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Abstract: This study explores the synthesis and characterization of platinum (Pt), nickel
(Ni), and cobalt (Co)-based electrocatalysts using the sol-gel method. The focus is on the
effect of different support materials on the catalytic performance in alkaline media. The
sol-gel technique enables the production of highly uniform electrocatalysts, supported on
carbon-based substrates, metal oxides, and conductive polymers. Various characterization
techniques, including X-ray diffraction (XRD) and scanning electron microscopy (SEM),
were used to analyze the structure of the synthesized materials, while their electrochem-
ical properties, which are relevant to their application in unitized regenerative fuel cells
(URFCs), were investigated using cyclic voltammetry (CV) and linear sweep voltammetry
(LSV). This hydrogen energy-converting device integrates water electrolyzers and fuel
cells into a single system, reducing weight, volume, and cost. However, their performance
is constrained by the electrocatalyst’s oxygen bifunctional activity. To improve URFC
efficiency, an ideal electrocatalyst should exhibit high oxygen evolution (OER) and oxygen
reduction (ORR) activity with a low bifunctionality index (BI). The present study evalu-
ated the prepared electrocatalysts in an alkaline medium, finding that Pt25-Co75/XC72R
and Pt75-C025/N82 demonstrated promising bifunctional activity. The results suggest
that these electrocatalysts are well-suited for both electrolysis and fuel cell operation in
anion exchange membrane-unitized regenerative fuel cells (AEM-URFCs), contributing to
improved round-trip efficiency.

Keywords: sol-gel method; electocatalysts; bifunctional; Pt; Co; Ni; Magnelli phases titania;
carbon; PEM-URFC

1. Introduction

Hydrogen is a promising clean energy carrier that can efficiently utilize renewable
energy sources while reducing greenhouse gas emissions. One key technology for hydrogen-
based energy systems is unitized regenerative fuel cells (URFCs), which function both as
water electrolyzers (to produce hydrogen) and fuel cells (to generate electricity). However,
the commercialization of anion exchange membrane-URFCs (AEM-URFCs) faces challenges
related to the performance, stability, and cost of electrocatalysts used for hydrogen and
oxygen reactions [1-10].
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The development of efficient and durable electrocatalysts is essential for advancing
clean energy technologies such as fuel cells and water electrolysis. Precious metal-based
electrocatalysts, particularly platinum (Pt), are widely recognized for their exceptional catalytic
activity in hydrogen evolution reactions (HERs), hydrogen oxidation reactions (HORs), oxygen
evolution reactions (OERs), and oxygen reduction reactions (ORRs) [11,12]. However, the
high cost and limited availability of Pt drive research toward hybrid electrocatalysts that
combine Pt with transition metals like cobalt (Co) and nickel (Ni) to enhance performance
and stability while reducing noble metal content [13,14].

The choice of support material plays a significant role in determining the activity,
stability, and overall performance of electrocatalysts. To further optimize electrocatalyst
performance, researchers investigate different support materials, which influence electro-
catalyst stability and efficiency. Various supports, such as carbon-based materials, metal
oxides, and conductive polymers, are used to enhance the electrocatalytic behavior of these
metals by improving electron transfer, preventing electrocatalyst sintering, and enhancing
the overall conductivity of the system [15].

Carbon black (Vulcan XC72R) is commonly used as a support material for electrocata-
lysts due to its excellent electrical conductivity, high surface area, and ability to prevent
metal particle aggregation, which are crucial for enhancing the performance and stability
of the catalyst in electrochemical reactions [16-18]. The conductive network provided by
carbon black facilitates efficient charge transfer, which is vital for the hydrogen evolution
reaction (HER), oxygen reduction reaction (ORR), and hydrogen oxidation reaction (HOR).
Moreover, its high surface area allows for a better dispersion of metal nanoparticles, reduc-
ing the risk of catalyst sintering and improving the long-term stability of the catalyst. These
structural properties of carbon black contribute to improving reaction kinetics, especially
under the harsh operating conditions of fuel cells and electrolyzers [19].

