exacta Optech LabCenter.

Fabrication and functionalization of silica templates

SiO, NPs (70 + 5 nm average diameter) were synthesized
through a classical Stéber method.®® The procedure is based
on the quick addition of TEOS (0.24 M) to a basic ethanol solu-
tion (NH,OH 0.36 M) at room temperature (RT) to form col-
loidal silica NPs. After 24 h, the powder was recovered through
centrifugation (9000 rpm, 30 min), washed twice with fresh
EtOH and with distilled water and finally dried at 80 °C
overnight.

SiO, NPs were then functionalized with APTES or EDTMS to
obtain surface amino groups attached to the SiO, surface suit-
able for iron coordination. The procedure was adapted from
previous publication®® by employing Fe,(SO,);-7H,0 as a suit-
able iron precursor. The functionalization step was carried out
in EtOH at 60 °C for 24 h by adding NH,OH (0.0042 M) to
favor the hydrolysis and condensation of the silane over the
SiO, surface. The amounts of APTES or EDTMS used were
equal to a molar ratio between the silane and surface OH
groups of SiO, of 1:2 (calculated according to the thermo-
gravimetric analysis, TGA in the ESI{). The powder was again
recovered through centrifugation, washed twice with EtOH,
and dried at 80 °C overnight. The samples are called SA and
SE, respectively, where A and E mean APTES or EDTMS.

In the last step, iron was dispersed over SiO, NPs by exploit-
ing the amino groups of APTES or EDTMS. The synthesis was
carried out in EtOH at reflux by using a slight iron excess
(Fe : silane molar ratio equal to 1.5:1, as determined by TGA
analysis, Fig. S1bt). The final material was recovered through
centrifugation, washed with fresh EtOH, dried at 80 °C over-
night and finally labeled as SAFe and SEFe, respectively.
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Electrocatalyst development

Using iron-functionalized silica templates i.e. SAFe and SEFe,
atomically dispersed Fe-N-Cs were developed. This part of the
synthesis utilizes the simultaneous opening of the materials’
pores and incorporation of Fe using the hard templating
method. In brief, the functionalized silica NPs (SAFe or SEFe),
simultaneously acting as the Fe source and templating agent,
were mixed with 1-methylimidazole (M, an organic precursor
containing both nitrogen and carbon) in a 3: 7 weight ratio in
deionized water for 24 h under continuous stirring, followed
by overnight drying at 80 °C. The obtained dried slurry was
ground into a fine powder using a mortar grinder and sub-
sequently subjected to a first pyrolysis (P1) at 900 °C for 1 h
under N, at a heating and cooling rate of 300 °C h™". The
obtained black powders were named SAFe_M_P1 and
SEFe_M_P1, respectively. Next, the materials were treated with
an acidic solution (2:1 mixture of 25 wt% HF and 35 wt%
HNO3;) for three days at room temperature to remove the silica
templates. The materials obtained after the acid washing were
labeled as SAFe_M_P1A and SEFe_M_P1A. Finally, a second
pyrolysis treatment (P2), like the previous one with the only
difference in the atmosphere (a slightly reducing atmosphere
of N, balanced with 5 wt% H,), was conducted. The samples
obtained in the final stage were labeled as SAFe_M_P1AP2 and
SEFe_M_P1AP2. The electrocatalysts obtained at different
levels of experimental design are summarized in Table S1.}

Characterization

Structural and morphological analyses. Fourier-transform
infrared (FTIR) spectroscopy in Attenuated Total Reflectance
(ATR) mode was conducted using a Thermo Fisher Scientific
Nicolet iS20. FTIR spectra (wavenumber range 4000-550 cm ™",
resolution 4 cm™, 32 scans) were recorded on the as-prepared
SAFe and SEFe and after (i) mixing with imidazole (M); (ii) first
pyrolysis (P1); (iii) acid treatment to remove silica nanospheres
(P1A); (iv) second pyrolysis (P1AP2).

