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A mixed oxide with the crystal structure of the DyMnOs family, namely NdMn; sRu 505, is reported active for
the oxygen evolution reaction (OER) in acidic media. NdMn; sRug 505 displays high OER activity of 500 A gge at
1.5 V. Moreover, is more stable than most Ru oxides reported to date, remaining active for more than 500 cycles
between 1.1. and 1.7 V at low scan rate of 10 mV s~'. The high activity and stability are attributed to the Ru
cations, as NdMnyOs exhibits very low OER activity. NdMn; sRug 505 has particularly short Ru-Ru distances of
2.60 A, a value close to the Ru-Ru metallic distances around 2.642 A. The high activity and durability of
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NdMn; sRug 505 for the OER are also demonstrated in a proton exchange membrane water electrolysis cell by
producing a low-loaded anode electrode with 0.5 mggucm™2. The cell achieves 1.97 V at 0.5 A cm™2, consistent
with the performances reported for Ru-based catalysts but with lower Ru loading. This performance is main-
tained during 100 h of operation. Additionally, NdMn; sRug 505 displays visible ORR activity in acidic media,
recording an onset potential of 0.85 V at 0.1 mA cm 2. It is noteworthy to highlight the extreme rarity of
bifunctional ORR/OER catalysts acidic media.

1. Introduction

Water electrolysis is considered as the technology of choice for
producing Hy from decarbonized renewable electricity [1,2]. The
overall electrochemical reaction for water splitting comprises two
half-cell reactions: the oxygen evolution reaction (OER) and the
hydrogen evolution reaction (HER). The kinetics for the OER are notably
slow, proceeding at measurable rates (current) when the potential is
driven away from equilibrium (overpotential) towards more positive
potentials, E > 1.23 V. Among electrolysis technologies, proton ex-
change membrane water electrolysis (PEMWE) offers several advan-
tages for Hy production from renewable electricity. It has a very fast
response, enabling adaptation to fluctuations in solar and wind energy.
PEMWE achieves high current densities at moderate voltages, yielding
highly pure Hy that can be pressurized within the system [1,2].

However, the harsh conditions of the OER, such as high potential,
low local pH, and high oxygen species content, ultimately determine the
materials suitable for use in PEMWESs. To date, IrOx-based catalysts are
the only ones capable of withstanding those harsh conditions in the
anode electrode [3,4]. Nevertheless, there is an ongoing debate about
whether the scarcity and high cost of Ir (around 4600 $/troy oz) may
restrict the large-scale production, in the terawatt (TW) scale, of
PEMWE:s [5,6]. Recently, it has been proposed that increasing Ir-specific
power density to around 0.1 mgy/W, from today’s values ranging be-
tween approximately 0.34 to 2.0 mg;,/W, along with Ir recycling, could
enable the implementation of PEMWE technology at the TW scale by
2050 [7]. This would only be possible by combining the development of
advanced electrocatalysts, such as mixed oxides of Ir and/or Ru [4,8,9],
while optimizing the structure of other electrolyzer components,
including porous transport layers (PTLs) and membranes [10].

A promising approach is to replace Ir with Ru, as it could potentially
reduce the cost of the anode electrode by up to one order of magnitude,
given that the price of Ru is approximately 465 $ per troy oz [5].
Additionally, this substitution would broaden the range of elements
utilized in the anode of PEMWESs. Recently, Ru oxides and mixed oxides
have demonstrated activity for the OER in acidic media [11]. However,
in many instances, their durability is notably low due to the
potential-induced transformation of stable Ru** to unstable Ru > **
[12-14], resulting in its dissolution in the electrolyte. Several strategies
are currently being explored to enhance the activity and, especially, the
durability of Ru electrocatalysts for the OER. For example, Ru oxide has
been modified to maximize its exposed surface area in structures such as
nanoparticles or nanosheets [15,16], ultimately leading to the design of
catalysts based on Ru single atoms [17]. RuO, doping with cations of
certain elements such as Sn, W, Ti, etc., has shown success in improving
catalytic performance and durability [18-22]. Particularly, the intro-
duction of Nd into RuOy has been reported to stabilize high-valence Ru
cations, preventing the dissolution of Ru during the OER [23]. In some
cases, Ru has been used as a promoter rather than the active phase, such
as in Ru-MnO, [24].

Mixed oxides are garnering considerable attention as electrocatalysts
for the OER [4]. Concerning Ru-mixed oxides, perovskites like SrRuO3
exhibit very high activity but low durability [12,13,25]. Efforts to
improve their stability have been addressed by partial doping with
monovalent cations such as Na™ or K" [26,27], resulting in increased
OER activity and durability, as well as the design of complex structures
like the quadruple perovskite CaCugRusO;2 [28]. Currently, Ru

pyrochlores are probably the most promising Ru-mixed oxides for the
OER, boasting significantly higher durability than perovskites while also
exhibiting high activity [29-36]. Furthermore, it’s worth noting that
some platinum group metal (PGM)-free electrocatalysts for the OER in
acidic electrolyte, particularly Mn-oxides typically doped with elements
like Fe, Co, Sn, etc., have been shown OER activity [37]. However, these
Ru-free Mn-based catalysts are usually evaluated under operation con-
ditions far from those suitable for PEMWEs, namely low current den-
sities, <10 mA cm ™2, with only a few studies conducted at a current
density of 100 mA cm 2 or higher [38-40].

