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ARTICLE INFO ABSTRACT
Keywords: Ammonia, supported by its well-established transportation and distribution infrastructure, is considered as a
Oxygen reduction reaction promising carbon-free hydrogen carrier and emerging as an energy source via low-temperature anion exchange

Ammonia tolerant ORR catalysts
Half-cell gas diffusion electrodes
Spinels

Direct ammonia fuel cell

In-situ Raman

membrane direct ammonia fuel cells (AEM-DAFC). However, ammonia crossover from the anode can poison
cathode catalysts, reducing oxygen reduction reaction (ORR) efficiency and cell voltage. Herein, to substitute the
state-of-the-art catalyst, Pt/C, and to develop stable, ammonia-tolerant ORR catalysts, monometallic oxides of
Co, Fe, Ni, Mn, and bimetallic M-CoOy (M = Fe, Ni, Mn) were synthesized on gas diffusion electrode (GDE) with
microporous layer and tested for ORR activity. Among these, MnCoOy-1 (Mn:Co 1:2) demonstrated high NH3
tolerance and ORR activity comparable to benchmark fuel cell catalyst, Pt/C under GDE conditions. In-situ
Raman spectroscopy performed under GDE conditions revealed that the structure of MnCoOx-1 remains sta-
ble, with no detectable changes, even at current densities as high as —25 mA cm™2. During the accelerated stress
test conducted at 80 °C with 3.0 M NHs in 3.0 M KOH and compressed air at 1.0 bar back pressure feed, MnCoOy-
1 showed an overpotential increase of less than 50 mV at —500 mA cm 2 in a 1.0 cm? membrane electrode
assembly type GDE half-cell. Post-mortem X-ray analysis revealed a slight change in the relative atomic
composition of MnCoOy-1 after the AST. This comprehensive study reveals that MnCoOy-1 is a stable NH3
tolerant ORR catalyst, making it a promising cathode candidate for low temperature AEM-DAFC applications.
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1. Introduction

Proton exchange membrane fuel cell (PEMFC) technology is quite
successful and has gained attention due to its direct zero carbon emis-
sion, as the sole reaction product is water [1]. PEMFC utilizes hydrogen
oxidation at the anode and oxygen reduction at the cathode as separated
by a proton exchange membrane. Researchers are actively working on
improving the power density and catalyst durability for wider
commercialization [2,3]. However, there are technological barriers for
hydrogen storage, compression and transportation, that need to be
overcome [4]. As a result, the established transportation and storage
network of oxidizable molecules such as alcohols, NH3 and other liquid
organic hydrogen carriers could enable their use in anolyte-based direct
fuel cells that could be alternatives to PEMFC [5-7]. Among these, NH3
is an attractive option as a fuel and hydrogen carrier due to its carbon-
free composition and high Hy content of 17.6 wt%, ease of liquefaction
(less than 8 bar at 20 °C), and among other advantages. As a fuel, NHg
can be directly used through an anion exchange membrane direct
ammonia fuel cell, AEM-DAFC, or decomposed into hydrogen for energy
applications. In an AEM-DAFC, liquid NHj3 is fed together with KOH or
NaOH as the anolyte, and O is fed at the cathode [8,9]. Moreover, the
use of an alkaline rather than an acidic electrolyte enhances the oxygen
reduction reaction (ORR) which is the limiting reaction in all fuel cells
using oxygen as an oxidant. The open circuit voltage at standard con-
ditions of AEM-DAFC is 1.17 V which lies close to the PEMFC (1.23 V).
Typically, for the anode catalysts, Pt or Pt based alloys are used [10].
However recently, NiCu and other bi-, tri-metallic catalysts have been
reported as anode catalysts for AEM-DAFC [11-13]. For the cathode, Pt
and as well as several non-noble materials have been reported for the
alkaline ORR. However, due to NHj3 crossover through the AEM or
separator, the cathode catalyst performance drops through the
poisoning by adsorption of N* species from the Gerischer-Mauerer
mechanism or Oswin-Salmon mechanism which reduces the overall
cell voltage and stability [14]. To overcome the poisoning, Pt based
alloys can be used as cathode catalysts since they are known for
ammonia electrooxidation. Due to the material scarcity and cost effec-
tiveness, developing non-noble catalysts which are tolerant to ammonia
is an attractive option [15]. In this context, transition metal oxide cat-
alysts based on Ni, Mn, Co, and its alloys for the alkaline ORR have
already been reported [16-20]. Specifically, Co alloys exhibit high
alkaline ORR activity, and in some studies, their activity is superior to
the standard Pt/C [21,22]. The better performance of Co rises from the
catalyst structure and the synergistic interaction between Co and sub-
strate [23]. However, Co alone shows lower oxygen electrocatalytic
activity due to enhanced dissolution and particle agglomeration
compared to its alloys [24]. Alloying the Co with metal cations improves
the ORR catalysis due to the occupancy of different metal cations at
octahedral Co oxide spinels. In principle, the e, site which refers to high
energy d-orbitals of the cations in the octahedral sites acts as the
prominent active site for the alkaline ORR compared to Co at the
tetrahedral site [25]. All these factors combine to make Co a good
candidate for oxygen electrocatalysis.