The structural features were investigated using X-Ray
Powder Diffraction (XRPD), with a Rigaku MiniFlex 600 diffr-
actometer with 0.154 nm Cu Ko radiation (Rigaku
Corporation, Akishima-Shi, Tokyo, Japan). The measurements
were performed in the 26 range of 5-80° (260 step 0.02°, 1°
min~" scan rate).

Thermogravimetric analysis (TGA) was performed using a
Mettler Toledo StarE System TGA/DSC1 (scan range
30-1000 °C, heat rate 10 °C min™", airflow 50 mL min™"). TGA
curves were recorded for the as-prepared SAFe and SEFE NPs
to confirm the silica functionalization with APTES and
EDTMS, as well as after the acid treatment (P1AP2) to verify
the effective silica removal.

Inductively coupled plasma-optical emission spectroscopy
(ICP-OES) was used to measure the Fe amount during the
preparation steps using an ICP-OES Optima 7000 DV
PerkinElmer instrument. The acid digestion was carried out in
a microwave Milestone Ethos mineralizer instrument.
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X-ray photoelectron spectroscopy (XPS) analysis was con-
ducted using a Nexsa spectrometer equipped with a mono-
chromatic, microfocused, and lower Al Ka X-ray source
(photon energy 1486.6 eV).

BET measurements were conducted using a Quantachrome
Autosorb iQ instrument with nitrogen as the adsorbate at
77 K. The degassing step included heating the sample to
130 °C (heating rate 5 °C min~") until the apparatus detected
no gas emission from the sample. The pore size distribution
was calculated using the DFT method for slit pores.

Further investigation of the morphological structure of the
catalysts was done by using a high-resolution transmission
electron microscope (HRTEM), JEOL JEM 2100, LaB, filament,
200 kv.

Electrochemical measurements. To carry out electro-
chemical measurements, an electrochemical ink was prepared
according to our previous reports.®”®® First, 4.5 mg of the elec-
trocatalyst powder was dispersed in 985 pL of isopropanol and
then 15 pL of 5 wt% Nafion® D-520 (Alfa Aesar) was added
using a precision pipette (to serve as a binder). The solution
was probe-sonicated for 10 min and then the vials containing
inks were placed in an ultrasonic bath for 30 min for further
homogenization. The working electrode (glassy carbon) was
loaded with 0.6 mg cm™ electrocatalyst. Eventually, the ORR
electrocatalysis in a half-cell arrangement was analyzed using
a typical three-electrode system (with a Pine RDE connected to
a Pine bipotentiostat) comprising a rotating ring-disk electrode
(RRDE, containing a glassy carbon disk and a Pt ring) as the
working electrode, a glassy carbon rod as a counter electrode
and a saturated calomel electrode was used as the reference
electrode (SCE, Egqp = 241mV).* The measurements were
carried out in both O,-saturated acidic and alkaline media of
0.5 M H,SO, and 0.1 M KOH, respectively. The measured
potentials were then converted to reversible hydrogen potential
(RHE) using eqn (1), while the potential window was main-
tained in the potential window of 1.2 to 0.0 V vs. RHE.

Erue = Emeasured + Egop + (0.0591 x pH) (1)

By measuring the disk and ring currents (Igisx and Iing,
respectively), the peroxide yield (%) and the number of elec-
trons transferred during the ORR (n) were calculated using eqn
(2) and (3), respectively.

o
200 x =%
Peroxide(%) = ——— (2)
Liisk +
4lgisk
=— (3)
Laisk + -

An accelerated stability test was performed using 2000
voltage cycles to evaluate the stability profiles of the best-per-
forming electrocatalysts. Briefly, 0.6 mg cm™> loading of the
electrocatalyst was drop-cast on a glassy carbon disk of RRDE
electrode and cycled 2000 times at the scan rate of 50 mV s™*
between 1.20 and 0.32 V vs. RHE in O,-saturated 0.1 M KOH at
a rotation speed of 1600 rpm. For comparison, LSVs in the