It is not uncommon for metal oxide-based electrocatalysts to display
bifunctional activity in alkaline electrolyte. This means that they possess
both OER activity and activity for the oxygen reduction reaction (ORR)
in alkaline conditions. However, it is extremely rare for metal oxides to
show ORR activity, and even less common for them to exhibit combined
ORR and OER activity, in acidic electrolyte. To the best of our knowl-
edge, only certain Ti- and Zr-based oxides have been reported to be
active for the ORR in acidic electrolyte [41-44]. Furthermore, only
F-Cu; 5Mn; 504 and CupMnO4-H;0-OFx have been reported to be active
for both the OER and the ORR in acidic electrolyte, with bifunctional
indexes (BI) of 0.75 and 1.4 V, respectively [45,46].

In this study, we present the mixed oxide NdMn; sRup 505 as an
electrocatalyst for the OER in acidic electrolyte, which also exhibits
activity for the ORR. The material is isostructural with DyMnyOs (space
group Pbam) and contains infinite chains of (Mn,Ru)4+06 octahedra
sharing edges, linked by dimeric (Mn)3>*Os units. The crystal structure
shows a contraction of the c axis, with Ru-Ru distances between the
octahedra resembling those found in metallic Ru. The high OER activity
and durability of NdMn; sRug 505 is attributed to the occupation of Ru
atoms in octahedral sites, and probably promoted by the Ru-Ru
metallic-like distances. Additionally, our study demonstrates that
NdMn; sRu 505 also displays activity for the ORR in acidic electrolyte,
resulting in a bifunctional catalyst with a BI of 0.88 V, which is among
the lowest reported in the literature.

2. Experimental
2.1. Synthesis of NdMnj sRug 505 mixed oxide

NdMn; sRups05 was synthesized using the citrate technique,
following a protocol outlined elsewhere [47]. Initially, stoichiometric
amounts of the oxide precursors —0.5028 g of Nd2O3 (Aldrich, 99.9%),
0.5124 g of MnCOj3 (Aldrich, > 99.9%) and 0.1977g of RuO; (Aldrich
99.9%)-were dissolved in 100 mL of a citric acidic solution (0.52 M)
with 5 mL of HNO3 (Alfa Aesar, 68-70%), under vigorous magnetic
stirring. Subsequently, the suspension was evaporated at approximately
100 °C, resulting in an organic resin with homogeneously distributed
cations. The mixture was then dried at 140 °C and subjected to a thermal
treatment in a horizontal furnace under static air at 600 °C (heating
ramp of 2°C min~1) for 12 h and 800 °C (heating ramp of 1.67 °C min 1)
for 2 h. Finally, the solid was annealed at 800 °C for an additional 12 h in
air.

2.2. Catalyst physicochemical characterization

The crystal structure of NdMn; sRug 505 was analyzed using an X-ray
polycrystal PANalytical X’Pert PRO with CuKa radiation (1.541874 A).
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Diffractograms were obtained with a step size of 0.04° and an accu-
mulation time of 20 s per point. The refinement of the crystal structures
was performed using the Rietveld method and the Fullprof crystallo-
graphic program [48,49].

XPS measurements were conducted using a customized SPECS
apparatus equipped with a non-monochromatic X-ray source XR 50 and
a hemispherical energy analyzer PHOIBOS 150. X-ray Mg K-line
(1253.6 eV) was used as excitation source (operating at 200 W/12 kV).
Survey spectra, as well as the energy regions of the elements under study
(Ru 3d, Mn 2p, and Nd 3d) were scanned at increments of 0.1 eV and a
fixed pass energy of 20 eV. Charge effects were accounted for by setting
the C 1s core-level peak at 284.6 eV. The obtained spectra were analyzed
using XPS Casa Software and a combination of Lorentzian and Gaussian
peak shapes. A Shirley-type background was used for peak analysis.

TEM micrographs were obtained using a JEOL 2100HT microscope
at 200 kV. The microscope is equipped with an INCA OXFORD detector
for compositional analysis through X-Ray Energy Dispersive Spectros-
copy, EDS. The deposition was carried out by preparing a highly diluted
suspension of the catalyst under investigation in ethanol.

An Inductively Coupled Plasma (ICP) Atomic Emission Spectrometer
PERKIN ELMER mod. OPTIMA 2100 DV was used for the analyses.
Samples for analysis consisted of electrolyte collected post-mortem, along
with a blank containing 0.1 M HCIO4 electrolyte.

2.3. Electrochemical characterization

The OER and ORR performances of the NdMn; sRug sOs catalyst
were initially assessed in acidic electrolyte using a rotating disk elec-
trode (RDE). Experiments were conducted using a three-electrode cell
with an Ag/AgCl (3 M) reference electrode and a graphite rod as the
counter electrode. The reference electrode was calibrated by recording
the hydrogen evolution reaction in an Hy-saturated 0.1 M HClOj4 elec-
trolyte, using a Pt wire as the working electrode. The electrolyte
employed in this study, namely 0.1 M HClO4, was prepared with HCIO4
(Sigma Aldrich; 70%) and MilliQ water (18.2 MQcm). Electrochemical
measurements were conducted with an Autolab PGSTAT320 N poten-
tiostat/galvanostat controlled by the NOVA 2.1 software. Unless other-
wise specified, potentials are reported versus the reversible hydrogen
electrode (RHE), and are iR-corrected by using the high-frequency
resistance value of 24 Q measured by electrical impedance spectros-
copy (EIS) at open circuit voltage in 0.1 M HCIO4.

