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ARTICLE INFO ABSTRACT
Keywords: For addressing the clean energy transition, the high-temperature proton exchange membrane fuel cells (HT-
Electrocatalysis PEMFC) are attractive energy conversion devices for the long-range and heavy-duty vehicles, auxiliary power

Oxygen reduction reaction

: units, and aviation applications. One current drawback inhibiting HT-PEMFC commercialisation is the need for
Non-precious metal catalyst

) non-precious metal catalyst (NPMC) for oxygen reduction reaction (ORR) at the cathode. Here we propose the
High-temperature PEMFC . . . - . . . .
Dual-atom catalysts polymer derived ceramics (PDC) based material silicon oxycarbide (SiOC) with double transition metal (TM)
7IF-8 doping and N-functionalisation for the NPMC preparation. The catalysts prepared with zeolitic imidazolate
framework-8 (ZIF-8) as a N source exhibited high specific surface area, hierarchical porosity, and presence of TM
(alloy) nanoparticles together with atomically dispersed TMs. The highest activity towards the ORR was
observed in the case of Fe/Co containing and acid leached catalyst material (CoFe-N-SiOCa) exhibiting the
highest long-term durability in 0.5 M H3POy4 solution and the best performance during the GDE testing in conc.
H3PO4 at 160 °C. During HT-PEMFC testing, the open circuit voltage of 768 mV and power density at 100 mA
em ™2 of 34 mW cm ™2 with CoFe-N-SiOCa cathode were registered.

1. Introduction or 2e” reduction, which is less favoured for PEMFC application, Eq. (2),

- +
The high-temperature proton exchange membrane fuel cells (HT- 02 +2e” + 2H" > Hz0, @

PEMFC) are an alternative to already commercially available low- the H,0, can proceed further 2e” reduction, Eq. (3) resulting in 2x2e”
temperature PEMFC technology to address the growing global need pathway,

for renewable energy conversion devices [1,2]. For example, the

favourable benefits of HT-PEMFC are the possibility to use lower purity Hy0; + 2¢” + 2H" — 2H,0. 3
hydrogen fuels (e.g., reformate hydrogen from methanol), simplified
water management, and enhanced electrochemical kinetics as well as
more efficient cooling due to high temperature [1,3,4]. One major issue
for implementing the HT-PEMFC devices is the need for non-precious
metal catalysts (NPMC) at the cathode to replace the easily poisoned
and expensive Pt-based oxygen reduction reaction (ORR) catalyst (Pt/C)
[5,6]. The ORR in acidic medium can proceed via two alternative
pathways, direct 4e” pathway, Eq. (1) [6,7],

In the PEMFC conditions, the direct 4e” and 2 x 2e” pathways are
favourable and the TM and N co-doped high surface area nanocarbon
materials are currently the most promising NPMC technologies [5,8,9].

The main challenges for NPMCs are the need for high ORR activity
and long-term durability, which should be addressed simultaneously to
obtain a catalyst with the potential for practical application [8,10].
Previously, the iron-nitrogen-carbon (Fe-N-C) material was experimen-
tally shown to be the most active material for ORR in acidic electrolytes
05 + 4e” + 4H' — 2H,0, ¢)) [11-13], primarily due to the atomic Fe-N4 moieties. More recently,
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researchers have directed the focus on bimetallic or multi-metallic
(atomically dispersed) catalysts to further increase the ORR activity
and catalyst durability (e.g., avoiding Fenton reactions due to the Fe2*,
decrease active site degradation rate) [14-16]. The transition metal
(TM) activity order for ORR in acidic conditions has been reported to be
Fe > Co > Mn > Cu > Ni [17]. There is no information available for the
ORR activity comparison for these TM combinations (Fe/Co, Fe/Mn,
Fe/Cu) and especially in the harsh HT-PEMFC conditions (conc. H3PO4
at 160 °C) [1,2].

The harsh HT-PEMFC conditions result also in another topical issue,
which is chemical stability and durability of the nanocarbon catalyst
support material [10,17]. Mainly due to the carbon corrosion, the
development of extremely robust catalytic supports to withstand high
temperatures is needed [8,18-20]. One attractive material for this
application would be polymer derived ceramics (PDC) and especially it's
subclass silicon oxycarbide (SiOC), which have high thermal and
chemical stability, and superior oxidation/corrosion resistance under
harsh conditions [21]. Furthermore, the SiOC-based catalysts have been
previously found to be suitable for alkaline environment fuel cell and
battery applications and shown very good durability [22-25]. In one of
the latter investigations, the N source dicyandiamide (DCDA) was used
for the N-functionalisation, which also showed promising results for the
ORR in acidic environment [25]. In more recent investigations, the
zeolitic imidazolate framework-8 (ZIF-8) [26] has found very intensive
use for N-doping and especially for the preparation of binary TM con-
taining NPMC [27-35]. It has been reported that the ORR-inert Zn atoms
in ZIF-8 effectively restrict the aggregation of TM atoms into nano-
particles during high-temperature pyrolysis, while also supporting the
formation of micropores through volatilization, resulting in enhanced
ORR activity [36-38].

In the present investigation, the double transition metal and N co-
doped PDC-based electrocatalysts for HT-PEMFC cathode were pre-
pared via pyrolysis. Three metal combinations (Fe/Cu, Fe/Mn, Fe/Co)
were investigated together with two different N sources, ZIF-8 and
DCDA. The pristine and acid leached [30,39] catalysts were subjected to
physical characterisation and ORR half-cell studies in hydrodynamic
conditions (0.5 H3PO4) and at gas diffusion electrode experiments (conc.
H3PO4 at 160 °C). Finally, the most promising material was investigated
at the HT-PEMFC cathode.

2. Experimental
2.1. Material preparation

The procedure for preparing binary TM-containing PDC-based
ceramic catalysts precursor materials was based on our previous inves-
tigation [25] with several new modifications. To prepare the PDC ma-
terial, the powders of poly(methyl phenyl silsesquioxane) (H44, Wacker
Chemie AG), silicon resin poly(methylsilsesquioxane) (MK, Wacker
Chemie AG), graphite (IMERYL Graphite & Carbon), azodicarboxamide
(Azo, Sigma-Aldrich), and (3-Aminopropyl)triethoxysilane (APTES)
were dissolved/dispersed in xylene (Sigma-Aldrich) under constant
stirring at room temperature and a cross-linking was initiated via the
addition of the imidazole (Imi, Alfa Aesar) and stirring for 20 min. For
the preparation of double TM-containing PDC samples, the corre-
sponding TM salts were included into the mixture of the powders prior
to the cross-linking step. The used TM salts were copper(Il) 2,
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4-pentanedionate (CuAc, 98 %, abcr GmbH), iron(Il) acetylacetonate
(FeAc, 95 %, abcr GmbH), manganese(II) acetylacetonate (MnAc, Sigma
Aldrich), cobalt(II) acetylacetonate (CoAc, Sigma Aldrich). The specific
amounts of used precursor materials are given in Table 1.

The dried mixture of reagents was subjected to pyrolysis under a Nj
atmosphere using 2 °C min~* up to 900 °C, 0.5 °C min~! from 900 to
1000 °C, and kept at final temperature for 4 h. After that the material
was cooled to a room temperature at a rate of 2 °C min~!. The materials
were further crushed manually and ball-milled (PM 400, Retsch) at 350
rpm min " for 4 h to produce a fine powder. The fine powder was sieved
to particle sizes <100 pm and only this fraction was used for the catalyst
preparation. These materials are denoted by the pair of transition metals
used, followed by "PDC" (Table 1).