So far, most of the reported alkaline electrocatalytic ORR studies
have been performed using a rotating ring disk electrode (RDE) setup.
Though the RDE setup provides the essential information on the catalyst
kinetic and thermodynamic parameters unless the catalyst layer is
carefully prepared, inaccurate estimation of the intrinsic catalyst ac-
tivity is likely due to factors like the O diffusion limitations occurring at
relatively low overpotentials (and currents), poor adhesion of the cata-
lyst to the support, catalyst agglomeration, imprecise estimate of the
catalyst layer thickness, among others [26,27]. Thus, the question arises
of how the activity of these transition metal oxides as catalysts behaves
under high mass transport conditions required to achieve high current
densities for commercial application of alkaline ORR. Further, catalyst
evaluation and stability studies under gas diffusion electrode (GDE)
conditions are aligned closely with the realistic membrane electrode
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assembly (MEA) fuel cell setup. Taking these factors into account, we
investigated the performance of monometallic (Co, Ni, Fe, Mn) and
bimetallic (M-CoOy, M = Mn, Fe, Ni) catalysts in alkaline ORR under
high mass transport conditions using a GDE setup, and whether they
withstand NHj poisoning. Their ORR performance and stability were
thoroughly studied to elucidate their behavior, followed by in-situ
Raman measurements in a GDE environment on the stable NHj
tolerant catalyst.

At first, monometallic oxides (Co, Mn, Fe, Ni) were prepared and
their electrocatalytic performance for alkaline ORR along with that of
commercial Pt/C, was determined using a GDE half-cell setup with and
without NH3. CoOy showed the best activity, following that, cobalt
containing bimetallic catalysts (M-CoOx with M = Mn, Fe, Ni) were
prepared and evaluated for their tolerance to NH3 during alkaline ORR.
These catalysts were analyzed by various techniques to determine their
morphological and chemical characteristics. In-situ Raman measure-
ments on the best NH;3 tolerant catalyst, MnCoOx-1, were performed
with and without 0.5 M NHs in 1.0 M KOH to evaluate the catalyst
structural change under applied currents, using a GDE-Raman cell.
Finally, accelerated stress tests (AST) were performed on MnCoOx-1 in
both batch and flow type GDE half-cells to investigate the ORR stability
in the presence of NH3 in KOH followed by post-mortem structural and
chemical composition characterizations. The effects of O, backpressure,
electrolyte temperature, KOH concentration, NHs concentration, and
compressed air as reactants on MnCoOx-1 were also studied and dis-
cussed to understand the ORR catalytic behavior under a variety of
operating conditions.

2. Results and discussion

2.1. Synthesis, characterization, and electrochemical studies of
monometallic oxides

For the ORR study on GDEs, oxides of Co, Fe, Mn, and Ni were first
prepared on the commercially obtained carbon cloth gas diffusion
electrode (CC) containing a microporous layer (cracks) via electrode-
position (Figs. 1, S1, Table S3). For each deposition, the potential was
applied until the charge density reached 0.5C cm ™2, unless otherwise
stated. Thereafter, the electrodeposited metals were annealed in air at
300 °C resulting in oxides which are described here as CoOy, FeOx,
MnOy, and NiOy. The detailed experimental section is provided in the
supporting information file.

Powder X-ray diffraction (pXRD) measurements showed that the
synthesized catalysts form metal oxides (Fig. S2). The diffraction peaks
of CoOy and FeOyx match well with the Co304 and Fe;O3 compounds
respectively [28-30]. The 26 peak positions of NiOy appeared at 37°,
42.9°, 62.6°, 74.9°, and 78.9° matching well with NiO face centered
cubic structure of the crystal planes (111), (200), (220), (311), and
(222) respectively [31,32]. Formation of poorly crystalline Mn,O3 was
also observed [33]. Furthermore, X-ray photoelectron spectroscopy
(XPS) was used to confirm the formation of MnyO3 which will be