On the other hand, Magnéli-phase titania (MPT), with its unique structural and elec-
tronic properties, offers several advantages in catalytic reactions, especially under alkaline
conditions. MPTs, such as Ti4O7 and Ti5Og, exhibit metallic-like conductivity, which allows
for efficient electron transport, and their high thermal stability and redox-active nature
make them resistant to oxidation and degradation under harsh conditions typically encoun-
tered in oxygen evolution reactions (OERs) and ORRs [20-27]. Furthermore, the corrosion
resistance and tunable electronic properties of MPT enhance the interaction between the
metal nanoparticles (Pt, Ni, and Co) and the support material, improving both the catalytic
efficiency and the long-term stability of the catalyst [28]. This allows for a more durable
catalyst that can perform efficiently over extended periods, particularly in the context of
renewable energy applications such as unitized regenerative fuel cells (AEM-URFCs).

For example, Pt, Ni, and Co supported on Magnéli-phase titania have shown enhanced
activity and stability for urea oxidation and ORR with their unique structural and electronic
properties [29-31].

The functional properties of electrocatalysts are largely influenced by the synthe-
sis method and the conditions under which they are prepared [32,33]. One of the most
commonly used techniques is the sol-gel method, which allows for precise control over
important factors such as particle size, composition, and surface area. This method in-
volves converting metal salts or precursors into a gel, which is then processed to form
nanoparticles [34-36].

Electrocatalysts produced using the sol-gel method exhibits excellent performance
in reactions like oxygen reduction (ORR), urea oxidation, and hydrogenation. One of the
key advantages of this technique is its ability to enhance the interaction between the metal
particles and the support material, which is crucial for ensuring long-term stability and
efficiency in electrochemical reactions [37-39].
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The sol-gel method has proven to be especially effective for producing electrocatalysts
based on platinum (Pt), nickel (Ni), and cobalt (Co). Numerous studies have explored
the synthesis and performance of Pt, Ni, and Co-based electrocatalysts using the sol-gel
method, with these materials supported on various substrates, including carbon black
and Magnéli-phase titania [40-42]. For example, Pt supported on carbon black has shown
superior activity in ORRs and better stability than conventional Pt catalysts, thanks to the
high surface area and excellent electronic conductivity of carbon black [37,42]. Likewise,
Ni and Co-based electrocatalysts on carbon black have demonstrated promising electro-
chemical performance in hydrogenation and urea electrooxidation reactions, particularly
when supported on either carbon black or titania-based materials [43].

The flexibility of the sol-gel method in synthesizing hybrid Pt-Ni and Pt-Co electrocat-
alysts opens up further possibilities beyond just oxygen electrocatalysis. One particularly
exciting opportunity is in CO, electrochemical reduction (CO,RR), a key process for carbon-
neutral energy solutions that converts CO, into valuable fuels and chemicals. The sol-gel
method allows for precise control over the composition, morphology, and dispersion of
active sites, which could be beneficial for optimizing electrocatalysts for CO,RR.

Recent studies have shown that Pt-based materials combined with Ni or Co can
effectively facilitate CO, reduction by enhancing CO, adsorption and proton transfer, while
minimizing competing hydrogen evolution reactions (HERs) [44,45].

Additionally, the sol-gel method can be optimized by controlling factors such as
precursor concentration, gelation conditions, and thermal treatment, allowing for the fine-
tuning of the morphology, size, and electronic properties of metal nanoparticles [43]. This
precise control results in highly active and durable electrocatalysts, which can withstand
prolonged operation in fuel cells and other energy conversion devices.

