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Yttrium ruthenate pyrochlores have become popular as electrocatalysts for the oxygen evolution
reaction in water electrolysis. However, the traditional synthesis routes used to prepare these
Y,Ru,_,Y,O; electrocatalysts require calcination at temperatures higher than 1000 °C for extended
periods of time, resulting in highly sintered particles. We propose an alternative synthesis route, a glycine
combustion method, that reduces the calcination time to only two hours to obtain porous pyrochlores.
These pyrochlores contain a small RuO, impurity phase that is eliminated when the combusted product
is calcined for nine hours instead of two. When the combustion synthesis is combined with a molten
salt synthesis (MSS), there is no impurity phase, but large pyrochlore crystallites in a porous matrix are
produced. The electrochemically active surface area (ECSA) is an order of magnitude lower than the
other pyrochlores prepared, negatively affecting the electrocatalytic activity. In addition to altering the
fuel and calcination conditions used in the synthesis, the oxidiser: fuel ratio (¢) has also been altered to
manipulate the intensity of the combustion reaction. A ¢ = 1, an explosive reaction takes place. The
intensity is reduced to a slow burn when adjusting ¢ to 0.3. The synthesised pyrochlores have been
analysed with X-ray diffraction (XRD), scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), X-ray absorption spectroscopy (XAS) and Raman spectroscopy. They have also been
tested as OER electrocatalysts in 0.5 M H,SO4. Combustion-synthesised Y,Ru,_,Y,O5 calcined for nine

Received 14th April 2025,
Accepted 26th April 2025
hours has an active-area normalised current of 1.52 mA cm™2 at 1.6 V, which is almost two times higher
than that of the same pyrochlore prepared by citric acid, and three times higher than that of RuO, and
|rOZ.
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To form such pyrochlores, a lot of energy is required, usually
in the form of heat. Various synthesis routes have been used to
obtain these materials, such as solid-state,®® spray-freeze
freeze-drying," co-precipitation™® or sol-gel."'> Common for

1 Introduction

Due to the scarce and expensive nature of current state-of-
the-art electrocatalysts (iridium oxide based materials) for the

oxygen evolution reaction (OER) involved in acidic water split-
ting, new electrocatalysts are constantly explored. Ruthenium-
based materials make excellent OER electrocatalysts in acidic
media, but they are inherently unstable. Therefore, ruthenate
pyrochlores have been identified as stable and active OER
electrocatalysts that could possibly replace unstable RuO, and
scarce IrO,." The first publications of such pyrochlores used as
water splitting electrocatalysts were published four decades ago
and investigated lead - and bismuth ruthenate pyrochlores
(Pb,y(Ru,_,Pb,)Oes and Biy(Ru, ,Bi)Oes) as OER electro-
catalysts.>® More recently, yttrium ruthenate pyrochlores
(Y2Ru,0;) have been studied, proving to be active and stable
under acidic OER conditions."*”’
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all of these routes is that temperatures above 1000 °C for
extended time periods (more than 9 hours) are required. Other
synthesis routes, such as the alkaline solution synthesis estab-
lished by Horowitz et al,> and hydro- and solvothermal syn-
thesis routes™™'® do not require such high temperatures.
However, they do require very long reaction times (in the order
of 8 days) in the case of the former and expensive equipment in
the case of the latter.

Alternative synthesis routes also exist that can reduce the
time spent at 1000 °C by supplying energy to the reaction in the
form of combustion. The combustion synthesis route has been
thoroughly explored and reviewed by many.'”° It has also
been employed before to synthesise pyrochlores.*'** However,
in most cases calcination was required after combustion to
form the phase pure product, except in the case of selected
publications.>** Although pyrochlores have been synthesised
by combustion, the glycine combustion synthesis has not been
used before to synthesise Y,Ru,0; specifically.

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0000-0003-0094-8128
https://orcid.org/0000-0003-3711-8822
https://orcid.org/0000-0002-2901-8314
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ma00362h&domain=pdf&date_stamp=2025-05-05
https://doi.org/10.1039/d5ma00362h
https://doi.org/10.1039/d5ma00362h
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00362h
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA006011

Open Access Article. Published on 30 April 2025. Downloaded on 10/27/2025 6:01:36 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
0\ 0o 0\
“Sn J o0—N
_—© |/O_T - \ o
~ o
o=—N Ru” Va
O{+ O/o/ N—CH; o;—_—_N/O\YI'-..{O_C
A 7w
Nt -
TL e \
0 N
[0

[¢]

Fig. 1 Anillustration of glycine as complexing agent for Ru and Y cations.

The combustion synthesis can be tuned in many ways.
Firstly, one can vary the type of fuel. The combustion synthesis
is a redox reaction in which the fuel is the reducing agent.
Various organics have been used as fuels, including citric acid,
polyvinyl alcohol (PVA), ethylenediaminetetraacetic acid
(EDTA), urea, glycine, alanine, carbohydrazide, ethylene glycol
or mixed variations.*® The fuel alters the mode of combustion
and the properties of the products as it has a unique value for
the heat of combustion (k] g~* or k] mol ")*”*® and decom-
position temperature. Interestingly, it has been found that only
fuels with the amino functional group can result in vigorous
reactions.*®*' These functional groups complex with metal
cations (Fig. 1) and decompose at low temperatures to ammo-
nia, which undergoes a redox reaction with the nitrogen oxides
(from the decomposed nitrates) resulting in water and nitrogen
as products.*® An example of such a fuel is glycine. Glycine is a
zwitterion that enables it to form a complex with various metal
ions and prevent them from selectively precipitating.*>**
In addition, the majority of studies that use combustion to
synthesize pyrochlores use glycine as fuel.>'>*?7?%33 For these
reasons, glycine will be investigated primarily in this study.