This journal is © The Royal Society of Chemistry 2024
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beginning and at every subsequent 500" cycle were recorded
1

at a slow scan rate of 5 mV s~ .
Fuel cell testing

AEM. The electrocatalyst ink for the cathode (~2 mg cm™>

loading) was prepared by mixing 11 mg of electrocatalyst with
3.66 mg of ionomer (Aemion, HNN-5). After grinding the
solids with a mortar and pestle, 1.5 mL of methanol: H,O
solution (3:1 w/w) was added and the ink was sonicated for
1 h. The ink was sprayed using a Sono-Tek ultrasonic spray on
a 5 cm® gas diffusion layer (GDL) (BC-29) until the desired
loading was reached. The anode was prepared in the same way
using 40 wt% Pt/C (HiSPEC 4000) as an electrocatalyst
(0.6 mgp, cm™?). Before the assembly, the membrane (AF1-
HNNS8-25) and GDEs were activated by soaking in 0.1 M KOH
solution for 1 h. The KOH solution was replaced every 20 min.
Fuel cell measurements were conducted using the Scribner
850e station. The anode and cathode gases were H, and O,,
respectively. The flow rate was 0.3 L min~" at the anode and
0.5 L min~" at the cathode with 100% RH and running at 60/
60/60 °C at the anode gas inlet, cell, and cathode gas inlet,
respectively. The backpressure was 150 kPa.

PEM. Both electrocatalysts developed in this work were also
tested in a PEM-FC. The cathode (~5 mg cm™> loading) was
prepared by mixing 26 mg of electrocatalyst with 152 mg of
Nafion solution (D1021), 0.566 mL isopropanol and 0.477 mL
of DI water. The ink was sonicated for 1.5 h in ice. The electro-
catalyst was sprayed on 5 cm® GDL (BC-29) using a Sono-Tek
ultrasonic spray. At the anode side, a commercial gas diffusion
electrode (GDE) (Fuel Cells Etc., CST-GDE-01) of 0.2 mgp, cm™>
Pt/C was used. The anode GDE was hot pressed with an
NR-211 Nafion membrane (120 °C) for 2 min. Then, the
cathode GDE was assembled without hot pressing the MEA.
Fuel cell measurements were conducted using the Scribner
850e station. The anode and cathode gases were H, and O,,
respectively. The flow rate was 0.5 L min~"' both at the anode
and cathode with 100% RH and running at 80/80/80 °C at the
anode gas inlet, cell, and cathode gas inlet, respectively. The
backpressure was 150 kPa.

FTacV. After I-V polarization and cyclic voltammetry (CV)
were conducted, Fourier-transform alternating current voltam-
metry (FTacV) was used to evaluate the electrochemically active
site density (EASD) of the electrocatalysts in situ in a working
fuel cell. The operation conditions were similar to the con-
ditions described in the previous section. The FTacV measure-
ments were conducted using a Biologic SP-300 potentiostat
with the reference and counter electrodes shortened at the
anode. The cell temperature was 80 °C and the anode and
cathode gases were H, and N,, respectively. Both H, and N,
gases were fully humidified at a flow rate of 0.5 L min™,
respectively. The back pressure was maintained at 150 kPa.
Measurement parameters were: ° initial voltage, E; = 0.55 V;
final voltage, Er = 0.95 V; frequency of the sine wave, f= 0.119
Hz; scan rate, 0.476 mV s~ '; amplitude of the sine wave, AE =
110 mV; time step for data acquisition, d¢ = 0.8 ms. For the
simulations of each electrocatalyst, the parameters were:

This journal is © The Royal Society of Chemistry 2024
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SEFe_M_P1AP2: R = 0.333 Ohm; Cq; = 0.139 F cm™2; number of
sites = 5.72 x 10'%; E, = 0.76; k = 7.88 s™%; C = 1.9 x 10™® mol
cm™2. SAFe_M_P1AP2: R = 0.144 Ohm; Cg = 0.09 F cm™>
number of sites = 6.62 x 10'%; E, = 0.76; k = 6.97 s™%; C = 2.2 x
107% mol em ™. The uncompensated resistance was calculated
from EIS (electrochemical impedance spectroscopy) conducted
at 0.5 V by scanning the frequency from 10 kHz to 100 mHz
with 20 points per decade and at a perturbation amplitude of
10 mV. The double-layer capacitance (Cq;) was calculated from
the CV curves. All the data analysis and simulations were per-
formed in the HRview software.®*