In the current study, Pt-Co and Pt-Ni electrocatalysts were synthesized using the
sol-gel method, supported on two distinct substrates: carbon black (Vulcan XC72R) and
Magnéli-phase titania (N82). By dispersing Pt with Co and Ni on these supports, the
research aims to assess the electrocatalytic performance of the resulting materials in oxy-
gen evolution (OERs) and oxygen reduction reactions (ORRs). Through electrochemical
analysis, the bifunctional capabilities of the electrocatalysts under alkaline conditions were
evaluated, with a focus on their potential applications in unitized regenerative fuel cells
(AEM URFCs). The combination of advanced synthesis techniques and tailored material
compositions offers a promising route to improving the efficiency and durability of next
generation electrocatalysts for renewable energy applications.

2. Results and Discussion

The structure and phase composition of the synthesized materials were examined by
X-ray diffraction (XRD).

Figure 1a presents the diffractograms of Pt/Co electrocatalysts with varying compo-
sitions in wt.%, deposited on an XC72R carbon support. The primary diffraction peak of
platinum in the 75Pt/25Co and 50Pt/50Co samples is observed at a diffraction angle of
20 = 39.7°, followed by less pronounced peaks at 46.3°, 67.5°, 81.2°, and 85.8° 20, corre-
sponding to the (111), (200), (220), and (311) crystallographic planes of platinum with a
cubic structure (ref. code: 00-004-0802). The 25Pt/75Co sample exhibits an amorphous
structure with no distinct diffraction peaks of Pt detected.



Gels 2025, 11, 229 4of 16

(a) * OPt i *Pt, cubic rof. code: 00-004-0802 (b)
*Ni cubic ret. codo: 01-077.9326
———— Pt25-C0o75/XC72R - .
—— Pt50-Co50/XC72R £ — Pras-NiTsIXG72R
N — Pt50-Ni50/XC72R

* *

Pt75-Co25/XC72R g :%; —— Pt75-Ni25/XC72R

Intensity (a. u.)

Intensity (a. u.)

T T T T T T T T T T T T T T T T T T T T T T T T

20 ' 30 40 50 60 70 80 90 20 30 40 50 60 70 80 ' 90
20, degrees 20, degrees

Figure 1. XRD data of prepared (a) PtX-CoX and (b) PtX-NiX electrocatalysts supported on XC72R.

No distinct diffraction peaks corresponding to Co were observed in any of the samples
analyzed. According to the crystallographic database, the main diffraction peak of the
cubic Co phase is expected at 20 ~ 44.37° [ref. code: 00-001-1259], but it is not present
in the diffractograms. Another primary peak of cubic Co could appear at 20 ~ 45.92°
[ref. code: 00-088-2325], overlapping with the platinum peak. However, no peak shift was
observed as the cobalt content increases to 50% (Pt50-Co50), ruling out the possibility of Co
incorporation into the platinum structure. The absence of Co peaks can be explained by
two factors: (1) the formation of amorphous Co due to the rapid evaporation of isopropanol
during the sol-gel synthesis, and (2) the extremely fine dispersion of cobalt (crystallites
smaller than 3-5 nm), which suppresses its diffraction signals. These factors are also
responsible for the amorphous nature of the Pt25-Co75 material. Figure 1b presents the
diffractograms of nanostructured Pt/Ni electrocatalysts deposited on an XC72R carbon
support in various weight percentage ratios. The three diffractograms exhibit diffraction
peaks that are characteristic of nickel at a diffraction angle of 20 ~ 44°, with the most
intense peak observed in the sample containing 75% Ni. Additionally, weak diffraction
signals are detected at approximately 26 ~ 51°. These peaks correspond to the (111) and
(200) crystallographic planes of nickel with a cubic crystal structure.

A similar trend is observed for platinum, where the increase in Pt content results in
the enhancement of the intensity of its characteristic diffraction peaks. In the samples with
75% and 50% Pt (75Pt/25Ni and 50Pt/50Ni), diffraction signals are clearly identified at
20 ~ 39.8°, 46.5°, 67.6°, and 81.3°, corresponding to the (111), (200), (220), and (311) planes
of platinum with a cubic crystal structure. In contrast, no platinum peaks are registered
in the sample containing 25% Pt and 75% Ni (25Pt/75Ni), as they are masked by the
significantly more intense diffraction signals of nickel. The structural characterization is
confirmed using reference cards for Pt (cubic, ref. code: 00-004-0802) and Ni (cubic, ref.
code: 01-077-9326).