300 °C

7y

Catalyst

Co, Mn, Ni, Fe
precursors

Applied potential -1.5V

Fig. 1. Schematic of catalyst preparation via electrodeposition starting from
precursors followed by annealing in air at 300 °C. RE — Reference Electrode, CE
— Counter Electrode and WE — CC Working Electrode.
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discussed later. Scanning electron microscopy (SEM) was performed to
reveal the surface morphological characteristics of the synthesized cat-
alysts (Figs. S3a-d). NiOy exhibited nanoparticulate structure while the
CoOyx, MnOy and FeOy showed fibrous nanosheets. The electrodeposited
elements were uniformly distributed on CC as confirmed with energy
dispersive X-ray spectroscopy (EDX) (Figs. S3e-1). Further, the chemical
states of the synthesized electrocatalysts were analyzed by XPS. The
survey spectra of monometallic catalysts are shown in Fig. S4. For the
CoOy, the spin orbit splitting between Co 2ps,/2 and Co 2p; 3 is 15.4 eV
which validates the Co oxide species as Co304 rather than CoO (15.9 eV)
[34]. This shows that the Co oxidized to form Co304. Peaks at 779.8 eV
and 794.8 eV were assigned to Co®>" and the peaks at 780.8 eV and
795.8 eV are attributed to Co®*t states (Jahn-Teller effect) (Fig. S5a)
[34-36]. For the FeOy, the 2p3 /2 at 711.0 eV matches well with the high-
spin Fe>' state agrees with XRD results. The 2ps/, peak fits well with
multiple components, combined with a satellite at 719.3 eV, showing a
difference of 8.3 eV (Fig. S5b) [37-39]. A similar peak split between Fe
3p and the satellite is also observed (Fig. S6). With MnOy, the core level
2p is split into 641.8 eV and 653.3 €V, corresponding to two spin orbit
peaks 2ps,» and 2p; /o respectively, with a band splitting of 11.5 eV,
characteristic of the MnyO3 phase (Fig. S5¢) [40]. The peaks located at
641.4 eV, 652.9 eV and 643.1 eV, 654.6 eV can be assigned to Mn?* and
Mn®" states respectively [41,42]. Additionally, the Mn 3s peak is split
into two components with a binding energy difference of 5.4 eV (Fig. S7)
and the O 1s: Mn 2p3/5 intensity ratio is 1.0 confirming the formation of
the Mny03 compound [43,44]. For the NiOy catalyst, the peaks in the Ni
2p spectrum at 854.0 eV, 872 eV, and 855.7 eV, 873.3 eV can be
assigned to Ni?* and Ni®* valence species respectively (Fig. S5d) [45].
While this assignment is widely used, it remains highly debated due to
the multiple splitting of Ni%>* and Ni*>* photoemission peaks that make
deconvolution challenging. However, for simplicity, we adopt the
assignment described above while acknowledging the potential quan-
tification challenges it may introduce [46]. This indicates that the
catalyst surface contains Ni in the II and III valence states. The O 1s
spectra can be fitted to three peaks at 529.8 (+0.3) eV, 531.6 (+0.1) eV
and 533.3 (£0.6) eV which were attributed to M-O (M = Co, Fe, Mn, Ni),
M-OH (M = Co, Fe, Mn, Ni), and adsorbed water molecules, respectively
(Figs. S5e-h). Fig. S8 presents the N2 adsorption-desorption isotherms
and the corresponding pore size distributions of monometallic oxides.
The observed Type IV isotherms featuring a hysteresis loop are indica-
tive of mesoporous structures, which are likely attributed to the inter-
layer spacings inherent to nanosheet morphology. The specific surface
areas were determined using the Brunauer-Emmett-Teller (BET) method
with a multipoint analysis. Among the monometallic oxides, MnOy
exhibited the highest specific surface area (200 m? g~1), consistent with
localized pore distribution of 5 nm. In contrast, CoOyx displayed the
lowest surface area (49 m> g’l) and broad mesopore distribution
ranging from 5 to 30 nm, indicating a more compact structure with
limited porosity.

For the electrocatalytic studies, the prepared catalysts were tested in
the GDE batch type half-cell. The commercially available Pt/C-coated
CC (0.2 mg cm’z, 20 % Pt/C, Fuel Cell Store) was also tested as a
benchmark (Fig. S9). Polarization curves were obtained through steady
state chronopotentiometry (SS-CP) and subsequently corrected for the
solution resistance (Rs) measured by galvanostatic electrochemical
impedance measurements (GEIS). Fig. S9 shows the polarization curves
of CoOy, FeOx, MnOy, and NiOy catalysts measured in 1.0 M KOH elec-
trolyte at 25 °C with oxygen gas as reactant feed at 200 ml min~'. At low
current densities (less than 5 mA cm~2), the prepared catalysts showed
identical ORR activity in 1.0 M KOH. The observed ORR overpotentials
match with published results on oxides of Ni, Mn, Fe, and Co reported by
others [47-49]. Upon increasing the ORR currents, CoOy, FeOx, MnOx,
and NiOy showed an increase in overpotential of about 100 mV, 188 mV,
136 mV, and 200 mV, respectively, compared to Pt/C (0.71 vs RHE) at
—100 mA cm 2 in 1.0 M KOH. This demonstrates that the tested cata-
lysts behave similarly at low ORR currents and their activity fades at
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higher current densities. Moreover, for fuel cell applications, catalysts
are subjected to high ORR currents, making it essential to test in a GDE
half-cell at high current conditions in a laboratory setup. Also, another
study using an RDE, showed that the limiting current (<—50 mA cm™?)
of CoOy is much higher than that of NiOy and MnOy, which evidences the
higher number of electrons transferred at high current densities with less
overpotential [18]. Four electron transfer leads to a single step direct
reduction of O, to OH™ while two electron transfer occurs in 2 steps and
requires more energy for complete reduction to OH™ . When 0.5 M NHj;
was added to KOH, the overpotential was further increased to 25 mV, 94
mV, 59 mV, 117 mV, and 57 mV for CoOy, FeOy, MnOy, NiOy, and Pt/C,
respectively, at —100 mA cm~2 (Fig. $9). The shift in overpotential in
the presence of NH3 (0.5 M in 1.0 M KOH) for commercial Pt/C was also
observed by others [50]. This is due to the catalyst poisoning by the
adsorption of N* intermediates, resulting in a reduction of ORR activity
[13]. The ammonia exposure to the catalysts also affects the electro-
chemical surface and area specific activity of the catalyst at applied
overpotential [13]. Moreover, the formation of soluble amine complexes
with metals like Co, Ni and Fe leads to catalyst dissolution in an alkaline
environment that has been extensively reported in metal recovery
technology [51]. At low currents, catalyst poisoning is small as the
overpotential remains relatively constant. To gain deeper insights, the
catalyst kinetics were analyzed using Tafel slopes in 1.0 M KOH
(Fig. $10). CoOx showed a Tafel slope of —111 mV dec ™, suggesting that
the first electron transfer step (M + Oz — MO,, where M denotes an
active surface site) is the rate determining step [52]. For Co based ORR
catalysts, Tafel slope values are similar to those reported by Wu et al.
[53]. Other oxides, FeOx and NiOy showed Tafel slopes of —79 mV dec™!
and —71 mV dec ™! respectively, which also coincide with that of Pt/C at
—77 mV dec™!. These values suggest a pathway that involves the for-
mation of adsorbed oxygen on the oxide species or the adsorption of
oxygen intermediates [52,54]. For the Pt/C, the reported Tafel slopes
are in the range of —66 to —75 mV dec™ ! in KOH electrolyte [50,55]. For
the MnOy catalyst, the Tafel slope is about —116 mV dec™!. In NHj
containing KOH, the Tafel slopes did not significantly change compared
to plain KOH electrolyte, which indicates the ORR mechanism of these
monometallic catalysts are not largely affected by the presence of
ammonia. A mild shift in Tafel slopes for alkaline ORR in the presence of
NHj is caused by the change in the O* species adsorption state on the
catalyst surface that arises from the increased OH™ concentration on
catalyst active sites due to interaction between NH3 and water [50,56].
Nyquist plots reveal an increase in charge transfer resistance (R.) and a
decrease in electrochemically active surface area (ECSA) for the cata-
lysts in NHs-containing KOH electrolyte compared to pure KOH
(Figs. S11, S12). These findings suggest that N* species likely adsorb
onto and block active sites for the ORR. The ORR activity of mono-
metallic oxide catalysts in NHs-containing KOH follows the order CoOx
> MnOy > FeOy > NiOy, consistent with their intrinsic ORR specific
activities normalized to ECSA (Fig. S13). The increase in overpotential at
—100 mA cm ™2 showed that the studied monometallic oxides are less
stable at high currents with low catalyst activity towards ORR.