The N-functionalisation of the four different PDC materials (Table 1)
was performed using the zeolitic imidazolate framework-8 (ZIF-8,
Basolite® Z1200, Sigma-Aldrich) as a nitrogen source [31,32]. In brief,
1:1 weight ratio of PDC:ZIF-8 mixture was dispersed in methanol (99.9
%, Thermo Scientific Chemicals) via ultrasonication during 2 hours
followed by the evaporation of the solvent at 60 °C overnight. The dry
mixture was pyrolysed in Ny environment using the tube furnace with a
ceramic tube (RHTC 80-230/15, Nabertherm) and heating rate of 5 °C
min~! until 950 °C and followed by the dwelling time of 1 h at 950 °C.
The obtained materials have -N-SiOC in their designation instead of
PDC, e.g., CoFe-PDC-based catalyst is named as CoFe-N-SiOC after ZIF-8
modification. For the optimisation purposes of the catalyst preparation
route, different PDC:ZIF-8 weight ratios and final pyrolysis temperatures
between 900 and 1000 °C were also investigated. Furthermore, the
16-hour acid leaching procedures at 90 °C in 2 M H3SO4 (96 %, Merck)
[39,40] or 3 M HySO4 + HNO3 (65 %, Carl Roth) mixture [41] were also
employed, whereby the letters a or b, respectively, were appended to the
name of the catalyst material.

For comparison purposes, the dicyandiamide (DCDA, 99 %, Sigma-
Aldrich) route was also used for the N-functionalisation. The proced-
ure itself was identical to the ZIF-8 route, except the PDC:DCDA weight
ratios of 1:10, 1:20 [25] and pyrolysis temperatures of 800 [25] and 900
°C were used in the optimization of catalyst preparation. The obtained
materials have additional -N in their designation, e.g., CoFe-PDC-based
catalyst is named as CoFe-PDC-N after DCDA modification.

2.2. Physical characterization

For high resolution transmission electron microscopy (HR-TEM), a
catalyst suspension in ethanol was applied to a 200-mesh copper grid
coated with polyvinyl formal (Plano). Imaging was carried out using
JEM-2100F (Jeol) coupled with an energy-dispersive X-ray spectrometer
(EDS) at 200 kV accelerating voltage and AZTec software with a 250 X-
Max80 SDD detector from Oxford Instruments.

For X-ray photoelectron spectroscopy (XPS) analyses an ESCALAB
250Xi (Thermo Fisher) was used with monochromatic Al-K, radiation
and a beam diameter of 650 pm. Three survey scans were recorded,
using a transit energy of 100 eV, a dwell time of 20 ms and a step size of 1
eV. Furthermore, high-resolution X-ray photoelectron (XP) spectra for
the elements C (1s, 4 scans), O (1 s, 8 scans), N (1 s, 10 scans), Si (2 p, 10
scans), Fe (2 p, 20 scans), Co (2 p, 10 scans), Cu (2 p, 20 scans), Mn (2 p,
20 scans) and Zn (2 p, 3 scans) were recorded. A transit energy of 20 eV,
a dwell time of 50 ms and a step size of 0.02 eV were used. The Avantage
software (Thermo Fisher) was used with smart background and Gauss-

Table 1

Composition of the powders used for the PDC-based electrocatalyst precursor solution preparation in xylene (wt%).
Catalyst H44 MK Graphite Azo Imi TM salt 1 TM salt 2 APTES
PDC 12.8 12.8 33.7 19.6 1.1 0 0 20
CoFe-PDC 10.7 10.7 30 17.6 1 5 (FeAc) 5 (CoAc) 20
MnFe-PDC 10.7 10.7 30 17.6 1 5 (FeAc) 5 (MnAc) 20
CuFe-PDC 10.7 10.7 30 17.6 1 5 (FeAc) 5 (CuAc) 20
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Lorentz line shape for peak fitting.

For the scanning electron microscopy with energy dispersive X-ray
spectroscopy (SEM-EDS) analysis, the sample powders were sputtered
with gold for 48 seconds using the sputtering machine Sputter Coater
108 Auto (Cressington). The SEM measurements were performed with
SUPRA 40 (Zeiss) equipped with SE2 detector for the images, and the
XFlash 6|30 (Bruker) detector for EDS. The X-ray diffraction (XRD)
analysis were performed using the X-ray diffractometer (Seifert C 3000
Diffractometer MZ IV ISO, Germany) with Cu-K, radiation. Nitrogen
adsorption isotherms at 77 K were recorded and analysed (Belsorp-Mini,
Bel Japan Inc.) to evaluate the specific surface area (SSA), calculated
according to Brunauer-Emmett-Teller (BET) method [42]. Samples were
measured as powder (particle size < 300 um) and pre-conditioned prior
to the measurements at 200 °C for 24 h under vacuum to remove water
and gas molecules adsorbed on the surface of the materials.

2.3. RRDE and GDE half-cell studies

The rotating ring-disc electrode (RRDE) half-cell studies for ORR
were performed in 0.5 M H3PO4 and 0.5 M H3SO4 solutions and the
experimental details [25,43] for the RRDE measurements are given in
the Supporting information (Section S1).

The gas diffusion electrode (GDE) half-cell measurements were
performed with the similar setup and testing conditions as applied in an
earlier report by Zierdt et al. for Fe-N-C (PMF-014401) catalyst inves-
tigation [44] with the exception of simplified catalyst ink deposition
method [45,46]. The ink was prepared with 10 mg NPMC dispersed in
776 pl 2-propanol, 234 pl Milli-Q water, and 7.5 pl polytetrafluor-
ethylene (PTFE, 60 %, Sigma-Aldrich) solution and sonicated for 1.5 h.
The previously optimised NPMC/PTFE wt. ratio of 60/40 was used [44].
The ink was drop-cast onto a 3.33 cm? gas diffusion layer (GDL, Freu-
denberg H23C2) by 100 pl aliquots and left to dry at 60 °C between the
coatings [46]. The GDE with the final NPMC loading of 3 mg cm ™2 was
hot pressed (TRG-2, P/O/Weber) with 1.5kN for 40s at 140 °C with a
phosphoric-acid doped polybenzimidazole membrane (PA-PBI, Cel-
tec®-P, TRIGONA Fuel Cell Components GmbH). The PA-PBI membrane
was soaked 24 hours in 50 % H3PO4 prior to pressing and the
stainless-steel shim shields with 80 % of total thickness were used to
prevent over crushing of PA-PBI/GDE assembly. Afterwards, the
PA-PBI/GDE assembly was sandwiched between the copper plate cur-
rent collector and PTFE shield, which limited the geometric active area
to 0.5 cm? for PA-PBI/GDE working electrode to be in contact with the
electrolyte on the PA-PBI side and also 0.5 cm? for the 02/Ny breathing
GDE side. The half-cell measurements were performed at 160 °C in a
commercial FlexCell® PTFE (Gaskatel) setup with silicone gaskets using
40 mL of 85 % H3POy, electrolyte, Pt coil counter electrode, and com-
mercial RHE (Gaskatel) reference electrode [44]. The experiments were
controlled using the potentiostat Modulab 2100A (Ametek) equipped
with a 12V/20A external booster (Ametek) and the measurement pro-
tocol for half-cell experiments was adapted from Ehelebe et al [44,47].
Briefly, the protocol contained (i) “begin of test” (BoT) and (iii) “end of
test” (EoT) cyclic voltammograms (CVs) with N flow at the GDE and (ii)
fixed time galvanostatic steps followed by electrochemical impedance
spectroscopy (EIS) measurements for different polarisation currents
with Oy flow at the GDE, which was performed in-between the (i) BoT
and (iii) EoT steps. The EIS data was used to calculate and apply iR-drop
correction (95 %) for the recorded potentials at each galvanostatically
apphed current value (EiR_corrected = Euncompensated -Ix R) [44].