Figure 2a presents the X-ray diffractograms of Pt/Co electrocatalysts with varying
compositions, deposited on a non-carbon catalytic support based on Magnéli-phase ti-
tanium oxide (N82). The diffractograms reveal characteristic peaks for both platinum
(Pt), with a primary diffraction maximum at 20 = 39.9° (reference code: 00-004-0802), and
cobalt (Co), with a corresponding primary peak at 20 = 44.5° (reference code: 00-001-1259).
The intensity of the diffraction peaks of Pt and Co is directly related to their respective
concentrations in the catalysts.
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Figure 2. XRD data of prepared (a) PtX-CoX and (b) PtX-NiX electrocatalysts supported on N82.

When N82 is used as a catalytic support, the diffraction signals from the deposited
metals appear to be less pronounced, as a significant portion of their peaks overlap with the
intense reflections of the support material. The Magnéli-phase titanium oxide used as the
support consists of two well-defined crystalline phases: Ti4Oy (reference code: 00-072-1722)
and Kj 55 TigO1¢ (reference code: 01-084-2058).

Figure 2b presents the X-ray diffractograms of Pt-Ni electrocatalysts with varying
compositions, deposited on a non-carbon catalytic support based onN82. The intensity of
the diffraction peaks of Pt and Ni is directly correlated with the percentage of these metals
in the electrocatalysts, consistent with the observations made in Figure 2a.

The efficiency of the sol-gel-prepared catalysts toward OER was evaluated in an
aqueous solution of 1M of KOH at room temperature. The influence of the metal content
(M1:M2) and the type of the electrocatalyst support on the electrocatalytic efficiency were
studied with linear sweep voltammetry.

Previous studies have shown that Ni/MPT is a more effective electrocatalyst for the
hydrogen evolution reaction (HER), while Co/MPT performs significantly better in the
oxygen evolution reaction (OER), demonstrating exceptional stability under high anodic
potentials [19,42].

Figure 3 illustrates the anodic polarization curves recorded for electrodes with PtX-
NiX/N82 and PtX-NiX/XC72R, respectively.

The OER activity of PtX-NiX/N82 electrocatalysts is much lower compared to that
of PtX-NiX/XC72R. The metal composition of the carbon-supported catalysts does not
affect their OER efficiency, while when N82 is used, the intensity of the OER is lowest on
the sample with the highest Pt content. The overpotential of 'l 1o, Acm ' =0.309 V was
recorded for the PtX-NiX/XC72R samples and " 191, Aem ! =0.363 V was recorded for the
best performing MPT-based electrocatalyst, Pt75-Ni25/N82.

The efficiency of the Pt-Co-based electrocatalysts toward OER was also exam-
ined. The results from Figure 4a show a decreasing of the OER intensity with in-
creasing Pt content in the PtX-CoX/XC72R electrocatalysts following the order of
Pt75-Co75/XC72R < Pt50-Co50/XC72R < Pt25-Co75/XC72R. This is not the case for the
PtX-CoX/NB82 electrocatalysts (Figure 4b) where the activity could not be related to the
M1:M2 composition. Here, the obtained current densities were again much lower compared
to PtX-CoX/XC72R electrocatalysts.
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Figure 3. Polarization curves of OER on Pt-Ni- electrocatalysts with varying metal contents and
types of support: (a) XC72 and (b) N82 recorded in 1M of KOH at room temperature; potential scan
rate: TmV s~
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Figure 4. Polarization curves of PtX-CoX electrocatalysts supported on (a) XC72 and (b) N82 for OER
recorded in 1M of KOH at room temperature; potential scan rate: 1 mV s~ 1.

The overpotential of "l 10mA-cm 2 = 0.350 V was recorded for the Pt25-Co75/XC72R
samples and "l 10mA.cm 2 = 0.591 V for the Pt75-Co25/N82.