For the electrochemical measurements, the desired quantity of
NdMn; sRug 505 was deposited on a 0.196 cm? glassy carbon RDE (Pine
Instruments) as an ink. Prior to deposition, the electrode was polished
with alumina slurry (0.05 pm, PINE) to achieve a mirror ending and then
rinsed with triple-distilled water. The ink containing the catalyst was
prepared by dispersing 5 mg of NdMn; sRupsOs and 1 mg of carbon
black Vulcan-XC-72R (note that carbon Vulcan is used to ensure a better
dispersion of the ink) into 970 pL tetrahydrofuran (THF) and 30 pL of
Nafion 117 solution (5%) with an Ultrasonic mixer UP50H (Hielscher).
The catalyst loading on the electrode was 0.38 mg cm™2.

The OER and ORR polarization curves were obtained by recording
consecutive cyclic voltammograms (CVs) between 1.2 and 1.7 V (OER)
and 1.1 and 0.4 V (ORR) in Oy-saturated electrolyte at a scan rate of 10
mVs~! and 1600 rpm. Following the ORR measurement, a blank vol-
tammogram is recorded in Ar-saturated electrolyte without rotation and
used to correct the double layer contribution. Pure Faradaic currents
were calculated by subtracting the anodic sweeps of the ORRcurrent and
the capacitive current (see Supporting Information). For the assessment
of the production of Oy during the OER and the production of Hy04
during the ORR, a rotating ring disk electrode (RRDE) with a Pt ring, was
used. Further details are given in the supplementary information
section.

For the post-mortem studies, NdMn; sRug 505 was deposited onto a
Toray™ Carbon Paper (Quintech, TP-060-T20) without Nafion to avoid
contamination of the XPS chamber. The catalyst loading was 2.5
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Meatalyst cm ™2 and the area of the electrode was 0.5 cm™2. CVs were
recorded in Og-saturated electrolyte at 10 mVs ! (the electrolyte was
stirred continually) in the potential range of each reaction. Specimens
for post-mortem TEM analysis were collected by gently scratching the
carbon paper after the desired number of cycles.

NdMn; sRug 505 was tested as the anode in a PEMWE cell with an
active area of 4 cm?. To assemble the catalyst-coated membrane (CCMs),
a wet spraying approach was employed. The catalyst was deposited onto
a Nafion 212 membrane placed onto a vacuum heating table (Fuel Cell
Store) heated at 100 °C during catalyst deposition. Throughout the
deposition process, the distance between the spraying nozzle and the
membrane was maintained at approximately 6 cm, resulting in an ink
deposition rate of 2-3 min mL™'. The ink used for catalyst deposition
contained 10 mg of NdMn; sRug 505 in 1 mL of ultra-pure HyO (MiliQ,
18 MQ cm™!) and Nafion® D521 solution (5 wt% in lower aliphatic
alcohols and water), resulting in a final ionomer content of 25 and 30 wt
% for the anode and cathode layers, respectively. This mixture was
sonicated until the catalyst is properly dispersed. Additionally, 1 mL of
isopropanol (IPA, ACS reagent, >99.5%) was added to the mixture and
sonicated for 10 min until a well-dispersed and homogeneous ink was
obtained. After spraying and drying, the CCM was hot pressed at 5 Mpa
and 125 °C. A CCM with NdMn; sRug 505 (0.5 mggy cm™?) at the anode
and Pt/C 40% (0.4 mgp¢ cm2) at the cathode was obtained and tested in
a PEMWE setup optimized for screening cell components. PTLs used in
both anode and cathode electrodes are Ti porous sintered layer (PSL).
This is a Ti mesh on which a Pt coating produced by diffusion bonding is
applied, resulting in PSL/Ti-PTL [50]. For better contact, untreated
carbon paper (Spectracarb 2050A-1050) was placed between the cath-
ode electrode and the PTL. Carbon paper is a state-of-the-art PTL ma-
terial in PEM. Ti bipolar plates (Ti-BPPs) were employed on both the
anode and cathode sides. The polarization curves were carried out gal-
vanostatically at 80 °C and ambient pressure following the JRC
EU-harmonized procedure [51], employing a dwell and consecutive
recording period of 10 s for each current step. Polarization curves up to
0.5 A cm 2 and durability tests at a constant current density of 0.5 A
cm 2 were recorded.

3. Results and discussions
3.1. Crystal structure of NdMn; sRup 505

NdMn; sRug 505 was obtained as a mixed oxide with the structure of
DyMn,0Os (orthorhombic space group Pbam) [52]. The XRD patterns and
the Rietveld refinement of the crystal structure of NdMn; sRug 50s,
along with a scheme of the crystal structure, are shown in Fig. 1.
NdMn; sRupsOs is formed by infinite chains of (Mn,Ru)4+O6
edge-sharing octahedra, which are interconnected by dimeric (Mn)>*Os
squared pyramids and NdOg units. In addition, the refinement of the
crystal structure reveals the presence of 5 % atomic Ru®t in squared
pyramids. As determined from the refinement of the crystal structure by
XRD (Fig. 1), NdMn; sRug 505 presents short Ru/Mn-Ru/Mn distances
of 2.60 A between the octahedra, suggesting the presence of Ru-Ru
metal bonding, since Ru-Ru distance in metallic Ru is 2.642 A and
Mn-Mn distance in metallic Mn is 2.34 A [53,54]. Note that the distance
of 2.60 A is in good agreement with the distances previously reported for
NdMn; sRug 505 from Neutron Powder Diffraction data [47].