2.4. HT-PEMFC measurements

The membrane electrode assembly (MEA) preparation and HT-
PEMFC testing was performed according to the already published pro-
cedure [10]. The cathode fabrication and membrane treatment were
similar to the GDE half-cell testing (Section 2.3). A commercial Pt/C
anode (1 mgp cm ™2, De Nora) was employed. Two cathodes with
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different catalysts, Fe-N-C (PMF-014401) and CoFe-N-SiOCa were
investigated with each having a gravimetric loading of 3 + 0.1 mg cm ™2,
The PA-PBI membrane outlined to the active area of 4.05 cm? with
Kapton® frames was sandwiched with cathode and anode using hot
press with 1.0 kN for 30 s at 140 °C. After hot-pressing, a thermal
annealing at 160 °C for 30 min was carried out in an air atmosphere.
HT-PEMFC performance was evaluated using an HT-PEM single cell test
station from Inhouse Engineering equipped with a quickCONNECTfix-
ture (qCF 5/100 HT, balticFuelCells). A cell fixture cF5/100 HT Gr V1.4
with serpentine graphitic flow fields (balticFuelCells) was used with a
cell compression of 0.75 MPa during the testing. After the gas
non-leakage proof test, the cell temperature was ramped to 120 °C in Ny
flow. As a next step, gases were switched to dry Hy/O5 with stoichi-
ometry of 1.5/9.5 and the temperature was further ramped to 160 °C
under a constant load of 100 mA cm™2. After reaching 160 °C and the
cell voltage stabilisation, a galvanostatic U-I polarization curve was
recorded with a step size of 0.1 A until a minimal voltage of 0.1 V. Next,
electrochemical impedance spectroscopy (EIS) was carried out at fixed
current densities of 0.03, 0.1 A and 0.3 A cm ™2 with equilibration time of
5 min each, an amplitude of 10 mV r.m.s. and a frequency range of 100
kHz to 100 mHz was used. For the CV testing, the N5 flow rate of 0.1 L
min~! at the cathode and a Hy flow rate of 0.1 L min ™~ at the anode were
applied with a scan rate of 100 mV s! in a range of 0.05-1.00 V. An
external potentiostat Modulab2100A (Ametek) equipped with an
external booster (12 V/20 A) was used for the EIS and CV measurements.

3. Results and discussion
3.1. Physical characterisation of the catalysts

The SEM-EDS experiments were performed to investigate the catalyst
structure and composition on the micrometre scale (Fig. 1, Table 2). All
the PDC catalyst powders were sieved to particle sizes <100 pm prior to
use, which is also confirmed by SEM images as no agglomerates/parti-
cles above this size are observed. Very rough and disordered structures
of the particles can be seen, which is consistent with our previous study
of PDC materials [25] and indicates the high specific surface area of the
material, which may harbour a large number of active sites for ORR.
Interestingly, the surface structure and agglomerate/particle sizes of
PDC materials prepared herein are very similar to the one of commercial
Fe-N-C (Fig. 1le). The functionalisation with ZIF-8 has no observable
effect on the ca. 100 x 100 pm area image on PDC materials as expected
due to the ca. 0.1-0.2 um dimensions of ZIF-8 particles. The EDS mea-
surements showed the bulk composition of PDC catalysts to be rather
uniform containing roughly around 75, 3, 13, and 5 at% of C, N, O, and
Si elements, respectively. The N in PDC materials derives from the
precursors of Azo, Imi, and APTES (Table 1). In the case of binary TM
doped PDC catalysts, ca. 0.2-0.3 at% of each TM is observed, which is
very similar to our previous investigation with single TM containing
PDCs [25]. The effect of ZIF-8 modification is observed to increase the N
content ca. two-fold and introduce ca. 0.3 at% of Zn despite the high
pyrolysis temperature of 950 °C exceeding the one of Zn boiling point
(907 °C). The latter TM itself is known to be rather inactive additive for
ORR and its removal could be complicated [36]. Therefore, we preferred
to retain it and take into consideration its potential influence. The
observed two-fold increase in the N content could provide the significant
increase in the number of N-based active sites for ORR. For comparison,
the at% of Fe is twice as high and at% of N ca. 30 % larger in the case of
all ZIF-8 functionalised catalysts (-N-SiOC) compared to the commercial
Fe-N-C.

Nitrogen adsorption/desorption measurements were performed to
study the specific surface area and mean pore diameter (d,) of the PDC,
N-SiOC materials and to compare these values with the state-of-the-art
Fe-N-C catalyst (Fig. 2, Table 3). The isotherms of all the catalysts pre-
pared in this work (Fig. 2a) have a similar shape and can be classified as
type IV isotherms according to IUPAC showing a very distinct hysteresis
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Fig. 1. SEM images of unmodified (a) PDC, (b) CoFe-PDC, (c) MnFe-PDC, (d) CuFe-PDC, (e) Fe-N-C (PMF-014401) and ZIF-8 functionalised materials (f) CoFe-N-

SiOC, (g) MnFe-N-SiOC, (h) CuFe-N-SiOC.

Table 2
Elemental composition (at%) determined from EDS analysis for the Fe-N-C (PMF-014401), different PDC and ZIF-8 functionalised (-N-SiOC) materials.
PDC CoFe-PDC CoFe-N-SiOC MnFe-PDC MnFe-N-SiOC CuFe-PDC CuFe-N-SiOC Fe-N-C

C 73.7 £1.9 77.1 £ 3.5 75.5 + 0.9 76.9 £1.0 784+ 1.5 74.6 + 7.4 76.8 + 2.4 88.7 £ 0.3
N 2.70 £0.13 3.38 £0.13 6.30 £+ 0.42 3.61 £0.28 6.71 £ 1.03 2.77 £1.26 7.34 £0.71 5.30 £ 0.20
o 183+ 1.5 151+ 2.4 13.3+1.3 13.2+ 0.7 10.3 +£ 0.8 16.5 + 4.8 12.1 +£1.2 5.89 + 0.30
Si 5.36 + 0.67 4.04 £ 0.77 4.14 £+ 0.62 5.65 + 0.89 3.85 £ 0.35 4.78 £ 1.19 2.81 £1.49 -
Fe - 0.21 £ 0.08 0.23 £ 0.05 0.35 £+ 0.07 0.26 £+ 0.04 0.25 £+ 0.06 0.21 £ 0.06 0.12 £+ 0.02
Mn - - - 0.29 + 0.06 0.20 £+ 0.06 - - -
Co - 0.20 £ 0.06 0.20 £+ 0.07 - - - -
Cu - - - - 0.26 £ 0.12 0.38 £0.13
Zn - - 0.29 £+ 0.10 0.28 £ 0.15 - 0.28 £ 0.14

100 L ——PDC —a— CoFe-N-SiOC
—n— MnFe-PDC —*— CuFe-N-SiOC g

—a— CoFe-PDC —— MnFe-N-SiOCD, V.