The electrocatalysts’ activity toward OER in comparison with some state of the art
electrocatalysts was presented in Table 1.

From the table, it is evident that the Pt25-Co75/XC72R sample demonstrates moderate
OER activity compared to other catalysts. In contrast, the Pt75-Co25/N82 sample exhibits
a higher overpotential of 0.591 V, indicating lower OER activity.

SEM images of the best performing electrocatalysts are displayed in Figure 5a—d.
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Table 1. Selected electrocatalysts for the OER in an alkaline solution.

Electrocatalysts Composition Overpotential (V) Reference
Pty5-Coyzs/XC72R(deposited on Freudenberg FCCTKG H2315) 0.350 In this work
Pt75-Cop5/N82(deposited on Freudenberg FCCTKG H2315 0.591 In this work
NiCo,0;4 (deposited on Ni foam) 0.250 [46]
NiFeCrOy (deposited on Ni plate) 0.285 [47]
CoFepO4 (deposited on glassy carbon electrode) 0.370 [48]
Co0304 (deposited on Au electrode) 0.400 [49]
CoCryO4/CNT (deposited on glassy carbon electrode) 0.326 [50]
Cu(dto)/C 0.400 [51]
NiCoO (deposited on FTO) 0.460 [52]
N-doped multi-walled carbon nanotubes (NMWNT) 0.320 [53]
N and S-doped graphene on graphite foam (SNG@GF) 0.330 [53]
S-NiFeOOH@Fe-Ni3S, on NiFe foam 0.242 [54]

.

‘ Y-
5
%

S ¢

e

2

EHT=2500kV Mag= 1000KX WD=907mm  PhotoNo. = 1958

A Ay

o Detector = SE1 VD=848mm  Photo No. = 1990 s Detector = SE1 EHT=2500kV Mag= 10.00KX WD=849mm  PhotoNo, = 1982

SIS

Figure 5. SEM images of the best performing electrocatalysts synthesized via the sol-gel method:
(a) Pt75-Co25/N82, (b) Pt75-Ni25/N82, (c) Pt25-C075/XC72R, and (d) Pt75-Ni25/XC72R.

Distinct morphological differences between the two substrates are evident. The N82
matrix (Figure 5a,b) exhibits rounded rod-like structures that are characteristic for the
Magnéli-phase titanium oxide particles with a size in the range of 100-150 nm. In contrast,
the XC72R carbon matrix (Figure 5¢,d) displays an amorphous structure composed of
spherical particles and isolated agglomerates.

In both types of electrocatalysts, the metal particles are homogeneously dispersed
across the substrate, although in some areas, the formation of larger agglomerates
is observed.
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Based on the performed preliminary electrochemical screening of the synthesized
catalysts, Pt75-C025/N82 and Pt25-Co75 samples were chosen for further RRDE testing of
their ORR activity and proven bifunctionality in 0.5 M of KOH.

Using the rotating ring disk electrode (RRDE) methodology, the ORR activities of Pt75-
Co025/N82 and Pt25-Co75/XC72R electrocatalysts were analyzed in an oxygen-saturated
0.5 M KOH electrolyte with the catalytic loading of 0.6 mg cm~2 and the observed trends are
demonstrated in Figure 6. The recorded linear sweep voltammograms (LSVs) in Figure 6a
exhibit the active nature of both electrocatalysts; however, the electrocatalytic performance
of sample Pt25-Co75/XC72R is categorically superior. The onset potential (Eonset), typically
estimated at —0.1 mA-cm~2, came out to be —0.98 V vs. RHE which is remarkably higher
compared to that of the Pt75-C025/N82 sample (ca. 0.85 V vs. RHE). By applying a first
derivative on the LSV, the halfwave potential (E; ;) of the sample Pt25-Co75/XC72R was
estimated to be 0.98 V vs. RHE, further endorsing the excellent kinetics of ORR launched
by Pt25-Co75/XC72R.