3.2. OER and ORR activity of NdMn; sRup 505

Fig. 2a shows the positive-going scan of the cyclic voltammograms
recorded in Oy-saturated 0.1 M HClO4 with NdMn; sRug 50s. The po-
tential at which a current density of 10 mA cm™? is obtained is usually
taken as the metric to benchmark the OER activity of electrocatalysts
[55]. NdMn; sRug 505 records 1.5 V at such current, hence ranking
among the most active Ru or Ir electrocatalysts reported in the literature.
To the best of our knowledge, this activity is only surpassed by



L. Rodriguez-Garcia et al.

(Mn,Ru)O

fik g
# 4

i
U3y v aafl L3
T P iv;{v&

Intensity / a.u.

1 1 |
i NI PPy A Ar"\_.‘...#} 7Y AR oy A oA A AR W Ty A
oy

T T T T

20 40 60 80
20/ deg

Fig. 1. XRD pattern (black crosses) and Rietveld refinements (red line) of the
crystal structure of NdMn; sRug sOs. The small reflection at 33° is 5(2) % of
NdMnOj; impurity. The blue line is the difference between the experimental and
refinement, and the small green lines indicate the Bragg reflections of both
crystallographic structures refined. Inset: Schematic view of the crystal struc-
ture of NdMn; sRuo sOs. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. a) OER (black curve) and ORR activity (red curve) of NdMn; sRug 505 at
10 mV s~ ! and 1600 rpm in O,-saturated 0.1 M HCIO,4. b) OER Ru-mass-specific
activity. Inset: Tafel plot from the OER polarization curves. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

SrRuOs-based catalysts and CaCugRu4O12 [26-28]. This is further
illustrated in Table 1, which compiles the OER performance of the most
active Ru and Ir mixed oxides for the OER in acidic electrolyte. A Tafel
slope of 45 mV dec™! is calculated for NdMn; sRug 505 between 1.35
and 1.45 V (inset of Fig. 2b). This value is very similar to the values
typically reported for Ru catalysts, with Tafel slopes ranging between 40
and 60 mV dec!. Note that Ru Tafel slopes are lower than Ir ones
(Table 1), indicating that the kinetics for the OER are faster on Ru-based
electrocatalysts.

Fig. 2b shows the Ru-mass-normalized activity (i) of
NdMn; sRug 505 for the OER, reaching a iy of 500 A gﬁ& at 1.5 V. This iy
is among the highest in the literature, along with Y2[Ruj Y4107,
Y7 7Srg 3Ru207 and CaCusRu4019, that reach values of 700, 1018, and
1942 A g}{‘} at 1.55 V, respectively [28,35,56]. All of these Ru-based
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Table 1
OER activity of the state-of-the-art Ir- and Ru- mixed oxide catalysts in acidic
electrolyte.
Catalyst Reference  E-iR Tafel im (A Durability test
(V)@  slope SR/
10 (mV @1.55
mA dec) VvV
cm 2
NdMn; sRu 505 Thiswork 1.5 45 520
Y1.85Zn0.15Ru207. [33] 1.521 36.9 After 2000
5 cycles bt.
1.35-1.6 V the
activity
decreases 36
%
YoRux07.5 [32] 1.55 55 300 Stable 10000
cycles bt. 1.35
and 1.6 V@
100 mv s
Nd,Ru,07 [29] 1.58 41 ~250 Loss of activity
after ~6h @
1.56 V
Y>Ru,0, [29] 1.56 40 ~300 Loss of activity
after ~8h @
1.56 V
Gd,Ru,0, [29] 1.59 47 ~200 Loss of activity
after ~8h @
1.56 V
BiyRu,0, [29] 1.59 48 ~200 Loss of activity
after ~12h @
1.56V
Y, ,Sro 3RU20;7 [35] 1.49 44.8 1018
Srg.9oNag.1oRuO3 [26] 1.4 40 Loss of 65% of
initial activity
after 80 cycles
Srg.05K0.0sRUO3 [27]1 1.37 69 56% of the
initial activity
is maintained
after 20 cycles
CaCusRu4012 [28] 1.4 40 1942 @ CP at 10 mA
1.5V cm 2 for 24 h
Y>MnRuO, [34] 1.5 47 700 45h @ 10 mA
cm 2
Dy,MnRuO; [34] 1.51 47 25h @ 10 mA
cm ™2
Tb,MnRuO; [34] 1.54 56 15h @ 10 mA
cm 2
RuO, [29] 1.63 77 CAatl.56 V
for 1h
SrolrOy4 [65] 1.516 45 394 6h @ 10 mA
cm ™2

catalysts exhibit either the perovskite or the pyrochlore structure,
which are currently the only Ru-mixed oxide structures reported active
for the OER in acidic electrolyte. However, this is the first time that a Ru
oxide with a crystal structure from the DyMnyOs family is reported to
display OER activity in acidic media. Therefore, to assess whether the
oxidation current during the OER scans actually corresponds to the
production of Oy, we used a rotating ring disk electrode (RRDE) setup to
monitor the production of Oy. The results are shown in Fig. Slof the
Supplementary Information (SI).