This relates to another important parameter that can be
varied, namely the fuel-to-oxidiser ratio denoted ¢. The oxidi-
ser: fuel ratio is reported to have a significant impact on the
structure and morphology of the products.**™*° It affects the
amount of heat evolved and the effectiveness of the reaction.®
For the combustion synthesis, metal nitrates are used as precur-
sors or other precursors (such as oxides) are treated in nitric acid
to produce nitrates.”> When ¢ < 0.7, a smouldering combustion
synthesis (SCS) is said to take place with a maximum temperature
below 600 °C (T}, < 600 °C).*® On the other hand, when 0.7 < ¢ <
1.2 or 1.2 < ¢ < 1.6, a volume combustion synthesis (VCS,
1150 °C < T,, < 1350 °C) or self-propagating high temperature
synthesis (SHS, 800 °C < T;,, < 1100 °C) takes place, respectively.*’
It is important for the properties of the product and health, safety
and environment (HSE) reasons to know which mode of combus-
tion will take place. Increasingly fuel rich mixtures decreases the
combustion intensity, which increases both safety and yield.** On
the other hand, more violent combustion modes (fuel lean) are
preferred to ensure phase-pure products, reduce particle size,
prevent dopant segregation and eliminate the need for post-
processing, but specialised equipment is required in this case to
withstand the high temperature shock wave.*>**

Furthermore, it should be noted that combustion can take
place from a solution of mixed precursors (solution combustion),*
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from a dried gel (gel combustion)*>***° or from a dehydrated
mixture of reactants (solid-state combustion).>”*° The synthesis of
pyrochlores is normally undertaken by a gel combustion
synthesis,”*° although there have been some reports where
solution combustion was used.>***

Modifications to the combustion synthesis have also been
made. Chen et al. added an inert soluble salt to the reactant
mixture solution prior to combustion to break up the three-
dimensional porous structure, inhibit agglomeration and act as
an inorganic template, thus increasing the surface area.*® They
named this synthesis the salt-assisted solution combustion
synthesis (SSCS) and found a nine-fold increase in the specific
surface area of the product after adding molten salts.*® How-
ever, if too much salt was added combustion did not occur.®®
Similarly, molten salt mixtures have been used to increase the
kinetics of pyrochlore formation by the increased rate of diffu-
sion in a molten salts mixture.’" These syntheses are often
collectively referred to as molten salt syntheses (MSS).

In this work, we present an alternative synthesis method to
synthesise porous yttrium ruthenate pyrochlores with a glycine
combustion synthesis. This new synthesis method significantly
reduces the calcination time required to synthesise phase-pure
yttrium ruthenate pyrochlores and provides highly porous
particles with increased electrocatalytic activity. Different fuel
types, ruthenium precursors and ¢ have been studied. We also
show the effect of varying the ignition temperature, calcination
temperature and time spent at 1000 °C. Furthermore, the use of
molten salts to form pyrochlores at lower temperatures has also
been investigated. The calcination temperature could not be
lowered below 1000 °C. However, by using the glycine combus-
tion reaction we significantly lowered the time required at
1000 °C. We show that a calcination time of only two hours is
needed to produce highly porous yttrium ruthenate pyro-
chlores. In addition, we show that these pyrochlores have
increased activity and stability compared to that prepared by
citric acid and to state-of-the-art IrO, and RuO,. The use of
molten salts decreased the time required at 1000 °C to obtain a
phase-pure pyrochlore, but affected the electrocatalytic activity
negatively.

2 Experimental
2.1 Synthesis of yttrium ruthenate pyrochlores

Different parameters of the combustion synthesis were altered
to obtain the best synthesis conditions for a high-performing
OER electrocatalyst. In general, yttrium(u) nitrate hexahydrate
(Y(NO3)3-6H,0, Thermo scientific, 99.9%) and ruthenium(m)
nitrosyl nitrate solution (Ru(NO)(NO;),(OH),, x +y = 3, Sigma-
Aldrich, 1.5% Ru) were used as metal precursors. In some cases
ruthenium(m) chloride hydrate (RuCl;-xH,O, Thermo Scientific,
99.99%) was used as the metal precursor. Nitric acid (HNO;,
Sigma-Aldrich, 65%) diluted to 1 M with Milli-Q water (18.2 MQ cm)
was used to alter the fuel: oxidant ratio. Glycine (C,H;NO,, Sigma-
Aldrich, 99%), alanine (C3H,;NO,, Thermo scientific, 99%) and
citric acid (C¢HgO,, Sigma-Aldrich, 99.5%) have been used as fuels.