T 0.3 s T T
(b)

= P175-C025/N82
— Pt25-C0o75/XC72R

-6 ! \ 3 : i .
0.0 0.4 0.8 1.2 0.0 0.4 0.8
E/V vs. RHE E/V vs.RHE
30 . T T T T 4.2 T T T L)
(c) (d)
:\:: - < 1
- ~
S 20 {2 40t |
3 b
) °
< >
3 10 8 38f i
X o
(o) [72)
o s
= =
0 1 1 N 1 s 1 36 L 1 : 1 N 1 i
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
E/V vs. RHE E/V vs. RHE

Figure 6. ORR activity of Pt75-C025/N82 and Pt25-Co75/XC72R electrocatalysts; (a) LSVsat5 mVs~!,
(b) ring currents, (c) peroxide, and (d) electron transferred during ORR in 0.1 M of KOH with catalyst
loading of 0.6 mg cm 2.

On the other hand, the E1/2 of the sample Pt75-C025/N82 was 0.67 V vs. RHE. The
ring current density of sample Pt25-Co75/XC72R presented an incessant rise soon after
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crossing the ORR Egnset Whereas sample Pt75-Co025/N82 remained relatively stable. The
offshoot of this observation can be noticed in the peroxide production (Figure 6¢) where
sample Pt25-Co75/XC72R exhibited a slightly higher peroxide yield with an increasing
trend (ca. 5-15%) while the peroxide yield for sample Pt75-C025/N82 remained well
below 5%. However, the electron transfer number for both electrocatalysts remained above
3.5 throughout the potential window, illustrating a direct 4-electron ORR.

The Bifunctional Index (the variance in OER and ORR metrics) of the Pt25-Co75/XC72R
was as calculated according Equation (1):

AE =Ej_10 — E1)» (1)

here E; /; is the halfwave potential (E; ;) from the LSV curve in Figure 6a and Ej-y is the
OER potential taken at a current density of 10 mA-cm~? as taken from Figure 7.

10 . - l
Pt25-Co75/XC72R
j10mA.cm"=1'68 v
g
O
< St i
S
"~
O L T 1 "
1.4 1.6 1.8

E/V vs. RHE

Figure 7. LSV curve of Pt25-Co75/XC72R electrocatalyst on RRDE in 0.1 M of KOH with catalyst
loading of 0.6 mg cm 2.

The AE value for Pt25-Co75/XC72R is 0.7 V, which shows its superior bifunctional ac-
tivity (OER/ORR). A similar value has been reported for ironpolyphthalocyanine metallic—
organic frameworks (MOFs) over the carbon black matrix (FePPc@CB) (0.68 V) [55] and
hybrid Co/CoO/Ce-Doped WO3 nanoparticles on a ZIF-L Framework (0.679 V) [56] with
the application in Zink—Air Batteries.

The validation of the bifunctionality of the examined electrocatalysts in real AEM-
URFC is under study.

3. Conclusions

In this study, hybrid Pt-Ni and Pt-Co electrocatalysts were successfully synthesized
using the sol-gel method over substrates with different chemical natures (carbon and
Magnelli-phase titania). The electrochemical performance of these electrocatalysts was sys-
tematically evaluated, revealing key insights into their activity and potential applications.

The carbon-based Pt-Ni electrocatalysts demonstrated superior activity for oxygen
evolution reaction (OER) compared to their MPT-based counterparts. Similarly, the carbon-
based Pt-Co electrocatalysts exhibited enhanced activity toward OER and ORR, as con-
firmed by RRDE measurements.
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Among the studied materials, the electrocatalysts Pt25-C075/XC72 and Pt75-Co025/N82
showed promising bifunctional activity for oxygen electrocatalysis (OER/ORR). Based on
the promising bifunctional activity observed in Pt25-C075/XC72 and Pt75-C025/N82 in
our study, these materials could be explored for CO,RR applications.

Further studies exploring the structural and electronic modifications of these materials
for CO;RR could expand their applicability in sustainable energy conversion and carbon-
neutral technologies.