NdMn; sRug 505 is also active for the ORR in acidic media, a rare
feature for oxide-based catalysts. This is a remarkable observation, since
to date, most catalysts endowed with ORR activity in acid media are
based on PtM/C (M = Co, Ni ...) or single atom iron sites, coordinated to
nitrogen atoms in a graphitic carbon network (Fe/N/C) [57-59]. To our
knowledge, only certain Ti and Zr-based oxides have reported activity
for the ORR in acidic electrolyte [41-44]. Fig. 2a shows the
positive-going scan (background corrected) of the ORR polarization
curve recorded in the O,-saturated electrolyte (0.1 M HClO4) at 10
mVs ! and 1600 rpm for NdMn; sRug 50s. As shown in Table S1, the
Eonset and E;j /5 values of 0.85 and 0.56 V, respectively, compare well
with the ORR activity reported for published oxides. Fig. S2a upper



L. Rodriguez-Garcia et al.

panel shows the low production of HyO», indicating that the ORR mainly
proceeds through a 4 e~ pathway. Fig. S2b shows the ORR
mass-normalized activity.

The bifunctional OER/ORR activity of NdMn; sRups0s in acidic
media is worth mentioning since several mixed oxides have been re-
ported to display ORR/OER bifunctional activity in alkaline media
[60-62]. However, to the best of our knowledge, only fluorinated
Cu-Mn oxides are PGM-free bifunctional catalysts in acidic media [45,
46]. The bifunctional index (BI) is defined as the difference between the
potentials needed to reach 10 and -3 mA cm 2 (BI= Eogrj 10 — Eorrj-3)
during the OER and ORR, respectively. NdMn; sRu 505 displays a BI of
0.88 V, showing a remarkable oxygen bifunctional performance com-
parable to that of Pt/C, Ru/C, and RuO,/C, which are 1.02, 1.01 and
0.94 V, respectively [63,64]. F-Cu; sMn; 504 and CusMnO4-H20-OFy
display BIs of 0.75 and 1.4 V, respectively [45,46].

However, the durability of NdMn; sRug 505 during the ORR is rela-
tively low, and the activity decays very fast after 60 cycles, see Table S1
and Fig. S3a. Therefore, further details concerning the activity and
durability of NdMn; sRupsOs for the ORR, including activity and
selectivity data in Fig. S2, durability, and the characterization of the
used catalyst (Figs. S3 and S4) are described in the SI.

3.3. NdMn; sRuy 505 durability for the OER

The durability of NdMn; sRug 505 during the OER has been evalu-
ated by recording consecutive CVs between 1.1 and 1.7 V at 10 mV s ™1,
As shown in Fig. 3a, the OER activity of the oxide remains stable during
500 cycles, with a loss of activity in terms of AE;.509, defined as the
difference between the potential needed to reach 10 mA cm ™2 at the 1st
(E1) and the 500th (Esgo) cycle, of only 15 mV. A closer inspection of the
polarization curves reveals a slight improvement of the initial activity

40
a) Cycle 1
{——Cycle 100
——Cycle 200
] Cycle 500 b)
“-'E |——Cycle 1000
@
< 20 1
=
N’
’\
10+
O_ T T T
1.2 13 14 15 1.6
ER_HE - i'R (V)
c
é 0.7
§ 8
< §
9 0.6
i
20
n
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0 225 500 1000
jC‘ycle;
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during the first 200 cycles, AEj.090 = —10 mV (note that the negative
sign in the AE value indicates that the Ey is less positive than E;). After
1000 cycles, the loss of the OER activity is more obvious, with a AE;.19g9
of 60 mV at 10 mA cm 2 However, 70% of the Ru mass-normalized
activity is still maintained. Table 2 shows the evolution of the most
relevant parameters of NdMn; sRug 505 for the OER during cycling.

In addition to the high OER activity, the long durability of
NdMn; sRup 505 during the OER is a remarkable result since most Ru-
based catalysts are only stable in the strong oxidant and acidic envi-
ronment of the OER during a small number of cycles [13,26]. The most
stable Ru mixed-oxides for the OER are those with the pyrochlore
structure, which in some cases display OER activity for thousands of
cycles [29,32,34]. For example, YoRuy07.5 remains stable for 10000
cycles between 1.35 and 1.6 V at 100 mV s~} with no evident loss of
activity [32]. However, Ru-based pyrochlores are less active than other
Ru oxides, with potentials around 1.60 V to achieve 10 mA cm 2. Note

Table 2
Activity parameters of NdMn; sRug 505 extracted from OER curves and mass
activities results.

OER E-iR (V) @ 10 jmAcm %) @ Tafel slope (mV iy (A grl) @
mA cm 2 15V dec™) 15V
Cycle 1 1.46 23.22 45 460
Cycle 1.47 20.96 47 432
100
Cycle 1.45 26.93 47 497
200
Cycle 1.48 16.27 53 307
500
Cycle 1.52 7.53 68 143
1000
L F " M
L d W LA AN AN
Initial
500 cycles
— 1000 cycles

