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Abstract: This paper describes the activity of PdCo304/C obtained by wet impregnation towards
the oxygen reduction reaction (ORR). For this purpose, the Co304/C substrate was synthesized
using the microwave irradiation heating method with further annealing of the substrate at 400 °C
for 3 h (Co304/C-T). Then, the initial Co3O4/C substrate was impregnated with palladium chloride
(Pd-Cl-Co0304/C), and then part of the obtained Pd-Cl,-Co304/C catalyst was annealed at 400 °C
for 3 h (PdOCo304/C). The electrocatalytic activity of the prepared catalysts was investigated for the
oxygen reduction reaction in alkaline media and compared with the commercial Pt/C (Tanaka wt.
46.6% Pt) catalyst. It was found that the annealed PAOCo30,/C catalyst showed the largest ORR
current density value of —11.27 mA cm~2 compared with Pd-Cl,-Co304/C (—7.39 mA cm~2) and
commercial Pt/C (—5.25 mA cm™2).

Keywords: palladium; cobalt oxide; nanoparticles; oxygen reduction; fuel cells

1. Introduction

Energy is one of the most important and necessary factors for progress in science and
enhancing quality of human life. However, the issues surrounding the use of fossil fuels, in
terms of air pollution and climate change, have been considered in the past few decades.
The first scientist who said that fossil fuels might cause climate change was electrochemist
Svante Arrhenius in the nineteenth century [1]. So, the depletion of the ozone layer, cli-
mate warming, and other pollution issues have increased the necessity for a cleaner and
environmentally friendly mode of energy. That is why fuel cells have come to the forefront
of the catalyst field [2]. Many types of fuel cells have been investigated with the aim of
finding one of the best alternatives, a cleaner and more effective energy resource, which can
work intermediately without any mechanical link. In particular, the final products of fuel
cell reactions are friendlier to the environment. Depending on the fuel used, the products
of working fuel cells are H,O for hydrogen fuel cells and H,O and CO, for liquid fuel
cells using an alcohol solution. Although it sounds promising, there are some questions
scientists have been faced with. One of them regards efficient materials, which are used
in the anodic and cathodic sides of the fuel cell. It is well-known that Pt is one of the best
and most effective catalysts used in fuel cells [3]. However, recent research has focused on
platinum-free materials or at least on the creation of electroactive materials with a reduced
amount of Pt, and thus with increased activity of the catalyst. Oxygen (usually from air) is
commonly used at the cathodic side of the fuel cell because it has good reduction potential
and is highly abundant in the environment. The catalyst used as a cathode material has to
be efficient and selective for the oxygen reduction reaction to achieve the highest device
performance. Moreover, as mentioned before, it is important to find alternative catalysts
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that are less expensive and more catalytically active than bare Pt. Recent research has fo-
cused on metals such as Mn, Fe, Co, Ni, Zn, etc., and hydroxides/oxides/dichalcogenides
because of their ability to synergistically improve the electrochemical performance due
to their flexible oxidation states [4-9]. Furthermore, transition-metal oxides are attractive
electrocatalytic materials because of their high stability. One of the most promising elec-
trocatalysts is Co3O4 due to its low cost, availability, stability, and electrocatalytic activity
towards the oxygen reduction reaction in alkaline media [6—8]. Recently, nanostructured
metal oxides have attracted attention because of their application in electronics and other
industries. In addition to this, nanostructured Co3O; is distinguished from other metal
oxides because of its unique magnetic and optical properties. Moreover, it can be an attrac-
tive electrocatalytic material because of its defined electrochemical redox activity, stable
chemical state, and low cost [10]. Cobalt(ILIII) oxide, CozOy, is described as a promis-
ing electrocatalyst for ORR, and its electrocatalytic properties can be further improved
by developing its different morphologies [5]. There are many different morphologies of
Co304, such as nanotubes, nanowalls, nanosheets, nanocubes, nanoboxes, microspheres,
flower-like structures, etc., which have different properties and depend on the method of
Co30; preparation used [11-15]. Hexamethylenetetramine (HMTA) is known as a cheap,
ecofriendly, and readily available heterocyclic organic compound with a cage-like structure
using a metal-HMTA complex precursor for synthesis of metal oxide nanoparticles [16].
W. Jia et al. described the influence of HMT on the significant morphological evolution
of Co304. Depending on the mole ratio of HMT in the synthesis, different structures of
Co304 can be obtained, such as nanosheets accompanied by a large number of spherical
nanoparticles — some strip-like particles due to the agglomeration of spherical nanoparti-
cles — nanosheets resulting from the growth of strip-like particles — coarse flower-like
particles owing to the connection among the nanosheets — and nanosheets gradually
covered with flower-like particles [17]. Moreover, the particle size decreases with increased
HMT concentrations [18]. However, the efficiency of individual transition-metal oxides is
commonly poor; therefore, Co3O; is usually used as a substrate and combined with other
conductive materials to improve the electrocatalytic performance [19,20]. Pd has attracted
much attention because of its similarity to Pt, in both its atomic size and crystal structure.
However, bare Pd catalysts show lower activity towards the ORR compared with bare Pt
catalysts, but some supplements, such as transition metals or metal oxides, improve the
catalytic properties of palladium [21-24]. Furthermore, it is very attractive due to its cost,
which is three times lower than that of Pt. In addition to this, adding metal oxides, such as
Co30y4, increases the oxygen transfer to Pd, which also increases the electrocatalytic activity
of catalysts [25-27].