Overall, the synthesized electrocatalysts demonstrate potential for application in
both water electrolysis and fuel cell modes within an anion exchange membrane-unitized
regenerative fuel cell (AEM-URFC) system, highlighting their versatility and practical
significance in sustainable energy conversion technologies.

4. Materials and Methods
4.1. Sol-Gel Synthesis of Electrocatalysts

In this work, bimetal composite electrocatalysts were prepared via the sol-gel pro-
cess using acetylacetonate precursors (M((CsH7O2)n)m, (M = Ni, Co, Pt) (Alpha Acer))
on two supports—Magneli-phase titanium oxide (with the general formula of TinOpp_1,
commercially available from Ti-dynamics Co., Ltd., Changsha, China, designated N82) and
upon carbon black (Vulcan XC-72, designated as XC72).

The content of the metal part (Co, Ni, and Pt) varied within the range of 25-75 wt.%.
The test samples were denoted as M1 X-MX/N82 and M1 X-M,X/XC72, respectively, where
M; = Co or Ni,M; = Pt, and Xis the metal content in wt.%. Initially, the metal acetylacetonate
powders and the supports were dissolved in a defined amount of isopropanol at room
temperature and mixed using a magnetic stirrer. To achieve better homogenization, the
samples were treated in an ultrasonic bath (60 °C) for approximately 30 min until gelation
occurred. The gels were heated in a tube furnace in a reducing atmosphere to 240 °C for
4 h (a temperature rate of 2 °C min~! (2 h), and then the temperature was maintained
for 2 h). The samples were taken out after complete cooling to room temperature. The
obtained electrocatalysts were homogenized in agate mortar and stored in a dry oxygen-free
atmosphere (Figures 8 and 9).

Electrocatalyst
Nanopowder

prior heating

Sol-solution

Figure 8. Schematic representation of synthesis of electrocatalysts.
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Figure 9. Proposed mechanism of sol-gel synthesis of M;X-M;X/N82 and M;X-MyX/XC72
electrocatalysts.

4.2. Electrodes Fabrication

The catalytic inks were prepared with calculated amounts of catalyst powders (M1X-
M2X/N82 and M1X-M2X/XC72), DI water (18.2 MQ), Milli-Q), 2-propanol (NPA, Sigma-
Aldrich, St. Louis, MI, USA), and Nafion™ (5 wt.% solution, 1100 EW, Ion Power, New
Castle, DE, USA). The catalyst inks were mixed for 5 min by sonication in a bath sonicator.
The as-prepared inks were loaded in the airbrush unit for spray deposition on the surface
of a Freudenberg FCCTKG H2315 gas-diffusion layer (Figure 10). The electrocatalysts were
deposited as a thin layer with a fixed loading of 0.5 mg cm 2.

Airbrush Unit

730 e N, pressure (P)

Catalytic ink /

4

Spray Time (t) Sample distance (d)

Substrate
Freudenberg H15C13 paper Chuck

Figure 10. Schematic representation of the electrodes’ preparation.

4.3. Electrocatalyst Characterization
4.3.1. Physicochemical Characterization

The structural features of the as-prepared electrocatalysts were characterized by X-ray
diffraction (XRD) via a Philips ADP15 X-ray diffractometer with Cu-Ka« radiation (A = 1.
54,178 A) at a constant rate of 0. 02° s~ over an angle range of 4° to 80° 26. For the
interpretation of the results, the database PDF 2—2022, ICD was used.

The morphology, structure, and composition of the electrocatalysts were also inves-
tigated by scanning electron microscopy (SEM)/Energy Dispersive Spectroscopy (EDS)
using a JEOL JSM 6390 electron microscope (JEOL, Tokyo, Japan) equipped with an INCA
Oxford elemental detector (Oxford Instruments, London, UK).
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4.3.2. Electrochemical Characterization

i Initial OER activity testing

The initial electrochemical screening of the electrocatalysts/electrodes was conducted
at room temperature in argon saturated with 25% KOH (pH = 14) in a standard three-
electrode electrochemical cell (equipped with a Luggin capillary, whose tip was set at a
distance of 1-2 mm from the surface of the working electrode for the minimization of the
iR drop) utilizing a Pt wire as the counter electrode and a saturated Ag/AgCl electrode
as the reference electrode. All potentials were converted and reported with respect to the
reversible hydrogen electrode (RHE) (EruEg = EMeasured + E0ag/agc1 + 0.059 x pH at 25 °C).