80 - —s— CuFe-PDC T

31
N, volume (em’g™)
& (=)
= <
T T

N~
=
T

<
T

N, volume (em’g™")

700 | —=— Fe-N-C :

600 -

(b) |

100 | [ -

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P)

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P,)

Fig. 2. N, adsorption-desorption isotherms for different (a) PDC and the ZIF-8 modified materials (-N-SiOC), (b) commercial Fe-N-C (PMF-014401) catalyst.

Adsorption (H, desorption ([]) measurement points.

loop of the form H2 [48]. The pore size distribution (data not shown)
indicated that PDC and N-SiOC materials have hierarchical porosity
containing both micro- and mesopores.

The isotherm of Fe-N-C material shows a characteristic hysteresis
loop (Fig. 2b) exhibiting characteristic features of types H4 or H2b [49],
indicating that the mesoporous carbon is consistent with the observed
pore size distribution (data not shown). Mesoporosity of catalyst

material is considered beneficial to enhance mass-transfer of O, mole-
cules to the ORR active sites [50]. The BET surface area (Spgr) and d,
values for all PDC materials are in the range of ca. 10-34 m2 g ! and ca.
8-10 nm, respectively, which is in good agreement with our previous
investigation of single TM containing PDC catalysts [25]. The func-
tionalisation of double TM containing PDC materials with ZIF-8 results
in the considerable growth of Sggr values to ca. 130-140 m? g_1 and the
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Table 3
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Textural properties for different catalyst materials shown in Fig. 2, monolayer volume (Vy,, cm® g~ 1). BET surface area (Sggr, m? g~ 1), total pore volume (Vio, cm® g™ 1)

and mean pore diameter (dp, nm).

PDC CoFe-PDC CoFe-N-SiOC MnFe-PDC MnFe-N-SiOC CuFe-PDC CuFe-N-SiOC Fe-N-C
Vi 2.5 4.7 30.3 7.9 32.6 3.7 32.1 137.3
SBET 10.7 20.6 132.0 34.5 141.9 15.9 139.7 597.7
Viot 0.03 0.04 0.15 0.07 0.15 0.03 0.16 0.99
d, 10.4 8.6 4.5 8.3 4.3 7.7 4.6 6.6

decrease of d,, value to ca. 4.5 nm. This indicates that the ZIF-8 modi-
fication provides a new surface area and an increase in microporosity
(pore size < 2 nm), which are both considered beneficial to achieve
higher amount of ORR active sites in the catalyst material [50]. Ac-
cording to the literature, the abundant micropores are most likely
formed due to the volatilization of Zn during the pyrolysis [17,37]. The
Sper value of Fe-N-C is in turn ca. 4 times higher (ca. 600 m? g’l)
compared to the ZIF-8 modified materials and this value is also well in
line with the previous literature reports for various Fe-N-C from Pajarito
Powder, LLC [49,51]. This considerably higher Sggr value is most likely
due to the different types of preparation routes for different catalysts.

XRD measurements were performed to investigate the crystalline
phases in the materials and assess the presence of binary TM (alloy) NPs
(Fig. 3, Fig. S1). In the case of commercial Fe-N-C, no distinct XRD peaks
are observed, while the broad and low intensity graphitic carbon signal
could be expected according to the study by Akula et al [49]. In the case
of PDC, the distinctive XRD peaks at 26.5°, 43°, and 54.6° are observed
corresponding to the graphitic 2H carbon (PDF 01-089-7213), which are
in agreement with the previous PDC catalyst investigation [25]. The
application of double TM doping during the PDC preparation will
introduce a new XRD peak at ca. 45°, which is well observed in the case
of CoFe-PDC and CuFe-PDC materials. Very likely this signal corre-
sponds to the presence of monometallic Fe (ICSD 98-018-5742) or bi-
nary TM NPs with crystalline structure according to the literature, e.g.,
FeCo (110) alloy (PDF 65-4131) [52-55]. The modification with ZIF-8
weakens the signals of all XRD peaks indicating the formation of new
amorphous material that can partially block the original PDC structure,
which could also be explained by the considerable increase in the Sggr
value (Table 3), while no new distinguishable XRD peaks typical for
ZIF-8 or other crystalline ZIF-8 and it's TM-based structures [56]
appeared.

Fe-N-C
——PDC
CuFe-PDC
—— CuFe-N-SiOC

® C (graphite)
B FeCu

Intensity/ a.u.

oo
Jodn, A
oA

| I N U NI N I NI S I ST S E—— |

15 20 25 30 35 40 45 50 55 60 65 70 75
20/ deg

Fig. 3. XRD patterns for Fe-N-C (PMF-014401), transition metal free PDC, Cu
and Fe containing catalyst before (CuFe-PDC) and after the ZIF-8 modification
(CuFe-N-SiOC).

The XPS analyses were performed to study the surface species and
composition of the ZIF-8 modified catalysts (Fig. 4). The survey spectra
of the catalysts show the photoelectron peaks of all the elements also
observed during the SEM-EDS studies as expected (Table 2). The XP
signals of Si2p, Si2s, Cls, and Ols mainly originate from the PDC
catalyst support [57-60] and are in good agreement with the previous
detailed description by Canuto de Almeida e Silva et al [25].

For the description of ORR performance of TM(s) and N functional-
ised NPMCs, the high-resolution spectra of corresponding elements
should be investigated in more detail. The composition of N1s spectra
for Fe-N-C catalysts with various product codes from Pajarito Powder,
LLC have been already thoroughly studied in previous reports and as a
common observation, the Graphitic-N and Pyridinic-N have been found
to be the most prominent components in these N1s spectra [49,61].
Therefore, these two components can be considered very promising for
enhancing the performance towards ORR. Especially, it should be
considered that the Pyridinic-N can also include the contribution from
the transition metal coordinated to nitrogen (M-Ny) sites due to the XPS
peak overlapping [56,62], while M-Ny are accepted as the most impor-
tant N species in this type of catalyst materials promoting 4e” ORR
pathway (Eq. 1, Eq. 3) [7,12,33,63,64]. In the case of all three ZIF-8
modified catalysts (Table 4), the N species [46] with the remarkably
high relative content of 46-49 % is Pyridinic-N (at ~398.4 eV), which is
followed by more variable amounts (11-30 %) of Pyrrolic-N (at ~400.3
eV) and Graphitic-N (at ~401.0 eV). The M-Ny (at ~399.4 eV) and
N-oxide (at ~404.2 eV) species are both observed with a relative content
between 5-10 %. If the N-oxide component is excluded, then very similar
N1s spectra, XPS peak binding energy (BE) values, and component ratios
have been recently reported by Kumar et al. for pyrolysed Fe, Co, and
ZIF-8 co-doped carbon nanotube-based catalysts [31,32]. In addition to
Pyridinic-N, Graphitic-N, and M-Ny, the third major N1s component,
Pyrrolic-N, can also play important role for the high ORR activity in
acidic and alkaline conditions considering the possible XPS peak over-
lapping with M-Ny and data from previous reports [49,65,66]. There-
fore, all these four N1s components in double TM and ZIF-8 modified
materials could be beneficial for the good electrocatalyst performance.