Mater. Adv., 2025, 6, 3622-3633 | 3623
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When citric acid is used as fuel, the synthesis is similar to that of
the more frequently used citric acid (sol-gel) synthesis route used
in previous publications.! In the combustion synthesis, the metal
nitrate precursors (oxidant) were mixed with glycine, alanine or
citric acid (fuel) to result in a combustion reaction when exposed to
an ignition temperature. The intensity of the combustion reaction
is controlled by the ratio between the oxidants and the fuel in the
reaction mixture (¢)). We prepared Y,Ru,0, by using a oxidiser : fuel
ratio of 1 (¢ = 1) to evaluate if a violent explosion (VCS) would lead
to a phase-pure pyrochlore. We also added nitric acid in a molar
ratio of 1:2 nitric acid: metals as additional oxidiser. ¢ is calcu-
lated by dividing the sum of the oxidising and reducing valencies of
the oxidiser compounds by that of the fuel (eqn (1)).**

>~ (oxidising) x (valency)
(= 1) (reducing) x (valency)

¢ = (1)

Oxygen is an oxidising element (with a positive valency of 2),
nitrogen is neutral and carbon (—4), hydrogen (—1) and the
cations are reducing elements (assigned negative valencies).>>
According to this, the total valence of each of the precursors
and fuels can be calculated as follows:

Yttrium nitrate: (1Y x —3) + (3N x 0) + (90 x 2) = 15

Ruthenium nitrosyl nitrate: (1Ru x —3) + (2.5N x 0) + (70 x 2)
+(1.5H x —1) = 9.5
Ruthenium chloride: (1Ru x —3) + (3Cl x —1) =0

Nitric acid: (1H x —1) + (1IN x 0) + (30 x 2) =5

Glycine: (2C x —4) + (5H x —1) + (1IN x 0) + (20 x 2) = -9

Alanine: (3C x —4) + (7H x —1) + (1N x 0) + (20 x 2) = —15

Citric acid: (6C x —4) + (8H x —1) + (70 x 2) = —18
For the glycine combustion synthesis, the amount of glycine
we need to add to obtain ¢ = 1 can then be calculated as follows

(eqn (2)):

154+9.5+5
L | 2
x9 ’ )

where x = 3.28. The precursors were thus mixed together in the
molar ratio 1:1:1:3.28 (yttrium nitrate: ruthenium nitrosyl
nitrate: nitric acid:glycine). After mixing for 2 hours, the
solution was placed in a water bath at 80 °C until a dried, dark
brown gel was obtained. The gel was then placed in a drying
oven at 60 °C for a further three hours until the gel is
completely dried out and can be crushed down to a light brown
powder. For a more intense combustion, the dark-brown gel
can also be directly combusted. After the chosen drying step,
the dried gel is placed in an alumina crucible, which is then
placed inside a special container to be combusted either on a
hotplate (at 200 °C) or in a muffle furnace (at 600 °C). If the
sample was combusted at 600 °C in a muffle furnace, this also

3624 | Mater. Adv., 2025, 6, 3622-3633
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serves as the first annealing step as it is then kept at 600 °C for 4
hours. The second annealing step is at 1000 °C for 8 hours. The
sample combusted at 200 °C has in one case been subjected to
the same heating program (600 °C for 4 hours followed by
1000 °C for 8 hours) and in another case it has been annealed
for only 2 hours at 1000 °C.

We also synthesised a pyrochlore with less violent combus-
tion by adjusting ¢ to 0.3 and 1.3 by increasing or decreasing
the amount of glycine added, respectively. With ¢ = 0.3, the
sample burned with a controlled flame when exposed to the
ignition source. When ¢ = 1.3, only smoke was observed when
exposed to the ignition source. In addition, we have used
alanine and citric acid as fuels with ¢ = 1. Furthermore, we
looked into the effect of adding nitric acid. When nitric acid is
present, the product appears visibly more voluminous (fluffy).
Both samples with and without nitric acid are phase pure after
calcination. Two different Ru precursors were explored without
any obvious effects on the product as long as ¢ is kept the
same. We have tried both ruthenium chloride and ruthenium
nitrosyl nitrate as ruthenium precursors. Different calcination
temperatures lower than 1000 °C were also explored, which did
not provide a phase-pure pyroclore (even as high as 950).
However, we managed to shorten the time spent at 1000 °C to
two hours. Since a phase-pure pyrochlore was not obtained
after the combustion and post-annealing was still required, we
attempted to decrease the temperature and time by employing
a eutectic mixture of molten salts.

A schematic representation of the synthesis route can be
seen in Fig. 2.

2.2 Physical characterisation

All X-ray diffraction (XRD) spectroscopy measurements were
obtained with a Bruker D8 A25 DaVinci X-ray Diffractometer
(Cu-Kz). A 60 minute scan was performed at a scan rate of
0.045° per step between 20-angles 10 and 90°. A fixed slit of
6 mm was used. Micrographs and elemental maps were
obtained by scanning electron microscopy (SEM) with energy
dispersive X-ray spectroscopy (EDX) using a Zeiss Ultra 55 LE
field emission scanning electron microscope. An acceleration
voltage of 5 kV was used for images and 10 kV for EDX analysis.
Point EDX analysis was also performed to obtain information
on the composition of the samples. Raman spectroscopy was
performed by a WITec alpha300 R confocal Raman microscope
(532 nm) with a Zeiss EC Epiplan objective (50x magnification)

CA/Glycine/Alanine
RuCl; 3H,0/

Y(NOs)s GHZ%%RU(NO)(NO;‘)X(OH)

(600 °C
for 6
hours)
Grind
powder
Dw'ng @ Ignition at (1050 °C for
60°C ca. 200 °C 9 hours)

overnight

Stirring

Black fine powder
Y,Ru,0;

Fig. 2 A schematic representation of the synthesis method(s) used in this
work.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00362h

Open Access Article. Published on 30 April 2025. Downloaded on 10/27/2025 6:01:36 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

and 5 mW power. 20 accumulations of 20 seconds each were
used to obtain the data. WITec control software and Project Five
software were used to control the instrument, confirm the
calibration and process the spectra. Electronic structure and
compositional (top 5-10 nm) information was obtained
through X-ray photoelectron spectroscopy (XPS) with an Axis
Ultra DLD instrument (Kratos Analytical, Al K« radiation, Av =
1486.6 eV). The spectra were obtained under ultra high vacuum
(UHV) and survey spectra were obtained before high-resolution
spectra of the O 1s, Ru 3d, Y 3d, Sr 3d and Ca 2p regions.
CasaXPS software (Casa Software, Ltd) was used for data
processing and analysis.