For electrochemical evaluation of the sol-gel-synthesized electrocatalyst, the conven-
tional electrochemical techniques of cycling voltammetry and quasi-steady-state polariza-
tion tests were applied.

In order to better understand the effect of the type of support and the metal compo-
sition of the processes that occurred on the electrode surface, the cyclic voltammograms
(CVs) were recorded in the potential range between the hydrogen and oxygen evolution at
scan rate of 100 mV s~ 1. The quasi-steady-state polarization tests (LSV) of OER and HER
activities were carried out in a potentiodynamic mode with a scan rate of 1 mV s~ 1. All
linear sweep voltammetry (LSV) curves were acquired without iR compensation.

ii ~ ORR and OER testing with RRDE

The electrochemical investigations were carried out in a typical three-electrode config-
uration comprising the working electrode, the graphite rod as the counter electrode, and
a Ag/AgC(l electrode as a reference. The electrochemical data were collected through a
Pine WaveVortex Rotating Disk Electrode (RDE) system connected with a Pine potentiostat.
For the electrochemical analyses, first inks were prepared by dispersing 5 mg of electro-
catalysts in a mixture of 985 pL isopropanol (Alfa Aesar, Haverhill, MA, USA) and 15 pL
of Nafion® D-520 (5 wt.%, Alfa Aesar) and then the obtained suspension was subjected
to a probe sonicator for 20 min. Afterward, the ink-containing gas vials were transferred
to an ultrasonic bath sonicator for further homogenization for the next 30 min under am-
bient conditions. For the ORR, the working electrode was fabricated by drop-casting the
inks onto a rotating ring disk electrode (RRDE, E6R2 Series, PINE research, Durham, DC,
USA) with 0.6 mg cm 2 of electrocatalyst loading whereas for the OER measurements, the
working electrode was based on RDE (E5 Series PINE research, Durham, USA) with the
same electrocatalyst loading. An in-house-prepared 0.1 M KOH solution was used as an
electrolytic media. The ORR measurements were carried out in the alkaline electrolyte
saturated with ultra-pure O;; however, during OER, the electrolyte was purged with pure
N2. To report, the potential values were converted with respect to the reversible hydrogen
potential (RHE) using Equation (2):

E(RHE) = E(Ag/AgCl) + 0.0591 x pH + EO(Ag/AgCl) (2)

The potential window for the ORR was kept between 1.23 and 0 V vs. RHE while
keeping the ring current constant at 1.23 V vs. RHE. Before recording the actual linear
sweep voltammograms (LSVs) at 5 mVs 1, the electrocatalyst was conditioned by applying
multiple cyclic voltammetry (CV) until a reproducible trend was observed at the scan rate of
50 mVs ! (this step remains the same for both ORR and OER). Eventually, the peroxide yield
(%) and the number of electrons transferred (n) during ORR were estimated by recording the
disk current (I;x) and the ring current (L;ing) as given in Equations (3) and (4), respectively.
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In Equations (2) and (3), ‘N’ is the collection efficiency (38%) of the RRDE with the Pt ring
having a surface area of 0.2356 cm?.

Peroxide yield (%) = (200 X Lijng/N)/(Laisk + Lring/N) 3)

n=(4 Idisk)/(I(disk) + Iring /N) 4)

The potential window for OER was maintained at 1.23 and 2.23 V vs. RHE. It should
be noted that the ORR and OER were performed under hydrodynamic conditions with
1600 rpm rotation rates of RRDE/RDE.
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