2.2. Synthesis, characterization and electrochemical studies of bimetallic
Co oxides

To further improve the ORR activity and to develop stable, ammonia
tolerant ORR catalysts, bimetallic oxide catalysts were investigated.
Among the monometallic oxides evaluated (CoOx, MnOy, FeOy, NiOy),
CoOx demonstrated the highest activity at low overpotentials, making
Co the optimal choice for bimetallic oxide design. Studies have shown
that Co can form spinel phases either as a pure compound or in mixed
systems with Fe, Mn, Ni, and Zn [57-60]. In addition, Co based spinel
oxides have attracted increasing attention due to their facile synthesis,
cost-effectiveness, and robust stability in alkaline ORR. DFT calculations
showed that octahedral Co>" species in spinel structure possess optimal
binding interaction of the oxygen species with the active center, Co d-
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orbitals, thus promoting ORR electrocatalytic activity [61]. Moreover,
the Co based spinels have also shown remarkable ORR activity in the
presence of organic substances such as methanol, ethanol and ammonia
[62-64]. Consequently, we aimed to synthesize bimetallic catalysts
(MnCoOy, FeCoOy, NiCoOy) to evaluate ORR performance and also to
understand the effect of spinel formation on catalytic activity.

2.2.1. Effect of Mn on Co oxides

To start with, bimetallic Co oxides containing Mn using two different
Mn:Co molar ratios—1:2 and 2:1—referred to as MnCoOx-1 and
MnCoOx-2, respectively were synthesized. The bulk metal ratio of the
prepared catalysts was determined with X-ray fluorescence (XRF)
analysis (Table S4). The bimetallic MnCoOx (MnCoOx-1 and MnCoOx-2)
showed the nanosheet surface morphology (Fig. S14). pXRD measure-
ments unveiled that both Mn containing oxides MnCoOy-1 and MnCoOx-
2 have a AteBoctO4 spinel structure suggesting the formation of
Co2.43Mng5704 [Co[C01.43Mng57104]1 and  Cop74Mn1 2604 [Co
[Cop.74Mnj 26]104] spinels respectively (Fig. 2a, b, S15, Table S4)
[65-67]. These catalysts display Co-rich and Mn-rich phases, respec-
tively [68]. Peaks at 18.5°, 31.2°, 36.7°, 45.6°, 55.1°, 59.2°, 64.8°, and

—_
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~
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77.4° are indexed to (111), (220), (311), (400), (422), (511), (440), and
(533) respectively. The transmission electron microscopy (TEM) images
of MnCoOy-1 reveal a nanostructured material with crystalline domains
and planar morphology. The low magnification image shows agglom-
erated nanoparticles, while the high-resolution TEM confirms the crys-
tallinity through the visible lattice fringes (Fig. 2c¢, d). Further, the
diffraction contrast variation in the Bright-Field-TEM image supports
the polycrystalline nature, which is evident from the multiple diffraction
spots in the Selected Area Electron Diffraction (SAED) (Fig. 2e). The XPS
survey spectra of MnCoOx-1 and MnCoOx-2 are shown in Fig. S16,
confirming the presence of Mn and Co elements at the surface. The Co 2p
spectra (Figs. 2f, S17a) of the MnCoOx-1 and MnCoOy-2 showed peaks at
779.5-780.5 eV and 794.5-795.5 eV corresponding to Co 2ps,» and Co
2p1 /2, respectively, with the energy spacing of 15.4-15.5 eV indicating
the presence of Co (III) complexes [69]. The deconvoluted 2ps3,, peak
was fitted with Co®t and Co®" species at 779.9 + 0.1 eV and 781.4 +
0.2 eV, respectively, and the peaks at 795.0 + 0.2 eV and 796.6 + 0.3 eV
were fitted for Co>* and Co?* species of 2p; . The Mn 2p core levels of
MnCoOx-1 and MnCoOy-2 consisted of 2ps,, and 2p; /5 peaks at 642.0 eV
and 653.5-653.6 eV with a spin orbital splitting of 11.6-11.8 eV which