All X-ray absorption spectroscopy (XAS) was carried out at
the Swiss-Norwegian Beamlines (SNBL, BM31) at the European
Synchrotron Radiation Facility (ESRF, Grenoble, France) for the
Ru K-edge and the Y K-edge, in transmission mode. A Si(111)
double crystal monochromator was used in this mode. Samples
were prepared by homogeneously mixing with an ideal amount
of boron nitride pressed into pellets. XAS spectra were collected
between 21 950 and 22 650 eV with a time step of 200 ms. RuO,
and Ru(0) foils were employed as reference samples. The XAS
energy calibration was based on the Ru(0) foil with an absorp-
tion edge of 22117 eV. The raw data were processed by Athena
(IFEFFIT package) by binning, summing and normalising it,
and the absorption edge was taken as the first inflection point
observed in the derivative spectrum. EXAFS least-squared
refinements were performed using DL-EXCURV that performs
curve fitting of theoretical y™(k) to experimental ;*P(k) by
employing curved wave theory. We have also calculated ab inito
phase shifts for the expected neighbouring elements and
carried out least-squares refinements using a k* weighting
scheme. The energy shift (Eg), coordination number (N), bond
lengths (R) and Debeye-Waller factors were refined for two
shells.

Brunauer-Emmett-Teller (BET) measurements were carried
out using a Micrometrics Tristar 3000. The nitrogen adsorp-
tion-desorption isotherms at —197.80 °C were measured with
TriStar II Plus 3.03 software. The samples were degassed over-
night at 250° with a Degas Tristar 3000 before measurements.

2.3 Electrochemical characterisation

The electrochemical data provided in this paper were collected
using a 3-electrode RDE/RRDE glass cell (Pine Research Instru-
mentation) with a Pt counter electrode (CE) and a reversible
hydrogen electrode (RHE) reference electrode (RE). The cell
contained 150 mL of 0.5 M H,SO, (Merck, 95-97% diluted with
18.2 MQ cm Milli-Q water) and all data were recorded with a
BioLogic VMP3 potentiostat. The working electrode (WE) was a
glassy carbon (GC, ¢ 5 mm) rotating disk electrode (Pine
Research Instrumentation, AFE3T050GC) operating at 1600 rpm.
10 pL of electrocatalyst ink (2 mg of pyrochlore in a mixture of
95 pL DI water, 95 pL 2-propanol (C;H,OH, Sigma-Aldrich, 99.5%)
and 10 pL Nafion 117 (CoHF;,05S, Sigma-Aldrich, 5% in a mixture
of lower aliphatic alcohols and water)) was drop-casted on the
GC disk surface. Consecutive tests including cyclic voltammetry
(Cv), linear sweep voltammetry (LSV) and potential holds/

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Electrochemical tests performed in chronological order

Potential (V) Scan rate (mV s~ )

1.5 CVs 0.2-1.4 50

2. LSV 1.1-1.6 5

3.3 CVs each 0.2-1.4 5, 10, 20
50, 100, 200
300, 400, 500

4. 4 min potential holds (CA)  1.45, 1.47, 1.49
1.50, 1.51, 1.52

1.53, 1.54, 1.55

1.56 and 1.57
5. 100 CVs 1.4-1.6 150
6. LSV 1.1-1.6 5
7.3 CVs each 0.2-1.4 5, 10, 20
50, 100, 200
300, 400, 500
8. 100 CVs 0.2-1.3 50
9. LSV 1.1-1.6 5
10. 3 CVs each 0.2-1.4 5, 10, 20
50, 100, 200
300, 400, 500
11. 700 CVs 1.4-1.6 150
12. LSV 1.1-1.6 5
13. 3 CVs each 0.2-1.4 5, 10, 20
50, 100, 200
300, 400, 500

chronoamperometry (CA) were performed on each electrocatalyst
(Table 1). The LSVs were iR corrected using the ZIR function in
EC-lab employing 85% of the ohmic resistance measured through
electrochemical impedance spectroscopy (EIS).

3 Results and discussion
3.1 Choice of fuel

Glycine, alanine and citric acid can be successfully employed
towards the combustion synthesis. When ¢ = 1, all three fuels
produce phase-pure pyrochlores as evidenced from the X-ray
diffractogram in Fig. 3. When zooming in on the (222) peak
(inset in Fig. 3) it can be seen that it is located at the highest 20
value when glycine is used, followed by citric acid and then
alanine. The peaks shift according to the lattice parameter ()
of the pyrochlore and therefore indicate that Y,Ru,0, synthe-
sised with glycine has the smallest lattice parameter and that
synthesised with alanine has the largest. Furthermore, it can be
seen that glycine produces a visibly more voluminous and less
compact combustion product than alanine (Fig. S4, ESIf).
However, both combusted in violent reactions.