Results and discussion

Herein, we report the development of Fe-N-C ORR electrocata-
lysts using the hard templating method, as described in the
Experimental section (Scheme 1). In contrast to previous
studies, where mixtures of all precursors and templating
agents are prepared for the pyrolysis step,”’””? in this work,
iron was integrated through the ligand-tethered silica tem-
plates prior to the pyrolysis process to achieve high EASD. To
study this new approach, two different types of surface functio-
nalizing agents (3-aminopropyl)triethoxysilane (APTES) or
N-aminoethyl-aminopropyltriethoxysilane (EDTMS) tethered to
SiO,-based templating agents were used.

First, SAFe and SEFe (Fe coordinated with SiO,-tethered
APTES or EDTMS, respectively) samples were characterized to
confirm the effective functionalization of silica NPs with both
the silane and iron. FTIR and TGA measurements confirm the
presence of surface organic ligands on the SiO, surface
(Fig. S11). The amounts of APTES and EDTMS were calculated
according to the previous publication,®® as described in the
ESIL.T The amount of iron anchored on SiO, NPs was measured
with ICP-OES and was equal to 1.4 wt% + 0.1 for SAFe and
1.5 wt% = 0.1 for SEFe, validating the efficient addition of iron
to both samples. SAFe and SEFe were later used as hard tem-
plating agents for the electrocatalyst by mixing with 1-methyi-
midazole (M). FTIR spectra were recorded after each prepa-
ration step to follow the material evolution (Fig. 1, SEFe
sample reported as an example).

The FTIR spectrum of SEFe_M is dominated by the typical
peaks of M. However, in SEFe_M_P1, the M pattern disappears
due to its decomposition during the first pyrolysis; besides,
the peaks associated with SiO, NPs appear with the main
broad peak at 1100 cm™" associated with Si-O-Si stretching.
The spectra of both SEFe_M_P1A and SEFe_NC_P1AP2 do not
show SiO, peaks, confirming the effective removal of SiO, NPs
after the acid treatment. Similar results were obtained in the
presence of SAFe, as shown in Fig. S2.f Further confirmation
of silica removal was obtained by TGA analysis performed
before and after the acid treatment (Fig. S31). The TGA results
indicate that after the acid treatment (P1A) the samples do not
show any inorganic residues (<5 wt%), whereas the inorganic
part after the first pyrolysis was equal to about the 70 wt% of

Nanoscale, 2024,16, M74-1186 | M77
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45°C, 24 h 900°C,1h 72h 900°C,1h SEFe_M_P1AP2

Scheme 1 Preparation steps of the SAFe_M and SEFe_M type electrocatalysts.
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Fig. 1 FTIR spectra of the SEFe sample mixed with 1-methyimidazole
and samples acquired after each preparation step.

the sample weight. This highlights the good performance of
the employed etching procedure.

The XRD patterns of the two samples after the entire prepa-
ration procedure are presented in Fig. 2a. These results show
one broad peak at approximately 25° and one minor peak at
about 44°, which corresponds to the 002-oriented and
101-oriented diffraction peaks of graphite, respectively.”*

The comparison with the previous preparation steps
(Fig. 2b, SEFe_M series reported as an exemplary sample)
underlines the shift of the main broad peak at 22° in the
SEFe_M_P1 sample probably due to SiO, NPs, which become
imperceptible after silica removal (SEFe_M_P1A). Besides, the
crystalline phase due to methylimidazole (SEFe_M)
completely disappears after the first pyrolysis (P1) and no crys-
talline phases were detected in any of the subsequent prepa-
ration steps. This demonstrates that by using this synthetic
approach, the formation of the oxide phases is restricted,
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Fig. 2 (a) XRD diffractograms of each sample after the complete prepa-
ration procedure. (b) XRD diffractograms of the SEFe_M sample after
each preparation step.

whereas additional oxide phases were obtained by using
other published methods increasing the electrocatalyst
speciation.?*?