: : v
3 —
© o™
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=
2 o o >
) N = =
= N < Lo

553

_—
—
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Fig. 2. Characterization of MnCoOy-1: (a) pXRD spectra, (b) Co[Co Mn]O4 random spinel lattice model, (¢, d) TEM micrographs, (e) SAED pattern, (f-h) XPS core
levels of Co 2p, Mn 2p, and O 1s, and (i) EDX elemental mapping highlighting Mn (j) and Co (k) distributions in MnCoOx-1.
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corresponds well with previously published findings with dominant
Mn%* species (Figs. 2g, S17b) [57,70]. These core levels could be
deconvoluted into two Mn species, Mn?* and Mn>®" at 641.7-641.8 eV,
653.1-653.5 eV and 643.6-644.0 eV, 654.8-655 eV respectively [71].
This shows that the synthesized catalysts contain the presence of
multivalent Co (II, III) and Mn (II, III) species on the surface which is
expected for the random spinels. All the satellite peaks are labelled as
“sat.”. The O 1s spectrum was fitted to three peaks at 529.6 eV, 531.2 eV
and 533.4 eV were linked to M-O (M = Co, Mn), M-OH (M = Co, Mn),
and adsorbed water molecules species, respectively (Figs. 2h, S17c).
EDX analysis revealed that MnCoOy-1 and MnCoOx-2 showed a uniform
elemental distribution without any segregation of Mn and Co (Figs. 2i-k,
$18). The specific surface areas of MnCoOx-1 and MnCoOx-2 are shown
in Fig. S19. MnCoOx-1 exhibits a specific surface area of 128 m? g_l and
a pore volume of 0.20 cm® g7}, while the MnCoOy-2 sample shows a
surface area of 143 m? g ™! and a pore volume of 0.49 cm® g~*. MnCoO,-
1 displays a more localized pore size distribution centred around 5 nm,
indicative of a more uniform and compact pore structure, possibly due to
denser packing with crystalline domains dominated by CoO. In contrast,
the MnCoOx-2 confirms the presence of multiple mesoporous domains
likely arising from irregular intersheet spacing within the nanosheet
morphology, which spans a range of 5-40 nm.

The MnCoOx-1 and MnCoOx-2 samples were tested for electro-
chemical ORR activity in 1.0 M KOH in the presence and absence of 0.5
M NH;3 with O, as gas feed in a batch GDE half-cell (Fig. 3a, b). Both the
tested catalysts, MnCoOx-1, and MnCoOy-2 showed good ORR activity in
KOH with an increase in overpotential of 50 mV, and 150 mV, respec-
tively at —100 mA cm ™2 compared to Pt/C (Fig. 3c). Additionally, the
MnCoOx-1 sample showed enhanced ORR activity compared to CoOx.
This is primarily influenced by the presence of Mn in Co spinel for ox-
ygen electrocatalysis [71-73]. A recent study on MnCoOy suggests that
the presence of Mn multi-valence species (Mn?*, Mn3*, Mn*") specif-
ically Mn®" at octahedral sites, enhances the ORR activity of cobalt

Chemical Engineering Journal 522 (2025) 167192

spinel [25]. Also, the cation amount to Co ratio greatly influences the
ORR activity [75]. This causes the varied ORR performance when the
ratio of Mn:Co is changed (Fig. 3c, Table S4). In NH3 containing KOH,
the ORR overpotential at —100 mA cm 2 of MnCoOx-1 and MnCoOy-2
increased by 5 mV and 112 mV, respectively, compared to standard KOH
electrolyte (Fig. 3c). At low current densities, specifically below —10
mA cm 2, both MnCoO, samples exhibited identical overpotential for
ORR meaning that the catalysts have similar intrinsic activity and the
different behavior at higher current density is attributed to a difference
in coverage by adsorbed species. Nyquist plots showed lower transfer
resistance for MnCoOx-1 than MnCoOx-2 towards ORR in presence of
NH3 (Fig. S20). MnCo oxides showed similar ECSA in 1.0 M KOH. In
presence of NHs, the ECSA of MnCoOy-2 degraded compared to the Co
rich MnCoOx-1 catalyst (Fig. S21). Thus, MnCoOx-1 exhibits a more
effective ammonia tolerance for alkaline oxygen reduction than
MnCoOy-2.