In addition, it can be seen from the SEM images in Fig. 4
that both alanine and glycine produce porous particles, where
glycine produces particles that appear to be the most porous of
the three. When citric acid is used as fuel, the particles are
visibly more compact and non-porous. The porous structures
result from the more vigorous reactions of the fuels with amino
functional groups that decompose to ammonia, and reacts with
the decomposed nitrates producing nitrogen gas.*”

3.2 Oxidiser: fuel ratio (¢)

Four different oxidiser : fuel ratios (¢) have been investigated to
evaluate the effect on the reaction intensity, intermediates and

Mater. Adv., 2025, 6, 3622-3633 | 3625
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Fig. 3 X-ray diffractograms of three phase-pure Y,Ru,O; pyrochlores
prepared by three different fuel types: glycine, alanine and citric acid.
The inset shows a magnification of the (222) peak.

Fig. 4 SEM micrographs of three phase-pure Y,Ru,O; pyrochlores pre-
pared by three different fuel types: glycine, alanine and citric acid.

product. The values that have been evaluated are ¢ = 0.3 (SCS),
0.8 (VCS), 1 (VCS), 1.3 (SHS). After calcining at 1000 °C for
9 hours, three phase-pure pyrochlores were obtained and a
RuO, impurity phase was observed for ¢ = 0.3 (Fig. 5). In the
case of ¢ = 0.8 and 1, violent explosions were observed. The

8 — 03
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-
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§ e Y,Ru0
— ]
3 <
8
>
z
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q’ —
IS =
()
g Y
[ ]
lj
20 30
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Fig. 5 X-ray diffractograms of four pyrochlores prepared by glycine
combustion with ¢ = 0.3, 0.8, 1 and 1.3, calcined at 1000 °C.
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Fig. 6 X-ray diffractograms of pyrochlores prepared by glycine combus-
tion with ¢ = 0.8 and 1. The diffractograms were collected after combus-
tion and before any calcination procedures.

product was visibly more voluminous in the case of ¢ = 1, and
seemed slightly more compact when ¢ = 0.8. When ¢ = 1.3,
smoke was observed and the brown powder turned grey without
a violent combustion. Lastly, a flame that burned out in about
30 seconds was observed in the case of ¢ = 0.3. It is reported
that a ¢ value below 0.7 will combust with the lowest
temperature.*® This is evident from the fact that this is the
only non-phase pure pyrochlore, likely due to a lack of heat
during combustion (due to the low T,q).

Even though both ¢ = 0.8 and ¢ = 1 produced phase-pure
pyrochores after violent reactions, differences can be observed
in the X-ray diffractograms before calcining for 9 hours at
1000 °C. From Fig. 6 it can be seen that when ¢ = 0.8, only
the RuO, phase has started to form after combustion. However,
when ¢ =1, it can be seen that sufficient energy was present for
the Y,0; phase to form as well. There are no signs of the
pyrochlore phase in neither cases.

3.3 Ru precursor

Both ruthenium chloride and ruthenium nitrosyl nitrate were
used as precursors in this study. Ruthenium chloride is nor-
mally used in the established citric acid route, whereas nitrate
precursors are required for typical combustion reactions to also
serve as oxidants. Therefore, we used both to see if the Ru
precursor has an effect on the product. The gel intermediate is
darker brown in color and less voluminous when chloride is
used as a precursor compared to nitrate (Fig. S3, ESIt). How-
ever, no changes are observed in the diffractograms and both
precursors yield phase-pure pyrochlores (Fig. 7).

3.4 Combustion/calcination procedures

Before exposing the gel to an ignition source, it is usually dried.
However, it should be noted that this is not a necessity and wet
gels can also be used as combustion precursors. The darker,
wet gel leads to a more intense reaction than the dried gel (Fig.
S5, ESIt). Both gel-types lead to phase-pure pyrochlores after

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 X-ray diffractograms of pyrochlores prepared with ruthenium
chloride and ruthenium nitrosyl nitrate as precursors.

calcination and there are no visible changes in the diffracto-
grams (Fig. 9).

After the gel has been combusted, post-treatment is neces-
sary to obtain the pyrochlore. We investigated whether the
combustion reaction could decrease the required temperature
below 1000 °C to obtain a phase-pure pyrochlore. Fig. 8 shows
the diffractograms after the combusted intermediates have
been exposed to three different temperatures. After 6 hours at
600 °C, no pyrochlore has formed and a mixture of Y,0; and
RuO, is present. After 9 hours at 950 °C, the pyrochlore phase
has formed, but a RuO, impurity phase is present. However,
after only 6 hours at 1000 °C, a phase-pure pyrochlore formed.

We found that the lowest amount of time required at
1000 °C to form a phase-pure pyrochlore is two hours. When
synthesising these pyroclores with the established citric acid/
sol-gel routes, nine hours is normally the lowest time reported
spent at 1000 °C to form a phase-pure pyrochlore.>*** There-
fore, we also used this as our upper limit. All samples that have
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Fig. 8 X-ray diffractogram of yttrium ruthenate after glycine combustion
and calcination at 600 °C, 950 °C and 1000 °C.
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been exposed to this form phase-pure pyrochlores, regardless of
the combustion temperature or phase of the gel. Furthermore,
Fig. 9 shows that the pyrochlore phase can be obtained after a
combustion at 200 °C by exposing the combusted product to
1000 °C for as little as one hour. However, the samples calcined
for one or two hours both contain a RuO, impurity phase.