In this work, Co304/C and Pd-supported CozO4/C catalysts were prepared using
two methods—microwave irradiation heating and wet impregnation. First, the Co304/C
substrate was prepared using the microwave heating method. Furthermore, the substrate
was impregnated with palladium, and a Pd-supported Co3zO,4/C catalyst was obtained.
Then, both the Co30,/C substrate and the impregnated Pd-Cl,-Co30,/C catalyst were
annealed at 400 °C for 3 h, and Co304/C-T and PdOCo0304/C catalysts were obtained.

The composition, morphology, and structure of the prepared materials were char-
acterized using inductively coupled plasma optical emission spectroscopy (ICP-OES),
field-emission scanning electron microscopy (FESEM), transmission electron microscopy
(TEM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). We investi-
gated the electrocatalytic properties of the prepared catalysts during an oxygen reduction
reaction in alkaline media using rotating disk electrode (RDE) linear sweep voltammetry
(LSV) and compared them to those of the commercial Pt/C catalyst.

It was determined that the annealed PdOCo30,/C catalyst showed the highest elec-
trocatalytic activity, the most positive onset potential, and the largest current density
towards the oxygen reduction reaction in an alkaline medium as compared with the other
obtained catalysts.
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2. Results

Table 1 depicts the results, which were obtained after the physical characterization
of the synthesized Co304/C, Co304/C-T, Pd-Cl-Co0304/C, and PAOCo30,/C catalysts
and commercial Pt/C. The amount of Pt, Pd, and Co for each catalyst was determined by
ICP-OES. The calculated mass weight of CozO4 was ca. 58 and 74 wt.% in the Co304/C and
Co304/C-T catalysts, respectively (Table 1). PACl, and Co304 mass weight in the PdCl,-
Co304/C catalyst was ca. 7.7 and 22.5 wt.%, respectively. In the case of the PdAOCo30,/C
catalyst, PdO and Co3z0O4 mass weight was ca. 3.03 and 12.46 wt.%, respectively. For
electrochemical measurements, estimated Co loading in the catalysts varied from ca. 54 to
ca. 270 pg cm 2. Loading of Pd was equal to 47.05 and 83.00 ug cm 2 in the synthesized
PdOCo304/C and Pd-Cl,-Co304/C catalysts, respectively. In the commercial Pt/C catalyst,
Pt loading was equal to 118.04 pg cm~?2 (Table 1).

Table 1. Physical characterization of the investigated catalysts.

Loading, pg cm—2 Mass Weight, wt.% ESA
Catalyst
Pt Pd Co PdCl,/PdO Co0304 cm—2 m?2 g1

Co304/C - - 254.29 - 58 - -

Co304/C-T - - 273.48 - 74 - -
Pd-Cly-Co304/C - 83.00 98.43 7.7 22.5 0.34 10.04
PdOCo304/C 47.05 54.46 3.03 12.46 2.54 74.97
Pt/C 118.40 - - - - 11.04 47.52

Electrochemically active surface areas (ESAs) of the investigated Pt/C, Pd-Cl,-Co030,/C,
and PdOCo304/C catalysts were determined from cyclic voltammograms (CVs) recorded
in the argon-deaerated 0.5 M H,SO, solution at a sweep rate of 50 mV s~! (Figure 1). The
ESA value for Pt/C was calculated by integrating the area of the peak associated with
the hydrogen adsorption region (Qy) with a charge density of 210 pC cm~2. ESAs of
Pd in Pd-Cl,-Co304/C and PdOCo0304/C catalysts involved the utilization of a value of
424 uC cm~2 as the charge density associated with the reduction of PdO at a potential
range of 0.5-0.7 V vs. the reversible hydrogen electrode (RHE) [28,29]. The results obtained
are presented in Table 1.
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Figure 1. CVs of the investigated catalysts recorded in an Ar-deaerated 0.5 M H;SOy solution at
50 mV s~
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The crystal structure of the obtained catalysts was further characterized by XRD as
shown in Figure 2. All the profiles are consistent with a hexagonal graphite-2H phase (ICDD
#00-056-0160) as a base for the synthesized material (Figure 2, marked as C). The intense
diffraction peaks seen at 20 = 16.15, 18.34, 39.25, and 53.55° in the Co30,/C (Figure 2a,
Pattern 1) and Pd-Cl,-Co304/C (Figure 2b, Pattern 1) profiles can be attributed to the (101),
(003), (024), and (220) crystallographic planes of trigonal Cop,CI(OH); (ICDD #04-011-5213)
with crystallites size of about 12 nm (Figure 2a,b, Pattern 1). During the annealing in
an air atmosphere at a temperature of 400 °C, the structure of Co,Cl(OH); changed to
the cubic structure of Co3O4 (ICDD #01-078-1969). The Co30,/C-T (Figure 2a, Pattern 2)
and PdOCo304/C (Figure 2b, Pattern 2) profiles show the diffraction peaks obtained at
20 =19.00, 31.27, 44.80, 59.35, and 65.22°, attributed to the crystallographic planes (111),
(220), (400), (511), and (440), respectively, of the cubic structure of Co304 (Figure 2a,b
Pattern 2). The size of Co304 crystallites was calculated as 18.1 &= 0.4 nm and 13.8 £ 0.5 nm
for Co304/C-T and PAOCo304/C, respectively (Table 2). Pd may have possibly affected
the formation of finer derivatives and thus the formation of a more active particle surface.
As well as after annealing, a broad tetragonal PdO peak (ICDD #01-086-4074) appears in
the XRD pattern of the PdAOCo30,/C catalyst (Figure 2b, Pattern 2). This diffraction peak
is quite broad, indicating fine-phase crystallinity. PdO crystallites about 4 nm in size were
detected in the PAOCo030,/C catalyst.