2.2.2. Effects of Fe and Ni on Co oxides

To further check the effects of Fe and Ni on Co, FeCoOy and NiCoOy
catalysts were synthesized with Fe:Co and Ni:Co ratios of 1:2 and 2:1,
named as FeCoOx-1, FeCoOx-2, NiCoOx-1, and NiCoOx-2, respectively,
using a method similar to that for the MnCoOx catalyst. These catalysts
exhibited morphology and chemical composition comparable to that of
the MnCoOy catalyst, with detailed characterization provided in
Table S5 and Figs. S22-S29. The electrochemical activity of FeCoOx-1,
FeCo04-2, NiCoOy-1, and NiCoOy-2 were evaluated in 1.0 M KOH in the
presence and absence of 0.5 M NHj (Fig. S30). In KOH electrolyte,
overpotentials about 160 mV higher compared to Pt/C, were observed
for FeCoOx-1 and FeCoOy-2. With NH3 containing KOH electrolyte, the
ORR activity of FeCoOx-1 is diminished, while that of FeCoOx-2 per-
formance remains unchanged. This suggests that FeCoOx-2 is tolerant to
NHj3, however, the overall activity is less than that of MnCoOx-1. For the
NiCoOy-1 and NiCoOy-2 catalysts, overpotentials at —100 mA cm 2 that
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Fig. 3. (a) Schematic representation and (b) photograph of batch type GDE half-cell, (c) SS polarization plot of MnCoOy-1, -2 in KOH with and without NHj, and (d)
SS Tafel plot of MnCoOy-1, -2 in KOH with and without NHs. The tests were done with an O, flow rate of 200 ml min~! at atmospheric pressure and temperature
at 25 °C.
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were 140 mV and 90 mV higher, respectively, compared to Pt/C were
observed. In NH3 containing KOH, the overpotential increased by a
further 65 mV, indicating catalyst poisoning. At low current densities,
specifically below —10 mA cm ™2, all the synthesized bimetallic oxides
exhibited identical overpotential, proving that the catalysts have the
same intrinsic activity. However, at —50 mA cm 2 and above, catalysts
suffer poisoning by N* containing species except for MnCoOx-1. In
addition, the overpotential of MnCoOx-1 for ORR above —75 mA cm2in
the presence of ammonia is like that of Pt/C, indicating its potential as
an alternative lower cost catalyst for DAFCs (Fig. S31). The overall
improved activity of MnCoOx-1 comes from the Mn incorporation into
CoO octahedral sites. This was also previously reported where the au-
thors found that Mn addition to the Co facilitates Co>* reduction during
the ORR and inhibits the formation of Mn3O4 which is less active [18].
The synergistic interaction between the valence states of Mn (11, III) and
Co (II, III) improves the ORR activity which is less prominent with Fe
and Ni on Co in FeCoOy and NiCoOy catalysts [76]. In our kinetics
investigation, MnCoOy-1 exhibits a Tafel slope of —56 mV dec ™! in KOH
(Fig. 3d). In NH3 containing KOH, it is —55 mV dec_l, showing the faster
kinetics towards ORR compared to other bimetallic oxides where the
Tafel slopes lie in the range of —80 to —145 mV dec! (Figs. 3d, S32).
This value lies close to the reported Mn—Co catalysts (—43 to —80 mV
dec™) for alkaline ORR [50,55,771. Notably, the Tafel slope of MnCoOx-
1 is close to that of Pt/C (—67 mV dec™1). This is consistent with reports
that suggest the adsorbed oxygen coverage mechanism for ORR, that is,
high coverage of oxide species or the adsorbed oxygen intermediates
[52,54]. On the other hand, NiCoO-2 and FeCoOx-2 exhibited the Tafel
slopes ~—120 mV dec™! which is associated with the first electron
transfer step as the rate determining step. Other bimetallic catalysts
showed —80 to —100 mV dec ! which is caused by a mixed mechanism
[74]. FeCoOx and NiCoOy catalysts exhibit comparable charge transfer
resistance and electrochemically active surface area, as demonstrated by
Nyquist plots and cyclic voltammograms respectively (Figs. S33, S34).
Additionally, the intrinsic ORR activity of the catalysts was assessed
using ECSA-normalized current densities, revealing that MnCoOx-1 ex-
hibits a lower overpotential than FeCo and NiCo catalysts (Fig. S35).
The Mn content in MnCoOy catalysts was increased by adjusting the
precursor electrochemical bath to a Mn:Co molar ratio of 1:1, and the
ORR activity was evaluated. The resulting MnCo (1:1) catalyst exhibited
ORR activity comparable to that of MnCoOx-2 in NHs-containing KOH
medium, as shown in Fig. S36. Additionally, the annealing temperature
of MnCoOx-1 (MnCo 1:2) was varied to 200 °C and 400 °C to assess its
effect on ORR activity (Fig. S37). Samples annealed at 200 °C displayed
reduced ORR activity, likely due to the formation of a non-spinel phase.
In contrast, samples annealed at 400 °C showed ORR activity compa-
rable to that of MnCoOy-1 annealed at 300 °C in both KOH and NH3s-
containing KOH media. These results indicate that optimal Mn:Co ratios
and sufficient crystallinity are critical for maximizing ORR activity. The
studied mono- and bimetallic catalysts exhibit ORR performance com-
parable to that reported in recent studies (Table S6). Specifically, the
MnCoOx-1 catalyst, synthesized via electrodeposition, demonstrated
high oxygen reduction reaction (ORR) activity and NHj tolerance in
NHj3-containing KOH electrolyte under the tested conditions.

2.3. In-situ Raman study of the active MnCoO,-1 catalyst

Since MnCoOx-1 exhibited the highest ORR activity among the tested
bimetallic oxides, we conducted further structural characterization
using in-situ Raman spectroscopy. Measurements were performed in 1.0
M KOH and 1.0 M KOH containing 0.5 M NHg, using an in-situ GDE
Raman cell (Fig. S38). Five Raman active peaks are located at about 192,
428, 488, 616, and 688 cm ™ corresponding to the characteristic bands
(A1g + Eg + 3F2g) of Co304 [78]. Further, peak positions are shifted by a
few wavenumbers due to the phonon confinement effect which is
consistent with previous reports [79]. As revealed by in-situ Raman
studies, the MnCoOx-1 catalyst did not experience substantial changes in
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the positions of the Raman-active peaks when scanning from low to high
current densities, both in the presence and absence of NH3 in KOH
(Fig. 4a, b). This suggests that catalyst structure and random spinel
lattice AtetBoctO4 were maintained during the ORR. When the scan di-
rection of the applied current densities was reversed, that is, from —25
mA cm 2 to 0 mA cm ™2, the Raman spectra were restored back to the
initial state, implying that the MnCoOx-1 structure remained stable
during the ORR (Fig. S39). Overall, electrochemical and in-situ Raman
studies imply that the octahedrally coordinated Mn and Co cations in the
spinel structure of MnCoOx-1 exhibit stable and improved ORR activity
in both plain KOH and NHj3 containing KOH compared to monometallic
and other bimetallic oxides.