In a mixture of molten salts, as a modified combustion with
added molten salt synthesis (MSS), we attempted lower calcina-
tion temperatures (650 °C and 1000 °C) and different times at
1000 °C (1, 2 and 4 hours). These results can be seen in Fig. 10.
Interestingly, if we compare the sample calcined at 600 °C for
6 hours without MSS (Fig. 8) and the sample with MSS at 600 °C
for 4 hours, it is clear that the molten salt mixture indeed
facilitates the formation of the pyrochlore phase. Without MSS,
a combination of the two oxide phases (RuO, and Y,03) is
present, but no pyrochlore phase (Fig. 8). With MSS, a pyro-
chlore phase is present along with the oxides (Fig. 10). At 800 °C

N —— 200_1000_1h
< —— 200_1000_2h
—— 200_1000_%h
—— 600_4h_1000_9h
s 600_4h_1000_5h gel
. s 3 ~® Y,Ru,0,
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Fig. 9 X-ray diffractograms of pyrchlores prepared by the glycine com-
bustion synthesis and calcined at 1000 °C for different amounts of time.
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1000_4h
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Fig. 10 X-ray diffractograms of Y,Ru,O; samples prepared by the com-
bustion synthesis followed by calcining in a molten salt mixture at different
temperatures and times.
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in the molten salt mixture, a pyrochlore phase has clearly
formed, but both RuO, and Y,O; impurity phases are still
present. After just one hour at 1000 °C in the molten salt
mixture, a pyrochlore is formed with only a minor RuO,
impurity phase, and after 2 and 4 hours at 1000 °C a phase-
pure pyrochlore is present (Fig. 10).

In Fig. 11, SEM images of the products before and after
calcination can be seen. It is clear that porous particles are
formed after combustion, and that this porous structure is
maintained after calcining for two- and nine hours at 1000 °C.
When the combusted oxides are mixed with molten salts and
calcined at 1000 °C for two hours, larger pyrochlore crystallites
form within the porous matrix. The larger particles form due to
the increased kinetics provided by the molten salts.* The
Brunauer-Emmett-Teller (BET) surface area of the particles
prepared by glycine combustion is 18.5 m* ¢ ', and that of
the samples prepared with an MSS step is ten times lower
(Fig. S24 and S25, ESIf). This shows the important effects of
post-processing on particle properties. The surface are of the
glycine combustion produced particles is of the highest
reported for these types of particles to date. A defect-rich
yttrium ruthenate pyrochlore prepared by quenching had a
BET surface area of 15.6 m> g~ *,”> and one prepared by polymer
entrapment flash pyrolysis was reported to have a surface area
of 14.8 m® g ".* The surface area of yttrium ruthenate pyro-
chlores prepared by conventional sol-gel/citric acid approaches
range from around 4 m”> g~ "'**? to 7-8 m* g~ ."** This clearly
shows that the glycine combustion method provides increased
BET surface areas compared to these often-used methods.

XPS analysis was also performed on three of the samples to
obtain additional information on the effects of the synthesis
method on surface - and electronic structure. Fig. 12 portrays
the Ru 3d XPS spectra of the samples prepared with citric acid
and glycine (both calcined at 1000 °C for 9 hours) and that of
the sample calcined in molten salts for 2 hours at 1000 °C. The
Ru 3d spectra were fitted using two sets of doublets, a peak
corresponding to C 1s (with a constant position at 284.8 eV) and

o Sl
Fig. 11 SEM micrographs of pyrochlores prepared by glycine combustion

(a) before calcination, (b) after 2 hours calcination in molten salts, (c) after 2
hours of calcination at 1000 °C and (d) after 9 hours calcination at 1000 °C.
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two satellite peaks. The doublets consist of one peak corres-
ponding to Ru 3ds/, and the other to Ru 3d3,, for which a fixed
area ratio of 3/2 was used, as well as a constant peak separation
of 4.15 eV."® The fact that there are two sets of doublets
indicates that there are two Ru oxidation states present. One
doublet has peaks at 281.6 eV (3ds,,) and 285.8 eV (3ds,), and
can be ascribed to Ru*"." The other has a 3ds, peak at 282.4 eV
and a 3d;, peak at 286.5 eV and can likely be ascribed to Ru*",
or another higher oxidation state (Ru**).>*** The ratio of the
near-surface concentration of the two oxidation states can
be determined by the ratio of the 3ds, peaks (Fig. 12). The
pyrochlore prepared by the combustion MSS has the highest
concentration of Ru*', followed by the sample prepared by
citric acid and then the sample prepared by the glycine com-
bustion synthesis (9 hours calcination). This shows that the
sample prepared by the glycine combustion is the most oxi-
dised in the surface region. Clearly, the synthesis method
affects the oxidation state of the active Ru species.

The O 1s XPS spectra (Fig. 13) also contains valuable
information. In this case, the spectra show that the MSS sample
contains the highest concentration (52%) of an oxygen species
(at 531 eV and labeled 02) commonly associated with defective
oxygen.” The other peak at 529.3 €V is associated with lattice
oxygen.® The O 1s spectra follow the same trend as the oxida-
tion state of Ru. MSS provides the most defective oxygen in the
surface region, followed by the sample prepared with glycine
and then citric acid. This shows a possible correlation between
an increased Ru oxidation state and defective oxygen. Both
of these factors are charge compensating mechanisms that
maintain charge neutrality when an oxide is acceptor doped.
This can be the case as more Y occupies the Ru site.

Intensity (a.u.)