In addition, there is a slight difference between the graphi-
tic structures of SEFe and SAFe. The broader Lc peak of SEFe
suggests smaller crystallite sizes and a possible lower crystalli-
nity or the presence of polycrystalline structures. This distinc-
tion in the peak width may provide insight into the structural

This journal is © The Royal Society of Chemistry 2024
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differences between the two materials, which can impact their
ORR catalytic activity.

The structures of the new materials were also studied using
HRTEM (Fig. 3). The images show slight differences in the
sample morphology. In agreement with the XRD results, both
SAFe_M_P1AP2 and SEFe_M_P1AP2 display similar graphitic
structures constituted by NP aggregates. However, while in
SAFe_M_P1AP2, the particles seem organized in larger pseudo-
spherical aggregates, in SEFe_M_P1AP2, the random orien-
tation of the crystallographic planes may suggest the formation
of more elongated aggregates. These features are expected to
manifest themselves in the overall performance of these
materials in AEMFCs. Fewer active edge groups on ordered
materials can lead to lower catalytic ORR activity, as edge sites
often play a pivotal role in electrocatalysis.”>”® Conversely, the
inclusion of a graphitic structure in electrocatalysts is also
important, as it offers a highly conductive framework, facilitat-
ing very good electronic conductivity, and increased
durability.””""®

Fig. 3 HRTEM images of (a) SEFe_M_ P1AP2 and (b) SAFe_M_P1AP2.
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The BET surface area and pore-size distribution were deter-
mined from the nitrogen adsorption isotherm for both
SEFe_M_P1AP2 and SAFe_M_P1AP2. The SEFe_M_P1AP2
sample has a surface area of 521 m*> g ', while
SAFe_M_P1AP2 has a surface area of 319 m”* g~'. Examination
of the cumulative surface area (Fig. 4) revealed a very wide
pore-size distribution for the SEFe_M_P1AP2 sample with a
pore diameter spanning from 5 to 35 nm, whereas the
SAFe_M_P1AP2 sample has a much narrower pore-size distri-
bution, where most of the pores are of 10-15 nm in diameter.

The analysis of the adsorption data, utilizing the DFT
method for pore size distribution calculation, indicates that
SEFe displayed a less ordered structure. Yet, both exhibit dis-
tinct average pore sizes, ranging from micro- to meso-pores.
Such morphologies may favour a high distribution of the
active sites and have been found to be instrumental in facilitat-
ing the good mass transport of oxygen to the active sites in
fuel cells with PGM-free electrocatalysts with potential benefits
to their performances.*?