Among TMs, the strong XP signal of Zn introduced by the ZIF-8
modification most likely does not directly contribute to ORR activity
under acidic conditions as the centre of the active site (e.g., Zn-Ny), as
shown by the study of Martinaiou et al [36]. Remaining TMs (Fe, Co,
Mn, Cu) can be considered as the active centres for the M-Ny sites ac-
cording to the literature [67-69] and therefore are the evidence for the
successful preparation of binary TM and N co-doped SiOC catalysts [34,
70-72]. The low signal-to-noise ratio for the collected high-resolution
spectra for different TMs, especially for Fe2p and Co2p, could lead to
the arbitrary XPS peak deconvolution and content determination, see
Fig. S2 [41,45]. Therefore, only the XPS peak maxima for different TM
species is presented in Fig. 4e-f to imply the oxidation state of the metal
species. For all the ZIF-8 modified catalysts, the lines for Fel, Fet?, and
Fe'3at 706.7,709.6, and 710.8, respectively, show that Fe is most likely
in an oxidised form [46,73]. The same conclusion for the TM oxidation
state can be made for the Co, Mn, and Cu [46,69]. Whereas, the Mn>*
has been reported to enhance O, adsorption and electron transfer to O,
which are beneficial for ORR performance [56,74]. It should be noted
that due to the overlapping of Cu® and Cu'™ XPS peaks these two cannot
be distinguished from each other [75]. In the case of CoFe-N-SiOC
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Fig. 4. XPS analysis of different catalyst material powders, (a-d) survey spectra and the inset shows deconvoluted high-resolution XP spectra in N1s region, high-
resolution XP spectra in (e, f) Fe2p, (e) Mn2p, Cu2p, and (f) Co2p (Co® 778.1 eV, Co'' 780 ev, Co'' 781.6 eV)[46] regions for different catalysts.

catalyst (Fig. 4f), the XPS peak maxima values of Fe™%*3 and Co*%/*3

species match very well the experimental binding energy (BE) values
reported for the corresponding TM-based M-Ny sites in the literature, ca.
781 eV for Co-Ny and ca. 710.5 eV for Fe-Ny [46,68,76].

The acid leaching of CoFe-N-SiOC catalyst in 2 M HySO4 at 90 °C for
16 h (CoFe-N-SiOCa) resulted in the remarkable decrease in Zn content

and an observable increase of O according to the O1s peak height, which
is consistent with the oxidising nature of the procedure. According to the
N1s peak height, the decreased amount of overall N is observed, which is
mainly due to the removal of Pyridinic-N, whereas the Pyridinic-N could
be also partially converted to Graphitic-N and N-oxide as their XPS peak
contributions have increased.
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Table 4

Relative amounts (%) of nitrogen species in different catalyst materials deter-
mined from the high resolution N1s XP spectra data shown in the insets to
Figs. 4a-d.

Catalyst Pyridinic-N M-Ny Pyrrolic-N Graphitic-N N-oxide
MnFe-N-SiOC 49 10 17 19 5
CuFe-N-Si0C 49 5 11 30 5
CoFe-N-SiOC 46 8 26 16 5
CoFe-N-SiOCa 35 2 30 25 8

As the signal to noise ratio in Fe2p region is similar before and after
the acid leaching, then one can assume that the Fe content remains
rather similar. This could indicate that the surface Fe species are very
likely in the form Fe-Ny, which are known to be resistant to acid leaching
[77]. According to the analogous observations in Co2p region, the sur-
face Co could be partially removed due to the varying nature of Co
species (e.g., co-existence Co nanoparticles, Co-Ny etc.).

HR-TEM images of different ZIF-8 modified catalyst materials
(Fig. 5) revealed the PDC structure with TM NPs very similar to the one
observed with single TM containing PDCs in an earlier investigation
[25]. As a distinct difference, the formation of bamboo-like carbon
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nanotubes (CNTs) [48,78-80] is observed (Figs. 5a-b) if the double TM
doping and ZIF-8 as a N source is used compared to the use of single TM
(Co or Ni) and DCDA in our earlier investigation [25]. The formation of
CNTs during the high-temperature pyrolysis may be one explanation for
the significant increase in the specific surface area during the ZIF-8
modification (Table 3) [29,48,78]. Also, the interconnection of SiOC
particles via formed CNTs could be beneficial for enhancing the electron
transfer in the catalyst support to the ORR active sites considering that
the material contains Si-O rich particles with reduced C content
(Fig. 6a). The materials seem to contain both highly amorphous porous C
areas (Fig 5d, 20 nm scale bar) with no crystalline signals and parts with
typical layered graphitic C lines similar to carbon black (Fig 5b, 10 nm
scale bar). There is only some evidence for the preservation of the
original ZIF-8 distinct polyhedron structure with ca. 200 nm particle
diameter (Fig. 5d) indicating that ultrasonic mixing and pyrolysis have
ensured a composite material with uniform distribution and ZIF-8 pre-
cursor decomposition or reorganisation. The evidence for reorganisation
could be the structural unit with larger size polyhedron formations and
uniform binary TM doping (Fig. 5d, Fig. S3b) as previously also observed
by Shah et al. for ZIF-8 and double TM-based MnCo-NC/CNT catalyst
[56]. The partial loss of pristine ZIF-8 structure is an expected result if

Fig. 5. Bright-field HR-TEM images of (a) CuFe-N-SiOC, (b, ¢) MnFe-N-SiOC, (d) CoFe-N-SiOC (3 images) and ZIF-8 (Basolite® Z1200, 2 images), (e) CoFe-N-

SiOCa catalysts.
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Fig. 6. Bright-field HR-TEM images and corresponding TEM-EDS elemental maps for (a, b) CuFe-N-SiOC, (¢) MnFe-N-SiOC, (d) CoFe-N-SiOCa catalysts.

this precursor is considered as a N source to introduce the N-moieties (e.
g., Pyridinic-N, M-Ny) into the PDC material (Table 2).

A considerable part of TM NPs (dark spots, Figs. 5a-b, S3a) are
observed to be within the CNTs [29], inside the PDC structure or covered
with the graphitic carbon layers (Fig. 5¢), which can ensure their pres-
ervation during the acid leaching and targeted ORR investigations in
acidic environment. However, the material must also contain surface or
near-surface TM atoms and NPs to explain the formation of nanotubes
and XP signals of TMs from the surface characterisation (Fig. 4). The
elemental mapping showed the presence of clearly distinguished TM
NPs in the case of CuFe-N-SiOC (Fig. 6b), whereas there seems to be
presence of monometallic Cu NPs and binary metal FeCu NPs. The latter
is in accordance with the FeCu peak appearance in XRD spectra (Fig. 3).
All of the studied catalyst materials were found to contain atomically
distributed TMs on the tens of nanometres scale indicating to the

successful preparation of binary TM and ZIF-8 functionalised NPMCs
(Figs. 6¢-d, S3b).

3.2. Half-cell oxygen reduction studies in 0.5 M H3PO4 and 0.5 M H,SO4

The preliminary room-temperature ORR half-cell studies in the
present work were mainly performed in 0.5 M H3PO4 as this environ-
ment is more similar to the PA-PBI membrane-based HT-PEMFC devices
[1,2]. Firstly, the ORR polarisation curves of commercial Pt/C (20 pgp;
cm’z) and Fe-N-C (0.4 mg cm’z) were recorded at 1600 rpm using the
RRDE voltammetry (Fig. 7, Table 5). Good agreement of ORR
diffusion-limited current density values (ca. 5.0-5.5 mA cm™?) with
previous reports were observed [61,81,82], while the ORR half-wave
potential (E;,2) was recorded ca. 20-30 mV more positive for both,
Pt/C and Fe-N-C, compared to the already published investigations [81,
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Fig. 7. RRDE voltammetry curves for (a) oxygen reduction at disc, (b) HyO, oxidation at ring on different catalyst coated GC-disc with Pt-ring electrode in Oy-
saturated 0.5 M H3PO,4 at 1600 rpm using 10 mV s~ L. The insets to show (a) peroxide yield (%), (b) electron transfer number (n) as a function of potential calculated

from the RRDE voltammetry curves.