2.4. AST on MnCoOy-1 in a batch type GDE half-cell

When the electrodeposition charge density was adjusted to 0.1 and
1.5C cm ™2, to vary the loading of MnCoOy-1 the best ORR activity in the
presence of NH3 was observed at 0.5C em ™2 (Fig. S40). Examination of
the surface morphology shows that lower loadings provide insufficient
surface coverage for catalysis, while high loadings impede reactant gas
access to the bulk due to excessive coverage (Fig. S41). Additionally,
XRF analysis verifies that the Mn: Co ratio remains consistent across
different loadings (Table S7). MnCoO,-1 was examined further for sta-
bility under AST conditions. The AST condition was adapted and
modified from Du, et al. by applying load cycles combined with start-up
or shut-down conditions [80]. For the batch cell type measurements, the
load cycles were performed by applying the current densities between
—25mA cm 2 and —50 mA cm ™2, each for 10 s. The detailed protocol is
shown in Fig. S42. Fig. S43a shows the polarization curves before and
after AST in 1.0 M KOH containing 0.5 M NHjs at 25 °C. Under low
current densities, there is no significant change in overpotential. There is
an increase in 35 mV overpotential at —100 mA cm ™2 after the 9 h of
AST. The Nyquist plots from GEIS at current densities of —25 mA cm ™2
and —50 mA cm ™2, showed that the charge transfer resistance remains
unchanged after the AST (Fig. S43b). Thus, the AST and EIS results
signify that under the tested conditions, the MnCoOx-1 catalyst showed
good stability for alkaline ORR in the presence of NHs. Upon examining
the morphology, the catalyst exhibited a polycrystalline nature, but the
sample after AST displayed increased crystalline disorder (Fig. S43c, d).
The catalyst chemical species were also analyzed before and after AST
(Fig. S43e-g). XPS characterization revealed band splitting between Co
(Co 2ps,2 and Co 2p;,3) and Mn (Mn 2p3,, and Mn 2p;,5) are still
maintained at 15.5 eV and 11.8 eV respectively which indicates that the
Mn and Co chemical valence species were stable over the 9 h of AST
operating condition. The atomic composition between Co and Mn was
determined before and after the AST. The relative at. % of Co on the
surface showed a reduction of 3 %. It must be noted here that there
might be some loss when removing the substrate sandwiched from the
membrane. XPS measurements showed the presence of Si impurities that
may arise from the substrate (also detected before the AST) and the AEM
(Fig. S44). In summary, after 8 h of AST, the minimal increase in over-
potential, combined with less structural degradation, proved that
MnCoOy-1 was ammonia tolerant under the tested ORR conditions.

2.5. AST on MnCoOy-1 in a MEA type GDE half-cell

To further evaluate the catalyst performance and to mimic the
realistic test evaluation in an MEA, the MnCoOyx-1 was tested under
different backpressure conditions in an in-house developed 1.0 cm? flow
field type zero gap cell for the three-electrode GDE half-cell measure-
ments (Fig. 5a-c). The GDE half-cell consisted of a reversible hydrogen
electrode (RHE) as the reference electrode, carbon felt as the counter
electrode, Fumasap FAA-3-50 as the AEM, and catalyst coated CC as the
working electrode. The effects of backpressure, KOH electrolyte con-
centrations, and the effect of ammonia concentrations were initially
evaluated in MEA type half-cells (Fig. S45). On increasing from
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Fig. 4. In-situ Raman spectra of MnCoOx-1 at different applied current densities in (a) KOH and (b) KOH + NHj electrolyte.
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Fig. 5. (a) Schematic representation and (b) digital photograph of zero-gap three electrode flow type GDE half-cell setup, (c) AST protocol of flow cell test.

atmospheric pressure to 0.5 bar backpressure of O, there is a reduction
in overpotential of 40 mV at 1.0 A cm™2. Further increasing to 1.5 bar
backpressure, significantly reduced the overpotential to about 75 mV.
The reduction in ORR overpotential is likely due to an increase in
gaseous reactant on the catalyst surface. Therefore, for further tests, 1.0
bar back pressure was used and the KOH concentrations were varied.
The increase in KOH molarity did not substantially reduce the over-
potential which further supports that alkaline ORR needs O, as a reac-
tant to produce OH™ ions. In addition, the catalyst stability test at a high
concentration like 3.0 M KOH is necessary as the anolyte concentration
at the anode for DAFC is usually high, enhancing NH3 crossover, and
affecting the overall cell performance. Then, the NH3 concentration was
increased in 3.0 M KOH at 1.0 bar backpressure confirming that a higher
ammonia concentration increases the overpotential to about 80 mV at
1.0 A em 2. This is likely catalyst poisoning due to the presence of a high
concentration of adsorbed N* species. The apparent activation energy
(Ep) at 0.55 V is found to be 17 kJ mol~! which lies close to the reported
value for Pt and Pd catalysts ~20 kJ mol~! in KOH electrolyte (Fig. S46)
[81]. The difference in E, also depends on the measurement setup (RDE