Glycine

"3z s AA ]
i . i 512 sal’fellite .
292 290 288 286 284 282 280
Binding Energy (eV)

Fig. 12 Ru 3d XPS spectra of pyrochlores prepared by citric acid, glycine
combustion and glycine combustion with a molten salt mixture as the
calcination procedure.
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Fig. 13 XPS O 1s spectra of pyrochlores prepared by citric acid, glycine

combustion and glycine combustion with a molten salt mixture as the
calcination procedure.
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Fig. 14 Ruthenium K-edge XANES spectra of pyrochlores prepared by
varying synthesis conditions.

The XANES spectra can be seen in Fig. 14 and show that the
synthesised pyrochlores have a similar oxidation state to RuO,
as evidenced by similar positions of the Ru K-edge. The
absorption energy (E,) was inferred from the first inflection
point in the second derivative spectra and related directly to the
oxidation state." The absorption energy for Ru metal (Ru®) was
found to be 22112.91 eV and that of RuO, (Ru**) 22116.11 eV.
For the pyrochlores E, varies between 22115.6 eV for the glycine
2 h sample and 22116.4 eV for the glycine 9 h sample. All of the
pyrochlores have an oxidation state close to 4+, in agreement
with reported values for similar materials in literature.>®

Fig. 15 shows the Y K-edge and proves that Y in all synthe-
sised pyrochlores has an oxidation state similar to that of Y,03,
i.e. +3. Fig. 16 shows the phase-corrected extended X-ray absorption
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Fig. 15 Yttrium K-edge XANES spectra of pyrochlores prepared by vary-
ing synthesis conditions.
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Fig. 16 Experimental and least squares refined of k®(k) (left) and EXAFS

Fourier transforms (right) for pyrochlores obtained by altering different
synthesis parameters.

fine structure (EXAFS) Fourier transforms of the Ru K-edge of the
pyrochlores. The local coordination environments can be inferred
from these results and it can be seen that the first coordination
sphere is fitted by a Ru-O scattering path at ca. 1.99 A and that of
the second sphere is fitted by Ru-Ru and Ru-Y at ca. 3.6 A. The
exact values for the Ru-O and Ru-Ru/Y spheres of each of the
samples can be inferred from Tables S1 and S2 (ESIt), respectively.
Fig. S17 (ESIT) shows the EXAFS data without any processing in
Excurv.
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3.5 Electrochemical performance

The double layer (DL) capacitance of the samples was obtained
by varying the scan rate of CVs in a non-faradaic region and
plotting the current at 1.2 V versus the scan rate (Fig. S6, ESIt).
This capacitance is directly proportional to the electrochemi-
cally active surface area (ECSA) of the electrocatalysts. ECSA is
obtained by dividing the capacitance value by a specific capa-
citance of 0.35 mF em ™ reported for oxides.”” The pyrochlores
have similar ECSAs, except for the one prepared by MSS which
has one order of magnitude lower DL capacitance than the
other samples. This is because it was difficult to obtain a
homogeneous electrocatalyst ink for the MSS sample, leading
to a poor catalyst layer on the surface of the GC. Furthermore, it
can be seen that lowering the time spent at 1000 °C was
advantageous for a higher ECSA since the sample calcined for
only 2 hours has the highest ECSA.

Fig. 17 shows the 5th voltammogram of each sample before
any other testing. Four oxidation features and four reduction
features can be observed for the pyrochlores, where the first
feature is obscured for the sample when ¢ = 0.3. Since the
surface area of the MSS sample is so low, no discernible
features can be seen for this sample. It is not clear exactly
which redox transitions can be ascribed to these features
since contradicting information is available in the literature.
However, the first peak centered around 0.35 V can likely be
ascribed to the Ru?*/Ru®" transition,’ the second at 0.5 V to
Ru*"/Ru**,”*®%° and the last two features at 0.9 and 1.1 V to
Ru*"/Ru>*%*° or Ru*/Ru’*>® and Ru®"/Ru®"*® respectively.
After being tested at higher potentials (LSV, CA and 100
stability cycles), CVs were recorded between 0.2 and 1.3 V, with
the main goal of cycling the electrode in a lower potential range
for regenerative purposes. In Fig. S7 (ESIt), it can be seen that
there are now barely three visible oxidation features. One
feature and a shoulder can be seen between 0.3 and 0.7 V,
and another feature centered at 1.1 V. Two reduction features
are visible at the same positions. This indicates that the active
surface of the pyrochlore electrocatalysts changes during
electrochemical testing.

It can be seen that all three pyrochlores prepared by the
glycine combustion synthesis (regardless of calcination tem-
perature or ¢) have a superior activity than the pyrochlore
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0.04 {
0.02 1
0.00 A

j(mAcem?,)

-0.02

ycine Sh
-0.04 4 —— Glycine 2h
A

~0.06 —— Glycine $=0.3
—— MSS
0.2 0.4 0.6 0.8 1.0 1.2 14

E (V vs RHE)

-0.08

Fig. 17 The fifth cyclic voltammogram recorded on each pyrochlore
sample at 50 mV s7tin 0.5 M H,SO,.