50

Fig. 3. a) Evolution of the OER polarization curves for NdMn; sRug 505 with cycles. (b) Comparison of the XRD patterns of the initial catalyst and of the catalyst
recovered after 500 and 1000 OER cycles. Note that the XRD are for the catalysts deposited on carbon paper. c¢) Evolution of the Ru/Mn surface atomic composition

during OER cycles as determined from XPS.
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that NdMn; sRug 505 only needs 1.50 V to reach the same current den-
sity. On the contrary, Ru-based perovskites display higher OER activity
than Ru pyrochlores but lack stability, usually losing their OER activity
in less than 100 OER cycles [26,27]. To our knowledge, only the
CaCusRu401, perovskite is stable for the OER during 24 h at 10 mA cm™2
[28]. The differences in durability during the OER can be ascribed to
structure/composition features. Thus, Ru perovskites usually have alkali
metals such as Sr, Ca, and Ba in the A site. Such alkaline cations tend to
dissolve quickly in acidic electrolyte, hence triggering catalyst deacti-
vation during the first OER cycles [26,27]. On the other hand, Ru
pyrochlores usually have rare earth elements in their structure, which
have less basicity. As a consequence, their dissolution rate during the
OER is lower and, therefore, they are more stable during the OER in
acidic electrolyte [34]. Following this line of thinking, we can ascribe
the high durability of NdMn; sRug 505 during the OER to the presence of
Nd in its structure, which has been reported to prevent Ru dissolution
during OER [23]. As for the origin of the high OER activity of
NdMn; sRug 505, it can be ascribed to the combination of several fea-
tures. Firstly, NdMn; sRug 505 contains Ru** cations in octahedral po-
sitions (see below), which have been reported to result in high OER
activity [13,20,26,65]. Moreover, in a previous work, we demonstrated
that the presence of Mn and Ru cations in mixed oxides results in a very
active surface phase of Ru-O-Mn ensembles, endowed with high OER
activity [34,66]. Another reason that accounts for the high OER activity
is the short Ru-Ru distances of 2.60 A between the octahedra, which is
close to Ru-Ru distances of 2.642 A found in metallic Ru, which is
known to be highly active for the OER [67]. A similar behavior has been
also reported for Ir oxides in which the oxides with Ir-Ir distances close
to metallic Ir display high OER activity in acidic electrolyte [4,9,68-70].

3.4. Physicochemical characterization: initial catalyst and post-mortem
after OER

To study the evolution of the catalyst’s structure and composition
during the OER, NdMn; sRugsO0s is recovered after a number of
consecutive OER cycles and thoroughly analyzed by XRD, XPS, and
TEM. In addition, the amount of Ru, Mn, and Nd in the electrolyte after
these cycles is analyzed by ICP. Fig. 3b compares the XRD patterns for
the fresh catalyst and for the catalyst recovered after 500 and 1000 OER
cycles (note that the diffractograms correspond to the catalysts depos-
ited onto the carbon paper). As observed, the catalysts recovered after
the OER cycles display diffractograms identical to those of the original
compound. This suggests that the crystal structure of NdMn; sRug 505
remains unchanged throughout the reaction, even as the activity di-
minishes after 1000 cycles.

The oxidation state and relative atomic abundance of Ru, Mn and Nd
cations at the surface of the fresh catalyst and of the electrocatalyst
recovered after 225, 500 and 1000 OER cycles have been analyzed by
XPS. In order to avoid the strong overlapping of the Ru 3d and C 1s core-
level regions, we analyzed the Ru 3p core-level region. Note that since
the XPS spectra were obtained from the catalyst deposited onto the
carbon paper, the intensity of the C 1s region is very high. The spectra of
the Ru 3p3/2, Mn 2p3 /5 and Nd 3d core levels are shown in Fig. S4 in the
SI. The Ru 3ps,2 peak (Fig. S4a) comprises three peaks centered at 460.0,
463.9, and 466.0 eV ascribed to Ru*, Ru** and a shake-up satellite
peak, respectively [71-73]. As expected, Ru*" cations are the predom-
inant Ru species in NdMn; sRug 50s. The small fraction of Ru®* detected
by XPS is in line with the content of Ru®>" of approximately 5% in the
phase as determined from the refinement of the crystal structure of
NdMn; sRug 505 (see Fig. 1), which is also in line with previous reports
[47]. The Mn 2p3,5 core-level region (see Fig. S4b) was fitted into two
components, with peak maxima at 641.6 and 642.6 eV and ascribed to
Mn>* and Mn**, respectively [74-76]. The Mn**/Mn>* ratio changes
slightly from 1.12 in the initial catalyst to 0.9 after 500 OER cycles, and
to 0.64 after 1000 cycles, indicating a slight reduction of the oxidation
state of Mn cations at the surface after the cycles. The Nd 3ds/3 region
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(Fig. S4c) has three components [77-79], a peak at 982.3 eV ascribed to
Nd3+, an Auger feature (O KLL) at 973.4 eV, and a satellite line at 978.6
eV due to the electron transfer from the oxygen ligand to the Nd 4f [77,
80]. Moreover, the peak spin-orbit splitting of 22.6 eV between the Nd
3ds,/2 and Nd 3ds,» peaks confirms the presence of Nd3* [79]. In fact, the
Nd region intensity has significantly decreased after 1000 OER cycles,
making it challenging to identify accurately the components. Never-
theless, the binding energy of the peak is not affected after cycling,
confirming that the oxidation state of Nd** remains constant during the
OER.