vs GDE) used as previously reported by V. Gridin, et al. [82]. The
MnCoOy-1 samples were examined further for the stability performance
under AST at 1.0 bar backpressure with Oy and compressed air as gas
feed at varying temperatures (40 °C, 80 °C) and NH3 concentration (1.0
M, 3.0 M) in 3.0 M KOH electrolyte. For load cycles, currents were
switched between —75 mA cm ™2 and —150 mA ecm ™2, holding each step
at 10 s over several hours (Fig. 5c, Table S8). At 80 °C, with compressed
air as feed, the potentials were about 400 mV and 200 mV with respect
to RHE at —75 mA cm ™2 and —150 mA cm ™2 current densities, respec-
tively. SS polarization curves showed that the catalyst overpotential was
not considerably increased after the stress test which confirms that the
MnCoOy-1 catalyst is relatively stable under these tested conditions
where the normal DAFC operates (Fig. 6a, b). The high-resolution TEM
image after AST-1 confirms the presence of a crystalline structure
(Fig. 6¢). MnCoOx-1 was tested using O gas feed under the same con-
ditions and the overpotential at —500 mA cm ™2 increased by 25 mV after
the AST (Fig. S47). In contrast, for different tested conditions, the
overpotential at —500 mA cm 2 did not significantly increase after the
AST. With 1.0 M NHj3 concentration in 3.0 M KOH at 80 °C, both with
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and temperature at 80 °C.

compressed air and O3 as gas feed, the overpotential increased to 20 mV
and 10 mV, respectively, after AST. This explains that nitrogen species
poisoning is minimal due to the lower NH3 content in the electrolyte
compared to 3.0 M NHj electrolyte tests. At a lower tested temperature,
40 °C, the overpotential increases by 40 mV and less than 5 mV for
compressed air and O feed, respectively. This observation agrees with
the fact, that catalyst poisoning on the catalyst surface reduces with
increasing temperature [83]. The overpotential is quite high for the
compressed air as reactant feed compared to pure 100 % O feed at any
tests, which is likely due to the lower partial pressure of Oy in air than
pure O gas as feed. Also, the presence of other gases such as Ny, could
significantly reduce the O, molecules reaching the catalyst electrode
surface. This proves that for the long stable operation of DAFC or NHg
containing fuel cells, the cell needs to be operated at higher tempera-
tures to minimize the cathode catalyst poisoning through membrane
crossover. After the AST, the morphological and chemical speciation of
the catalysts were analyzed. The morphology of MnCoO,-1 did not vary
as confirmed by the SEM images in Fig. S48. TEM images revealed that
MnCoOy-1 morphology turned into folds, and the flake size increased
while the overall morphology was preserved with minor distortions
(Figs. S49a, 6¢). SAED shows polycrystallinity was partially maintained
while indicating a degree of amorphorisation after AST-2 (Fig. S49b).
The valence states of the chemical species, Co and Mn also showed no
change as supported by post-mortem XPS analysis except with the minor
change (1-3 %) in relative metallic content on the catalyst surface
(Figs. 6(d-f), S50). This shows that there is a minimal leaching of Co
atoms during the ORR. The above AST and post-AST analyses further
provide evidence that MnCoOx-1 could be a suitable NH3 tolerant ORR
catalyst for AEM-DAFC applications (Table S9). We note here that
comprehensive testing of electrocatalysts under GDE conditions resem-
bling practical application, using flow-cell-type GDE with variable
backpressure, elevated temperatures, and high NH3 concentrations for
the alkaline ORR, is not standard at the time of writing this article.

3. Conclusions

To sum up, we synthesized mono-metallic oxides of Ni, Fe, Co, and

Mn and bimetallic oxides of M-Co (M = Mn, Fe, Ni) through electro-
deposition technique. Monometallic oxides showed low activity and
suffered serious NHs poisoning for alkaline ORR. The bimetallic cata-
lysts, FeCoOy, MnCoOy, and NiCoOy showed better ORR activity than
monometallic catalysts. Specifically, the catalyst MnCoOx-1 showed
excellent NH3 tolerance for the alkaline ORR and exhibited low Tafel
slopes in NHs containing KOH electrolyte. In-situ Raman studies
demonstrated that MnCoOx-1 does not undergo substantial structural
change as the Raman spectra peaks, three Faq, E1g, and A;; were main-
tained at —25 mA cm™2 in GDE conditions. The NHj3 tolerant ORR sta-
bility was evaluated in both batch type and the MEA- mimicking GDE
flow cells through AST. The increase in overpotential at —500 mA cm >
is about 25 mV after the AST at 80 °C with O, as gas feed in 3.0 M KOH
containing 3.0 M NHjs. Furthermore, using compressed air as reactant
feed, under the tested conditions, the MnCoOx-1 survived with the
overpotential only increasing by 46 mV after AST. The microscopic
morphology and metallic ratio were maintained after several hours of
operation as confirmed with SEM and XPS analyses. Overall, these re-
sults conclude that MnCoOy-1 is one of the best NHj tolerant catalysts
that can potentially be used in AEM-DAFC applications. Moreover, since
the activity, overpotential and Tafel slopes of MnCoOx-1 lie very close to
the benchmark Pt/C at high currents, it could also be an alternative
cathode catalyst to Pt/C for AEM-DAFC applications.
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