XPS was used to study the surface composition and coordi-
nation chemistry of the newly developed electrocatalysts. All
samples were analyzed after each preparation step to track the
structural composition changes during the synthesis. The
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Fig. 4 Pore size distribution calculated using the DFT method for nitro-
gen adsorption in the slit pores of (a) SEFe_M_P1AP2; (b)
SAFe_M_P1AP2.
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extensive elemental analysis, depicted in Table S2,f empha-
sizes the predominance of carbon, nitrogen, and oxygen as
principal components in both materials, while silicon is
initially detected in the first synthetic steps and decreases in
quantity after the etching procedure. High-resolution Fe2p and
N1s spectra were recorded to study the coordination chemistry
of the metal active site in the materials. Fig. S47 shows that
both materials have low iron content manifested in their weak
Fe2p spectra, consistent with ICP-OES measurements (<2 wt%
iron, Table S3t). Early pyrolysis (P1) alters the iron coordi-
nation with Fe 2p;/, signals at ~711 eV, indicating the for-
mation of more Fe®*  sites. SAFe_M_P1  and
SAFe_M_P1AP2 have similar Fe’* and Fe*" species, while
SEFe_M_P1 retains its original coordination chemistry con-
firmed by the N1s spectra (Fig. 5). It shows the existence of
diverse nitrogen compounds and their changes throughout
each stage of the synthesis. The deconvolution of the N1s peak
of both SAFe_M and SEFe_M revealed imine-like N, N-Fe, and
pyrrole-like N in both samples. Additionally, a secondary
amine is present in the SEFe_M sample, which most probably
originates from the pristine SEFe. A noticeable generation of
different species was detected during the early pyrolysis stage
(P1). The deconvolution analysis revealed the presence of
several nitrogen compounds including imine, pyridinic N, N,~-
Fe, hydrogenated N, graphitic N, and NO,. The SAFe_M_P1
sample remarkably exhibited a composition closely mirroring
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that found in its ultimate form (SAFe_M_P1AP2); at this stage,
the main nitrogen species originates from hydrogenated N
(401 eV), while the secondary major species is pyridinic N (399
eV). The atomic ratio between them is 1.5: 1 in relation to the
hydrogenated N and it remains consistent after the second
pyrolysis step (P1AP2). This was in contrast with the
SEFe_M_P1 sample, which exhibited different compositional
ratio characteristics of its final product (SEFe_M_P1AP2). The
composition of SEFe_P1 initially consisted of equal amounts
of hydrogenated nitrogen and pyridinic nitrogen with a ratio
of 1:1. However, this ratio changed to 1.5:1 in favor of the
hydrogenated nitrogen species during the pyrolysis and acid
wash stages (P1AP2). This disparity suggests a more consistent
and direct formation of active sites in the SAFe_M_P1AP2
sample as opposed to the SEFe M_P1AP2 sample.
Subsequently, focusing on the final product (SAFe_P1AP2 and
SEFe_P1AP2), it becomes apparent that the composition and
ratios of the nitrogen species mentioned earlier are similar in
SAFe_MP1AP2 and SEFe_MP1AP2. This indicates that the
employed synthesis method and the use of the two different
silanes do not significantly alter their composition and active
site environment.

The electrocatalytic activity of all samples obtained at
various stages of the fabrication process in the ORR was first
analyzed using a RRDE in an alkaline environment (0.1 M
KOH). A summary of the ORR activity, selectivity, and kinetics
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Fig. 5 XPS high-resolution N1s spectra of (a) SEFe_M and (b) SAFe_M after each preparation step.
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parameters of the electrocatalysts is given in ESI Fig. S5, S7
and summarized in Table S4.}

The electrocatalytic activity of the newly developed
materials was positively affected by the synthetic procedure,
resulting in very active electrocatalysts, exhibiting remarkable
ORR performance (Fig. 6). This high activity can be attributed
to the high active site density obtained after the removal of the
templating agent during the acid wash that could promote the
good distribution of atomically dispersed active moieties in
the micro-mesoporous architecture during the second pyrol-
ysis. Interestingly, after the final synthesis step, i.e. after the
second pyrolysis step, both samples showed very high onset
potentials and limiting current densities, hinting on the
4-electron selectivity, as can be seen in Fig. 6a (top). The onset
potential, here determined at a current density of —0.1 mA
cm™2, is 950 and 965 mV vs. RHE for SAFe_M_P1AP2 and
SEFe_M_P1AP2, respectively. Both SAFe M_P1AP2 and
SEFe_M_P1AP2 show comparable ORR activity when compared
to the state-of-the-art Fe-N-C electrocatalyst (Pajarito
Powder®), highlighting SXFe_P1AP2 potential as a practical
and effective Fe-N-Cs electrocatalyst for ORR. As can be seen
in Fig. 6b (bottom), the peroxide anion yield remained below
22%, in both cases, it ramps up from 0.6 V vs. RHE and lower
potentials. This can be explained by the catalysis of the ORR
by quinone moieties formed on the carbonaceous material, a
well-documented phenomenon under alkaline conditions.”®%°
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Interestingly, it is more pronounced with the SAFe_M_P1AP2
sample, which could hint at a more oxidized surface and thus
higher concentration of quinone moieties there. The calcu-
lated number of electrons in the ORR is almost a perfect 4 for
both electrocatalysts at the high potential’ region 0.6-0.8 V vs.
RHE and slightly decreases below that (Fig. 6b), in full agree-
ment with the peroxide anion yield. Based on the RRDE
measurements, Tafel slopes were used to examine the electro-
catalyst’ kinetics (Fig. S7f). The final development step pro-
vided the lowest value for both electrocatalysts (59 mV dec™
for SEFe_M_P1AP2 and 62 mV dec™ for SA_M_P1AP2). The
decreases of the Tafel slope’s values through the development
process can be correlated with the modifications in the active
sites, as evidenced in XPS results. Therefore, the electro-
catalytic improvement can be linked with the evolution of suit-
able active site structure during the followed synthesis route.
Furthermore, the stability of both electrocatalysts was
measured under alkaline conditions (Fig. S8 and S9f). The
findings indicate that SEFe_M_P1AP2 had a limiting current
reduction of 0.6 mA cm > after 2000 cycles, whereas
SAFe_M_P1AP2 had a decrease of 1.5 mA cm . These results
are consistent with SEFe_M_P1AP2 having more graphitic
regions, which improve structural robustness and conductivity.