Table 5

ORR half-wave potential (E;»), mass activity values at 0.8 V (MA@0.80V) and
0.85 V (MA@0.85V), average electron transfer number (n), average peroxide
yield (H,0,) obtained from RRDE voltammetry disc and ring curves at 1600 rpm
in Og-saturated 0.5 M H3PO,. All the potential values have been obtained from
the iR-drop corrected I-E curves.

Catalyst Eip(mV — MA@O0.8OV(A MA@O0.85V(A n H,0,
vs RHE) g h g h (%)

Pt/C 824 +3  7436+584  2595+204 399+ 07+
0.01 0.4

Fe-N-C 808 £2  17.15+0.33  3.82+0.07 394+ 314+
0.02 0.9

CoFe-N- 770 £3  1.66 + 0.13 0.27 + 0.02 383+ 86+
SioC 0.03 15

CoFe-N- 772 +2  1.18+0.11 0.15 + 0.01 370+ 149+

sioCa 0.01 0.2

MnFe-N- 774+2  2.65+0.11 0.41 £ 0.02 396+ 21+
SioC 0.01 0.3

MnFe-N- 757 +6  1.64+0.15 0.27 + 0.02 393+ 36+
sioCa 0.01 0.5

CuFe-N- 781 £6  3.55+0.23 0.68 + 0.04 395+ 274+
SioC 0.02 1.2

CuFe-N- 726 +8  1.09 + 0.10 0.22 + 0.02 387+ 63+
SioCa 0.01 0.5

82]. The slightly more positive Ej 5 values may be influenced by the use
of an earlier version of Fe-N-C (NPC-2000, Pajarito Powder, LLC) [81],
Pt/C of different origin [81,82], iR-drop correction and differences in
catalyst ink preparation (e.g., catalyst to binder ratio, solvent) resulting
in a more optimised catalyst layer on the GC electrode. On the other
hand, the E; /» value for Fe-N-C reported herein is very similar to the one
observed for non-commercial BP-FeNC prepared in the work by Hu et al.
with 0.6 mg cm ™2 catalyst loading [81]. The Hy0, yield and electron
transfer number (n) were calculated from the ring and disc current ac-
cording to the equations from earlier report [65]. In the case of Pt/C, a
very low average H,O» yield and mean n values of 0.7 % and 3.99 are
observed indicating the expected 4e” ORR pathway (Eq. 1). The average
n value for Fe-N-C is slightly lower at 3.94, together with the higher
H,0, yield (3.1 %), indicating that latter amount of O, molecules is
reduced via the 2e” route (Eq. 2).

The ORR performance of unmodified double TM containing PDC
materials (catalyst loading 0.8 mg cm™2) was rather poor according to
the low oxygen reduction current density and high H,O; yield (Fig. S4).
The functionalisation of binary TM containing PDCs with N was firstly
performed using DCDA as a N source similarly to the procedure from our
earlier investigations with single TM containing PDCs [25] and double

TM (Fe, Co) co-doped graphene-coated alumina nanofibers [46]. The
N-functionalisation with DCDA is beneficial for the reduction of
peroxide yield (e.g., MnFe-PDC-N), while the oxygen reduction perfor-
mance is still considerably lower compared to the one of Fe-N-C
(Fig. S5). Furthermore, optimisation of the pyrolysis temperature and
PDC:DCDA weight ratio in the precursor mixture has no significant ef-
fect on the ORR performance in 0.5 M H3PO4 (Fig. S5c¢).

As an alternative functionalisation procedure, the use of ZIF-8 asa N
source was adapted from more recent investigations, in which binary
TM (Fe, Co) and N co-doped CNT-based catalyst materials were prepared
[31,32]. As the MnFe-PDC exhibited the highest ORR performance after
N-functionalisation with DCDA, then MnFe-PDC was chosen for opti-
misation of N-doping procedure with ZIF-8. In brief, three different
pyrolysis temperatures (900, 950, and 1000 °C) together with several
PDC:ZIF-8 weight ratios were applied to MnFe-PDC material (Fig. S6a).
The highest activity towards the ORR was obtained at a ratio of 1:1 and
950 °C, which was also used for two other double TM material modifi-
cations (Fig. 7, Table 5). The ZIF-8 modification leads to catalyst ma-
terials that exhibit significantly higher ORR activity compared to the
DCDA route and closely approximate to Fe-N-C performance. The higher
general ORR activity obtained with ZIF-8 compared to the DCDA could
be due to the Zn atoms being able to effectively restrain aggregation of
other (ORR active) TMs into NPs during pyrolysis, resulting in a higher
relative amount of TM-Ny sites (e.g., Cu-Ny, Fe-Ny etc.) [17,37,38,73].

The lowest diffusion limiting current and highest peroxide yield
(average 8.6 %, Fig 7a) among ZIF-8 modified binary TM catalysts is ob-
tained in the case of CoFe-N-SiOC, which can be expected as Co-Ny sites
have been reported to promote the 2e” ORR pathway (Eq. 2) [68]. The
average peroxide yields for CuFe-N-SiOC (2.7 %) and MnFe-N-SiOC (2.1
%) inFig. 7a (Table 5) are lower than the one of Fe-N-C indicating that both
additional metals could contribute to the 4e” ORR pathway (Eq. 1, Eq. 3)
by reduction of formed Hy02 or lowering the reaction energy barrier of
Fe-Ny sites [71]. The CuFe-N-SiOC catalyst shows the most positive E; /o
value of ca. 0.78 V among the catalysts prepared in the present work,
which is in accordance with the literature as double Cu-Ny and Fe-Ny site
containing nanocarbon materials have been reported to be highly active
for ORR in acidic and alkaline conditions according to experimental and
computational studies [70,71,83]. In the H3POy4 solution, the high ORR
performance of Fe and Cu co-doped NPMCs can be attributed to the syn-
ergistic role of the neighbouring Cu and Fe atoms with an appropriate
distance according to the study by Cheng et al [83]. To our knowledge, this
is the very first study describing the ORR performance of binary TM-based
NPMC:s specifically in the 0.5 H3POj4 solution, while various highly active
Fe-N-C type of ORR catalyst with the E; /5 value between ca. 0.73-0.81 V
have been previously reported [61,81].
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Additionally, the CV response of ZIF-8 modified double TM catalysts
was compared to the one of Fe-N-C using a potential scan rate of 50 mV
s7! in Ar- and Oy-saturated 0.5 M H3POy (Fig. S7). Surprisingly, all
catalyst materials exhibited a very similar ORR peak potential (Ep) value
of ca. 0.655 V vs RHE under stationary conditions indicating the supe-
riority of investigations under hydrodynamic conditions (e.g., RRDE).
To evaluate the stability of the catalysts, an accelerated durability test
(ADT) protocol was carried out, comprising 10 000 CV cycles (100 mV
s’l) between 1.0 and 0.6 V vs RHE and a RRDE measurement at 1600
rpm before and after the cycling (Fig. S8). There is no prior known RRDE
half-cell stability testing data for Fe-N-C in H3PO4 solution, while the
negative half-wave potential shift (AE;2) of 30-40 mV has already been
reported in 0.5 M HySO4 after using a very similar ADT protocol [49].
Since a AEj /7 value of only 18 mV was observed here for Fe-N-C, it can
be concluded that H3PO4 solution could be less degrading for the NPMC
materials compared to HSO4 medium. Among ZIF-8 modified binary
TM catalysts, only CoFe-N-SiOC showed promising durability similar to
Fe-N-C, while CuFe-N-SiOC and MnFe-N-SiOC exhibited poorer AEj/y
values of more than 30 mV.