As shown in Fig. S5, neither the position nor the shape of the Ru 3p3,
2, Mn 2p3/5, and Nd 3ds,, peaks varies significantly during the OER; only
a slight change in Mn oxidation state can be observed. These results
suggest that the nature of the surface species remains stable during the
OER. The surface atomic composition of the fresh and of the catalyst
recovered after OER was determined from the area of the XPS peaks
normalized by the corresponding sensitivity factors [72]. As shown in
Fig. 3c (see also Tables S4 and SI), the Ru/Mn surface atomic ratio of the
fresh sample, 0.55, is slightly higher than the stoichiometric ratio of
0.33, indicating a slight surface Ru-enrichment on the fresh catalyst.
After the first OER cycles, the surface Ru-enrichment is even more
evident, which is consistent with the increase in the OER activity during
the first 200 cycles and supports previous observations that Ru is the
main active site for the OER [28,60]. Also, the hypothesis of Ru sites
being the main active sites is supported by the fact that the compound
NdMn;Os presents significantly lower OER activity in acidic media than
the Ru-containing sample (NdMn; sRug 505) when measured under the
same reaction conditions, see Fig. S6 in the SI. This observation leads to
the conclusion that the OER activity is mainly influenced by the pres-
ence of Ru cations in the catalyst. However, the influence of Mn cannot
be disregarded. Previous studies from our group demonstrated that the
presence of Mn promotes the OER activity in RoMnRuO; due to the
formation of Ru-O-Mn surface ensembles [34,66], so the presence of
both Mn and Ru in the (Mn,Ru)**Og octahedra in NdMn; sRug 5Os is
also expected to promote its high OER activity. The Ru/Mn surface
atomic ratio of the catalyst remains elevated even after 500 and 1000
OER cycles, higher than the stoichiometric ratio of 0.55 of the starting
material. However, it consistently decreases over cycling, which can
explain in part the decrease in activity between 500 and 1000 OER
cycles.

The evolution of the bulk composition of NdMn; sRug 505 during the
OER has been studied with EDS. After 500 OER cycles, a small loss of Ru
is observed, resulting in an oxide with a stoichiometry of
NdMn; 4Ry 30x. Considering that the activity starts decaying after 200
cycles, this observation suggests again that Ru atoms are the dominant
active sites for the OER. A very similar stoichiometry is found after 1000
OER, only with a slightly higher loss of Mn to 1.32 atomic content. It is
important to clarify that, despite these compositional variations during
the OER, the bulk crystal structure of NdMn; sRug 505 remains stable
during the stability test, as demonstrated by the x-ray diffractograms of
the fresh and used catalysts (Fig. 3b).

The evolution of the catalyst’s morphology and structure during the
OER has been analyzed with TEM. Fig. 4 displays representative TEM
images of the fresh and spent catalyst after 500 OER cycles. The particles
of the fresh catalyst (Fig. 4a, b, and c) display a dense morphology and
relatively large size with a heterogeneous particle size distribution,
around 50-200 nm (mean particle size of 139 + 25 nm. After 500 OER
cycles, TEM images fail to reveal any evidence of amorphization or
formation of new phases (Fig. 4d). The HRTEM image (Fig. 4e) shows
that the crystal structure of NdMn; sRu 505 remains stable during the
OER. However, a careful inspection of the TEM micrographs of the
catalyst recovered after 500 OER cycles reveals that a small number of
particles display an incipient degradation of their surface due to partial
dissolution of the oxide (Fig. 4f). Also, the mean particle size decreases
slightly to 118 + 30 nm after 500 cycles.

A TEM analysis was conducted on the catalyst recovered after 1000
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Fig. 4. (a, b) TEM micrographs of NdMn; sRug sOs fresh catalyst. (c) HRTEM of the fresh catalyst. (d) TEM micrographs of the catalyst after 500 OER cycles. (e)
HRTEM image of a NdMn; sRug 505 crystal oriented down the [-110] direction of the orthorhombic structure of the catalyst after 500 OER cycles. Inset of Fig. 4e:
diffraction pattern oriented with respect to the image. (f) TEM micrograph of NdMn; sRug 505 after 500 cycles.

OER cycles. A significant reduction in particle size was observed, as
shown in Fig. 5a, with a mean particle size of 80 &+ 20 nm. Furthermore,
the particles exhibited slightly less aggregation and displayed a distinct
bar-like morphology. However, electron diffraction analysis is consis-
tent with the presence of the NdMnj sRupsOs crystal structure, as
illustrated in Fig. 5b. Fig. 5¢ and d depict representative TEM images
illustrating the catalyst’s degradation. Fig. 5d shows the incipient
degradation of NdMn; sRug 50s, featuring particles with holes similar to

LOO i

those observed already after 500 OER cycles. Fig. 5c shows the presence
of large particles along with areas composed of nanosized particles (see
the inset to Fig. 5c). Unfortunately, the composition of these particles
could not be determined from EDS analysis due to the prominent in-
tensity of the Cu signal arising from the TEM grid, but it is worth noting
that they are only observed after the OER activity of the catalyst declines
after 1000 cycles.

The analysis of cation release into the electrolyte during the OER was

Fig. 5. TEM characterization of NdMn; sRug 505 after 1000 OER cycles: (a) Representative TEM image of a set of particles. (b) SAED of one particle along the [001]
zone axis of the initial structure. (¢) TEM micrograph showing the appearance of nanoparticles (inset). (d) TEM micrograph of a more degraded particle.