The ORR performance of the developed electrocatalysts
were also analyzed in an acidic medium (0.5 M H,SO,) and the
recorded trends are presented in Fig. S6.1 The activity patterns,
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Fig. 6 ORR measurements in 0.1 M KOH demonstrated by electrocatalysts evolved at the final stage of the research design, i.e. after the second
pyrolysis (P1AP2), compared to Pajarito Powder®: (a) ring current densities (top) and LSVs obtained at 5 mV s™* (bottom) and (b) number of electrons
transferred (top) and peroxide anion yield (bottom) during the ORR while keeping the electrocatalyst loading at 0.6 mg cm~2 and rotation of the

RRDE at 1600 rpm in O,-rich 0.1 M KOH.

This journal is © The Royal Society of Chemistry 2024

Nanoscale, 2024, 16, M74-1186 | 1181


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr01779j

Open Access Article. Published on 07 May 2024. Downloaded on 4/16/2026 10:58:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

on the whole, remained consistent with those observed in the
alkaline medium where the samples obtained at the final
stage of the second pyrolysis demonstrated optimum perform-
ance with an aptitude to carry out the ORR following the direct
4-electron route. Notably, the performance in an acidic
environment was lower than in an alkaline environment, exhi-
biting onset potentials of 772 mV and 808 mV for the
SEFe_M_P1AP2 and SAFe_M_P1AP samples, respectively.

Durability measurements were conducted for the
SEFe_M_P1AP2 and SAFe_M_P1AP2 samples as discussed in
the Experimental section and are presented in Fig. S8 and S9.}
Interestingly, even after 2000 cycles, only a negligible decay in
the Eonset and E;j, values was observed; however, the limiting
current densities were slightly reduced over the course of the
stability test, where the major decrease was observed after the
first 500 cycles. This is also manifested in a slight rise in the
peroxide anion yield by app. 2%. However, afterward, the
further increase remained insignificant. Nevertheless, the reac-
tion mechanism was still predominantly a 4-electron reduction
to hydroxide, even after 2000 cycles, justifying the efficacy of
the developed electrocatalysts. It is noteworthy that the electro-
catalyst degradation phenomenon is complex and may involve
multiple paths. Their elucidation somehow remains out of the
scope of the current study and will be pursued independently
in detail to exactly reveal the origin of degradation.