Since the acid treatment procedure can considerably increase the
ORR activity of the double TM-doped NPMCs [41,55] and help to
evaluate the suitability of the material for harsh HT-PEMFC conditions
(saturated H3PO4 at 160 °C) [1], two comparable acid leaching routes
from previous investigations were applied [39-41]. Surprisingly, the 3
M H2SO4 + HNO3 route was found to be significantly detrimental for the
ORR activity of the MnFe-N-SiOC catalyst, while the 2 M H3SO4 treat-
ment did not have such a significant effect on the ORR performance
(Fig. S6b) and also exhibited ca. 15 % higher material recovery yield.
The more promising 2 M HySO4 route was also applied for the other two
catalysts, CoFe-N-SiOC and CuFe-N-SiOC (Fig. 8, Table 5). As a common
observation, the acid treatment has a similar negative effect on the mass
activity values, higher peroxide yield and a corresponding decrease in
the diffusion limiting current for all three materials.

The CoFe-N-SiOCa catalyst showed the lowest n value (3.70,
Table 5), which was also calculated in parallel using the Koutecky-
Levich (K-L) equation and parameter values from the investigation by
Kumar et al [82]. The calculations using the slopes of the K-L lines of j-E
curves recorded at different rotation rates resulted in a very similar
average n value of approximately 3.63 (Fig. S9). It should be mentioned
that MnFe-N-SiOCa peroxide yield remains the lowest (average 3.6 %,
Table 5) and is still comparable to the one of Fe-N-C. Furthermore, the
Cu/Fe materials show a considerable decrease of ca. 50 mV in the E; o
value, which indicates that this binary TM combination in NPMC is less
likely suitable for the use in high-temperature acidic environment. This
decrease could be due to the loss of TM-Ny sites that were present on the
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TM (alloy) NPs (Fig. 6b) and were removed during acid leaching. On the
other hand, the E;/» value of Co/Fe catalyst remains basically un-
changed and furthermore, a peculiar wave-like increase in the Oq
reduction current at ca. 0.7 V has appeared. This wave-like increase is
known to appear in the case of Fe and/or Co co-doped NPMCs also in 0.5
M H,SO4 [84-86] and its intensity is known to decrease with higher
rotation rates as also observed here for CoFe-N-SiOCa (Fig. S9a) [55].
Since the oxygen reduction curve of Fe-N-C at approx. 0.75 V has a
similar shape, this catalyst was investigated together with CoFe-N-SiOCa
with different catalyst loadings (Fig. 9a). A clear dependence between
the intensity of wave-like increase and catalyst loading was observed,
indicating that the phenomenon is most likely due to the O;
trapped/pre-adsorbed in the thick and highly porous NPMC layer, as
both the increase in rotation rate and decrease in catalyst loading both
help to suppress this wave due to the enhanced mass transfer in the
catalyst layer (CL).

A similar dependence on catalyst loading was previously also
observed by Wu et al. for Fe/Co-CNT in 1 M KOH [87]. The occurrence
of this wave for CoFe-N-SiOCa could indicate the higher number of
accessible TM-N; sites exposed during acid leaching due to the removal
of blocking and inactive Zn species according to the XPS studies (Fig. 4).
The CoFe-N-SiOCa catalyst was also subjected to ADT with 10 000 CV
cycles and a considerably higher ORR stability (AE;,2 = 8 mV, Fig. 9b)
was observed compared to the Fe-N-C and non-acid treated catalyst
version (Fig. S8). At the same time, the durability of CuFe-N-SiOCa and
MnFe-N-SiOCa has decreased after the acid treatment (Fig. S10) indi-
cating that CoFe-N-SiOCa could be the most suitable material for the
harsh HT-PEMFC conditions [1].

To additionally evaluate the activity and stability of CoFe-N-SiOC(a)
catalysts towards ORR, the comparison RRDE measurements were also
carried out in more commonly used 0.5 M HySO4 environment (Fig. S11,
Table S1). All three studied catalysts show the Ej 5 value ca. 80-100 mV
more negative compared to the results obtained in 0.5 M H3PO4 (Ta-
bles 5 and S1). Furthermore, the E; /; values decreased more by ca. 30-50
mV if two times lower catalyst loading was used for comparison in 0.5 M
H2S04. Nevertheless, the E; /5 value of 0.71 V for Fe-N-C (0.2 mg em?)
is in good agreement with the previously reported ones for different Fe-
N-C from Pajarito Powder, LLC [49]. ADT test in 0.5 M HSO4 envi-
ronment (Fig. S12) revealed that the superiority of CoFe-N-SiOCa
catalyst in ORR durability compared to the Fe-N-C as observed in the
case of 0.5 M H3POy solution (Figs. S8, 9b) was not witnessed most likely
due to the harsher conditions (pH = 0.3 vs 1.26). This observation can
indicate that 0.5 M H3PO4 could be more suitable environment for the
initial screening of catalyst materials for PA-PBI membrane-based
HT-PEMFC application.
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Fig. 8. RRDE voltammetry curves for (a) oxygen reduction at disc, (b) H,O, oxidation at ring on different catalyst coated GC-disc with Pt-ring electrode in O»-
saturated 0.5 M H3PO4 at 1600 rpm using 10 mV s~ L. The insets to show (a) peroxide yield (%), (b) electron transfer number (n) as a function of potential calculated

from the RRDE voltammetry curves.
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Fig. 10. (a) Polarisation curves of (a, c¢) ZIF-8-modified and (b, c) further acid leached catalyst based GDEs, (d) semi-logarithmic plots of the activation areas of the
polarisation curves from Fig. c. The measurement was performed in a GDE half-cell setup (O, flow rate 0.15 L min~!, 160 °C, conc. H3PO,).

3.3. GDE half-cell and HT-PEMFC testing

To further evaluate the ORR performance of the catalysts under HT-
PEMFC conditions, the GDE half-cell setup with an operating tempera-
ture of 160 °C and conc. H3POy4 electrolyte was used. The same catalyst

ink composition optimised for the Fe-N-C catalyst (40 wt% PTFE) in our
previous investigation was used for all double TM and N co-coped
NPMCs prepared in this work [44]. As a difference, a simple drop
casting method instead of ultrasonic spray coating was used in the
present investigation for CL preparation. Firstly, the Fe-N-C polarisation
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Table 6

Half-cell GDE testing results, open circuit potential (OCP) and potential value at
187 mA cm 2 (Eis7) for ORR derived from the GDE polarisation curves with
different cathode catalyst materials shown in Fig. 10.