L. Rodriguez-Garcia et al.

conducted using ICP. Electrolyte samples were extracted following 500
and 1000 OER cycles carried out between 1.2 and 1.7 V at 10 mVs ™! in
O,-saturated 0.1 M HClOy, utilizing 2.5 mg of catalyst deposited onto
carbon paper. After 500 cycles, there was a mass reduction of 0.71%,
1.21%, and 1.5% for Ru, Mn, and Nd, respectively. This loss became
more pronounced after 1000 cycles, with values escalating to 3.9%,
21.6%, and 31% for Ru, Mn, and Nd, respectively. Therefore, the
reduction in particle size observed in TEM images can be attributed to
the dissolution of approximately one-third of Mn and Nd cations from
the catalyst. This phenomenon results in material loss over cycling,
thereby contributing to the observed decrease in activity. Notably, only
around 4% of Ru is dissolved into the electrolyte during the OER. This
observation is in conflict with the observation (XRD and electron
diffraction) that the crystal structure of the large particles is the same as
that of the initial sample, NdMn; sRug 50s, as corroborated also by EDS.
In view of these observations, it is plausible that the nanoparticles
observed by TEM in the catalyst recovered after 1000 OER cycles are
primarily Ru-based particles. While these nanosized Ru-based nano-
particles would probably retain some level of activity, the Ru-Mn-rich
surface found in the NdMn; sRug 505 particles is responsible for the high
OER activity.

3.5. PEMWE measurements

The NdMn; sRug 505 catalyst is used to produce a PEMWE anode
with a loading of 0.5 mgg, cm 2 and subsequently tested in a single cell
with an active area of 4 cm? Fig. 6a shows the polarization curve
recorded up to 0.5 A cm 2 at 80 °C and 1 bar. The PEMWE with
NdMn; sRug 505 anode achieves 1.97 V at 0.5 A cm™2. Although the
activity test reported in this work has been performed with one order of
magnitude less Ru loading than the usual Ru anodes [81,82], the per-
formance achieved by our PEMWE cell lies within the state-of-the-art
Ru-based catalysts. Comparing the performance of the PEMWE
described in our work with the literature is not straightforward as the
performance PEMWESs depends not only on the catalysts but on multiple
factors. These factors include the components of the PEMWE (membrane
and the PTLs) and operational parameters such as pressure, tempera-
ture, and catalyst loading. As observed in Table S5, our PEMWE displays
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Fig. 6. a) Polarization curve up to 0.5 A cm 2 before (black) and after (red) and
b) cell potential at a constant current density of 0.5 A cm~2 during 100 h for a
PEMWE based in 0.4 mgp cm ™2 as cathode and 0.5 mgg, cm™2 as anode ob-
tained at 80 °C and 1 bar with Nafion 212 membrane. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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a similar performance to other PEMWE cells reported in the literature
measured in similar conditions. However, it is crucial to remark that the
Ru loading of 0.5 mg used in our cell is significantly lower than that used
in previous studies, ranging between 2 and 3 mgg, cm 2.

However, the major problem with Ru-based catalysts is their dura-
bility, especially when measuring at current densities above 0.2 A cm ™2
[831, especially for Ir-free Ru-based catalysts [14]. To assess the dura-
bility of the CCM, we conducted durability tests at a constant current
density of 0.5 A cm ™2 during 100 h, see Fig. 6. Note that this current
density is higher than those usually reported in the literature for the
measurement of the catalytic activity of Ru-based catalysts in PEMWE,
usually ranging between approximately 0.1-0.2 A cm™2 The initial
polarization curve and the one obtained after 100 h of durability test are
depicted in Fig. 6a. As observed, the cell potential needed to maintain a
current density of 0.5 A cm ™2 increases after 100 h of operation. On the
other hand, the durability test shown in Fig. 6b shows the opposite
trend, that is, a slight decreasing in voltage during operation. However,
Fig. 6b shows a rapid increase of the potential in the first 3 h of opera-
tion, which does not normally occur in the case of Ir-based anodes. The
activation process of Ir typically leads to a decrease in the cell potential
in the initial hours of operation of the PEMWE until it remains constant
or, in some cases, starts to increase at a rate of a few pVv h~!. However, in
the case NdMn; sRug 50s, it seems that the material structure or surface
changes in the first 3 h of operation, but then it stabilizes. This is a
remarkable behavior for a Ru-based catalyst, especially considering its
low Ru loading. Moreover, at around 53 h, a shutdown was carried out.
Impressively, the cell recovers its performance almost immediately,
indicating the high stability of NdMn; sRug 50s. Thus, the results ob-
tained in PEMWE position NdMn; sRug 505 as a potential stable catalyst
candidate for PEMWE anodes based on Ru with low loadings.

4. Conclusions

NdMn; sRups05, a Ru-mixed oxide with the structure of the
DyMn,0Os family, displays high OER performance in acidic media. Its
OER activity can be ascribed to the presence of Ru** cations in octa-
hedra sites with short Ru-Ru distances between octahedra, along with
the presence of Mn and Ru cations. NdMn; sRug 505 exhibits good
durability for the OER, maintaining its activity for several hundreds of
cycles while preserving its bulk crystal structure. Surface Ru enrichment
is observed even in the fresh catalyst and increases during the first
hundred of cycles, contributing to the high activity of the material. After
1000 OER cycles, cation leaching into the electrolyte becomes more
pronounced, particularly for Mn and Nd, leading to a decline in catalytic
activity. The catalyst was tested in a PEMWE, showing high stability
during 100 h of operation at 0.5 A cm 2. While the cell performance is
lower compared to those obtained with Ir-based catalysts, it compares
favorably with state-of-the-art PEMWE cells featuring low-loaded Ru
anodes. Notably, the high stability of the cell during operation repre-
sents a significant advancement for Ru-based catalysts in PEMWE.
Lastly, in addition to the high OER activity, NdMn; sRup 505 also dem-
onstrates the rare capability to be active for ORR, thus rendering a
bifunctional electrocatalyst. Thus, besides its application in PEMWE, the
material holds potential for use in unitized regenerative fuel cell and
batteries.
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