3630 | Mater. Adv,, 2025, 6, 3622-3633

View Article Online

Paper
1.6
Glycine
1.4 Asssasssassss Glycine 2h
|—=——= Glycine$=0.3
~ 124______. CA
2 10 {=—r— MSS

@’ Iro,
5 081 RuO,
£ o6/
T 04

0.2 |

0.0 A o e e v

130 135 140 145 150 155 1.60
E vs RHE (V)

Fig. 18 LSVs (active area normalised) recorded at 5 mV s71in 0.5 M H,SO4
of Y,Ru,0O7 synthesised under different conditions. The LSVs for reference
RuO, and IrO, are also included.

prepared by citric acid (Fig. 18). The mass activity improvement
over RuO, and IrO, is also illustrated in the ESIt (Fig. S9).
All pyrochlore samples perform better than the benchmark
RuO, and IrO,. In addition, the glycine combustion sample
calcined for two hours perform slightly worse at 1.6 V than
those calcined for 9 hours (Fig. 18). The decreased performance
could be due to the RuO, impurity phase observed in Fig. 9.
This impurity phase is also observed where ¢ = 0.3. Since RuO,,
clearly performs worse than the pyrochlores (Fig. 18 and Fig. S8,
S9, ESIt), this phase will not lead to any increase in activity
of the pyrochlores reported, illustrating that even with small
impurity phases the pyrochlores still show enhanced activity.
The logarithmic plots of current versus potential (obtained from
CA measurements) with straight line portions corresponding to
the Tafel region can be seen in Fig. 19. The plots for the
benchmark RuO, and IrO, are also included for comparison.
All pyrochlore samples (except MSS) have similar Tafel slopes
(42-44 mV dec™"), that are just slightly higher than that of IrO,
(38 mvV). The Tafel slopes of the pyrochlores are considerably
lower than that of RuO, (66 mV). The values reported here are
among the lowest reported for these types of pyrochlores that
have been reported previously in literature,"®® and correspond
well to the Tafel slopes reported for other porous pyrochlores.
Kim et al. reported a Tafel slope of 37 mV dec * for a porous
Y2[Ru; 6Y.4]07_4 pyrochlore synthesised by a combustion-type
synthesis.>® It should be noted that only a limited region of the
polarization curves could be fitted to a straight line to obtain
the Tafel slope, and that this is likely only one of two
Tafel slopes that can be fitted within this curve.®® An alternative
is to fit the entire polarization curve as described by Reksten
et al.®® These fits and the results can be observed in in the ESIF
(Fig. S11).

To evaluate the effect of potential cycling on the pyrochlores,
we used 100 CVs between 1.4 and 1.6 V, followed by 100 cycles
between 0.2 and 1.3 V (down-cycling), and concluded with
700 additional cycles between 1.4 and 1.6 V (Fig. S13, ESI¥).
After each set of cycles, an LSV was performed to evaluate how
the activity changed (Fig. S12, ESIt). In addition, CVs in
the non-faradaic region were performed to evaluate the change
in the double layer capacitance/ECSA with cycling (Fig. 20).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 Logarithmic plots of the current density obtained from potential
steps (CA) in HxSO4 of Y,Ru,O; synthesised under different conditions.
The plots for reference RuO; and IrO; are also included. The straight line
portions used to obtain the Tafel slopes are indicated.

All pyrochlores as well as the reference samples show a
decrease in activity after the first 100 cycles (an LSV and CA
experiment has also been performed between the first LSV and
100 CVs, see Table 1). The activity then increases again for all
samples after down cycling, confirming the use of cycling in a
lower potential range as a re-activation procedure. After an
additional 700 cycles, the reference samples (RuO, and IrO,),
the glycine ¢ = 0.3 sample and the citric acid (labelled CA)
sample undergo a further decrease in activity. However, the
activity remains constant or changes very little for the other
samples prepared by glycine combustion (Fig. S12, ESI).

The citric acid pyrochlore and RuO, both exhibit a decrease
in ECSA upon consecutive cycling. IrO, exhibits an increased
ECSA after down cycling, but exhibits a constant ECSA for the
rest of the testing procedure. On the other hand, the two
pyrochlores prepared by glycine combustion (¢ = 1), exhibit
increased ECSA with testing. For the sample calcined for
9 hours, the increase occurred after 100 CVs and it then
maintained the same ECSA after that. For the sample calcined

20
Initial
. 100
s Down
15 | s 700
10 A

ECSA (cm?)

| “
T .I.. T I T

Glyoh Gly2h CA MSS Gly03 Ru0, IO,

Pyrochlore electrocatalyst

Fig. 20 A bar chart illustrating the change in electrochemical active
surface area (ECSA) for the pyrochlores prepared by different synthesis
methods during the electrochemical test protocol. Gly and CA refer to
glycine and citric acid, respectively.
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for 2 hours, the increase occurred after down cycling and was
sustained after 700 cycles. The glycine ¢ = 0.3 sample exhibits
no change in ECSA throughout cycling, whereas the MSS sample
exhibits a slight decrease after 100 CVs, and then maintains the
same. It is possible that each pyrochlore prepared by a different
synthesis technique undergoes unique structural changes during
cycling and down-cycling. This can be due to the effect of the
synthesis method on defect composition and overall structure.’

4 Conclusions

In this study we establish a glycine combustion synthesis
method that can be effectively used to produce phase pure
Y,[Ru, ,Y,]O,. The synthesized pyrochlores show improved
electrochemical activity and stability for the oxygen evolution
reaction compared to established methods using the citric acid
sol-gel synthesis. We show that employing this method reduces
the time required at 1000 °C down to 2 hours in order to obtain
the phase pure pyrochlore structure. By mapping the synthesis
parameter space we identified the optimum parameters needed
to produce porous pyrochlores in a faster, more efficient
manner. In addition, we found that the combustion synthesis
is flexible and the mode of combustion can be altered if
required.
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