Catalyst OCP (mV vs RHE) E;g7 (mV vs RHE)
Fe-N-C 865 + 24 421 + 27
CoFe-N-SiOC 752 + 15 219 + 12
CoFe-N-SiOCa 769 + 14 360 + 27
MnFe-N-SiOC 775 + 38 218 +£ 21
MnFe- N-SiOCa 814 + 12 224 + 25
CuFe-N-SiOC 788 + 15 201 + 50
CuFe- N-SiOCa 750 + 13 214 + 28

curve obtained here is more similar to the curve with lower ORR activity
at 10 wt% PTFE from a previous investigation [44] throughout the
studied current density (j) values, which is most likely due to the
different CL fabrication method (Fig. 10, Table 6). Also, the CVs recor-
ded with No-flow at the GDE before and after the GDE testing are in good
agreement with the previous results (Fig. S13a) [44]. The ZIF-8 modified
materials (-N-SiOC) all show similar lower ORR activity compared to the
Fe-N-C (Fig. 10a) and performance differences are observed at higher j
values (>600 mA cmfz), with MnFe-N-SiOC being the most active and
CuFe-N-SiOC the least active catalyst. The acid treatment procedure
decreases the ORR performance differences between the CuFe and MnFe
materials, while CoFe-N-SiOCa has become much more active and ap-
proaches Fe-N-C (Fig. 10b). The situation is to some extent similar to the
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0.5 M H3POy4 half-cell test (appearance of a peculiar wave-like increase,
Fig. 8a), while no such advantage for CoFe-N-SiOCa was observed in 0.5
M HySO4 (Fig. S11). The CVs recorded before and after the ORR study
with an N flow at the GDE show no influence of the acid treatment on
the catalyst behaviour (Fig. S13b and c). From the point of view of
HT-PEMFC applications, only the potentials higher than approx. 0.2 V vs
RHE are of interest, where the superiority of CoFe-N-SiOCa can be
clearly seen (Fig. 10c, Table 6).

The semi-logarithmic plot of the low current density region enables
the observation of activation polarisation area close to the open circuit
potential (OCP) value (Fig. 10d, Table 6). The acid leaching seems to be
beneficial for the Co/Fe and Mn/Fe materials to achieve higher OCP,
while Cu/Fe shows a significant decrease in OCP similarly to 0.5 M
H3PO4 (Table 5). The poor performance of Cu/Fe materials is a some-
what controversial result because while Cu>" has recently been reported
to be poisonous/detrimental for the LT-PEMFC components [88], one of
the most remarkable NPMC cathode catalyst results for HT-PEMFC was
obtained with a Pt-free atomically dispersed bimetallic FeCu catalyst in
the study by Cheng et al [83]. Cu nanoparticles observed in this work for
CuFe-N-SiOC (Fig. 6b) could be the source for free Cu?" ions released
into the PA-PBI membrane causing a decrease in catalyst activity and/or
membrane ionic conductivity. While MnFe-N-SiOCa catalyst shows the
highest performance in the activation polarisation region (>0.675 V vs
RHE), CoFe-N-SiOCa remains as the most promising catalyst for
achieving high current density values and high durability (Fig. 9b).
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Fig. 11. HT-PEMFC measurement data with CoFe-N-SiOCa and Fe-N-C (PMF-014401) cathode catalysts (3 mg cm ), (a) galvanostatic polarization curves recorded
under H/05 (1.5/9.5) at 160 °C, (b) calculated power density curves, (c) Nyquist plots from EIS at 0.1 A cm 2 recorded with dry Hy/05 (1.5/9.5), (d) CVs of cathode

recorded with scan rate of 100 mV s~* under N, flow rate of 0.1 L min .
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Considering the previous observations, CoFe-N-SiOCa was chosen to
be tested as cathode in HT-PEM single cell and compared to an Fe-N-C-
based MEA (Fig. 11). Different from previous investigations [10,61], the
CL at the cathode was prepared via drop-casting in the present work.
Very similar HT-PEMFC performance was registered for Fe-N-C (open
circuit voltage (OCV) = 883 mV, power density at 100 mA cm 2 (P100) =
53 mW cm™2) compared to the corresponding values reported earlier for
HT-PEMFC with ultrasonic spray coated and doctor blade coated Fe-N-C
(PMF-011904, Pajarito Powder) cathodes [61]. The OCV and P values
for CoFe-N-SiOCa are lower with values of 768 mV and 34 mW cm™2,
respectively. The performance difference between CoFe-N-SiOCa and
Fe-N-C is most likely due to the ORR activity of the cathode catalysts as
the ohmic resistance of both MEAs is very similar (Fig. 11c). For com-
parison, in the case of atomically dispersed bimetallic FeCu catalyst in
the study by Cheng et al [83], the higher P1g9 = ~70 mW cm ™2 (FeCu
(4:1) 160 °C) can be found with a NPMC loading of 4 mg cm™2. For the
present study, it can be concluded that the performance trend of GDE
half-cell measurements and HT-PEMFC tests are same.

The CV curves recorded from the cathode revealed the reversible
redox peaks at ca 0.6 V (Fig. 11d), which have been also observed
previously for Fe-containing NPMC cathodes in HT-PEMFC and could
correspond to redox couples of hydroquinone/quinone and Fe2*/Fe>*
[10,61]. The higher capacitive current under the CV curve in the case of
Fe-N-C compared to Co-Fe-N-SiOCa can refer to the considerably higher
SSA of Fe-N-C (Table 3). For the future perspective, the further opti-
mization of SSA and electrode fabrication could boost the overall
HT-PEMFC performance as the used cathode ink recipe has been opti-
mized for Fe-N-C [44].

Mainly based on the ADT results recorded in 0.5 M H3PO4 (Figs. S8,
9b), the observed higher stability of Co and Fe co-doped NPMC due to
the Co atoms has been previously well documented [20,89] together
with the higher ORR activity provided by the inclusion of Co [54,87]
and possible suppression of Fenton reactions [20,90]. Therefore, the
CoFe-N-SiOCa catalyst preparation route among the experimental
NPMC presented herein may be the most promising one to advance the
preparation of polymer-derived ceramic electrocatalysts for HT-PEMFC
cathodes with two transition metals and ZIF-8 functionalization.

4. Conclusions

In the present investigation, the binary transition metal and N
functionalised NPMC materials were prepared via pyrolysis using PDCs
with three different TM combinations, Fe/Cu, Fe/Mn, Fe/Co. Two N
sources were compared (DCDA and ZIF-8) and the ZIF-8 route was found
to be superior for HT-PEMFC cathode catalyst application. All ZIF-8
modified catalyst materials exhibited Sggt of ca. 130-140 m> gfl, hier-
archical porosity, and the presence of TM (alloy) NPs together with
atomically dispersed TMs. The ORR activity studies revealed that Fe/Co
containing and acid leached catalyst material (CoFe-N-SiOCa) exhibited
the highest long-term durability in 0.5 M H3PO4 solution (AEj /5 of only
8 mV) and the highest overall ORR activity during high-temperature
GDE testing in conc. H3PO4. The MnFe-N-SiOCa catalyst showed the
lowest hydrogen peroxide yield (3.6 %) in 0.5 M H3PO4 medium and the
highest OCP (814 mV vs RHE) in the harsher GDE testing conditions. HT-
PEMFC testing with drop-cast CoFe-N-SiOCa cathode showed Pyoo = 34
mW em 2 and OCV = 768 mV, while similarly prepared Fe-N-C cathode
exhibited P1gp = 53 mW cm ™2 and OCV = 883 mV.
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