Given the impressive performance in RRDE measurements,
both catalysts were studied in AEM (Fig. 7 and S101) and PEM
(Fig. S117) fuel cells. The AEMFC measurements were con-
ducted with 100% humidified O, feed to the cathode (0.5 L
min~") and hydrogen to the anode (0.3 L. min~") and operated
at 60 °C. The measured open circuit voltage (OCV) in the
AEMFC was 0.825 V for SAFe_M_P1AP2 and 0.845 for
SEFe_M_P1AP2, respectively. Moreover, SAFe_M_P1AP2
reached a peak power density of 219 mW cm™ at a current
density of 500 mA cm™?, whereas SEFe_M_P1AP2 only reached
103 mW cm™? at a current density of around 230 mA cm™>

(Fig. 7).
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Fig. 7 Polarization curves (circles) and power density curves (triangles)
of SAFe (red) and SEFe (blue) in the AEMFC. Temperature (°C) 60/60/60,
0.3 min~'L H,/0.5 min™'L O,, ~2 mg cm™ catalyst loading at the
cathode, and 0.6 mgp, cm~2 at the anode.
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The observed discrepancy in the fuel cell performance, as
depicted in Fig. 7 and S12,} evidences that SAFe_M_P1AP2 per-
forms much better under fuel cell conditions in comparison
with SEFe_M_P1AP2. To explain this difference, we evaluated
the electrochemically active site density in both materials
using the FTacV method.*®®*% Since no peaks associated with
the Fe(u)/Fe(ur) transition were observed in the CV in the
AEMFC, we examined the active site in the PEMFC. After
measuring the I-V and CV polarizations, FTacV measurements
were conducted in situ in a fuel cell. The potential of the redox
peaks is E° = 0.76 V vs. RHE, measured by the CV and the
FTacV measurements. Fig. S121 demonstrates the 5% 6% and
7™ FTacv harmonics and their fitting simulations. The EASD
was calculated from the 5™ harmonic peak current for both
electrocatalysts. The EASD observed for SAFe_M_P1AP2 is 1.47
x 10" sites per g, while that observed for SEFe_M_P1AP2
EASD is 1.14 x 10"° sites per g. These results strongly support
the higher fuel cell performance observed with
SAFe_M_P1AP2. Besides, a defined and uniform pore size dis-
tribution, as was demonstrated by SAFe_M_P1AP2, ensures
good accessibility and exposure of the active sites, facilitating
improved mass transport of reactants to the active sites, ulti-
mately enhancing the performance in the fuel cell. Finally,
both the XRD and HRTEM results of SAFe_M_P1AP2 showed a
higher graphitization that provides a conductive and stable
framework for the active sites, facilitating efficient electron
transfer and catalytic reaction kinetics during the ORR.

Thus, both the specific pore size distribution and increased
graphitic surface area lead to a greater EASD, as was evaluated
by FTacV, offering more reactive areas for the ORR to occur.
These morphological differences significantly increase the
availability of overall catalytic activity by SAFe_M_P1AP2,
ensuring effective and efficient electrochemical conversion of
oxygen in the fuel cell environment.

Conclusions

This study highlights the crucial role of tailored materials
design, structural characteristics, and synthesis methods in
shaping the electrocatalytic performance for ORR in AEMFCs.
Through a range of analytical techniques, the investigation
elucidated the impact of controlled integration of silica and
metals, removal of templating agents, and the use of nitrogen-
rich organic precursors on the electrocatalyst morphology,
porosity, and chemical composition. The results indicate a
substantial improvement in the ORR performance as fabrica-
tion stages progress, illustrating the potential of PGM-free elec-
trocatalysts in facilitating the ORR in AEMFCs. The enhanced
ORR activity was notably observed in the final stage (P1AP2) of
the development process. The analysis emphasized the signifi-
cance of the specific pore size distribution and increased the
graphitic surface area in enhancing the EASD and fuel cell per-
formance in AEMFCs. This study also highlights the successful
synthesis methods using combined pyrolytic processes and
templating strategies to enhance the electrocatalytic activity.

This journal is © The Royal Society of Chemistry 2024
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Overall, this work offers insights into the controlled materials
design and tailored synthesis methods necessary to optimize
electrocatalysts for improved ORR performance and their
potential for green energy applications.
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