Intensity a.u.

C
¢ e Co0, b) A:, s Co0,
1
1
1

o Co,CI(OH), o Co,CI(OH),

—————-=<

Intensity a.u.

20 30 40 50 60
26 deg.

Figure 2. X-ray diffractograms for prepared samples. Pattern 1, immediately after synthesis:

Co304/C (a), Pd-Cl-Co304/C (b); Pattern 2, after annealing at a temperature of 400 °C for 3 h:

Co0304/C-T (a), PAOCo0304/C (b).

Table 2. The size of Pd, Co, and Pt crystallites (XRD) and particles (TEM) in the investigated catalysts.

Crystallite—Average Size Value, nm

Catalyst

XRD TEM
PdO/Pt C0304
Co304/C - ~12.0 ~25.0
Co304/C-T - 181+04 ~25.0
Pd-ClZ-CO304/C - ~12.0 ~6.0
PdOCo0304/C 4.0 13.8 £ 0.5 ~3.0-44
Pt/C 4-5[30] - 4-5[30]

SEM images present the surface morphology of all the prepared Coz0,/C and Pd-
supported Co304/C powders. It can be seen that the Co,Cl(OH)3 and CozO4 nanoparticles
had cubic shapes and were distributed in small groups on a carbon surface for all investi-
gated samples (Figure 3a—-d). As seen in the PdOCo30,/C image (Figure 3d), very small
spherical PdO nanoparticles were distributed on the surface.



Catalysts 2022, 12, 920

50f 15

Figure 3. SEM images of the Co30,4/C (a), Co304/C-T (b), Pd-Cl,-Co304/C (c), and PdOCo304/C
(d) catalysts.

The size of nanoparticles obtained in the CozO4/C, Pd-Cly-Co304/C, Co304/C-T, and
PdOCo0304/C catalysts was estimated from TEM images (Figure 4a—d). The calculated
size of nanoparticles is given in Table 2. Furthermore, EDX analysis of TEM confirmed the
presence of PdCl, and PdO. The TEM images agree with the SEM images. It can be seen that
Co,CI(OH)3 and Co304 nanoparticles settled in groups and agglomerated (Figure 4a—d),
and PdO nanoparticles were very small and covered the entire surface of the PdAOCo30,4/C
catalyst (Figure 4d).

The XPS studies of the Pd-Cly-Co030,/C and PAOCo304/C catalysts overlapped with
the other structural analysis methods used. Table 3 presents the binding energy (BE) values
of the main spin-orbital splitting peak of Pd3d, Co2p, Ols, and Cls spectra. The Pd3d
XPS spectra obtained for the Pd-Cl,-Co304/C and PAOCo30,/C catalysts are shown in
Figure 5a,b, whereas the Co2p XPS spectra for those catalysts are represented in Figure 5c,d.
The analysis of those XPS spectra revealed the coexistence of two doublets in the Pd3d
spectra. Pd3ds, peaks situated at 338.28 and 337.11 eV and their corresponding Pd3d;/,
peaks at 343.64 and 342.42 eV, respectively, can be attributed to the chemical state of
PdCl; and PdO (Figure 5a,b) [31,32]. For both catalysts, the obtained binding energies
of about 780.15 and 779.55 eV assigned to the Co 2p3/, transition were associated with
Co®* [31,33-36] lattice oxygen species (Figure 5c,d) [37]. The higher BE peaks of Ol1s XPS
spectra, located at about 532-535 eV, are usually attributed to the presence of the surface of
adsorbed O,, HyO, and CO; [37]. According to the XPS data, in the annealed PAOCo30,/C
catalyst, O, dominated in lattice oxygen species, indicating the Co3O4 phase in this catalyst.
In the case of the Pd-Cly-Co30,/C catalyst, oxygen was more likely to appear in the OH™
form or be adsorbed on a surface. These data confirm the results of XRD analysis, showing
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that after annealing, Co,Cl(OH); changes to Co304. For both catalysts at a binding energy
of about 284.2 eV in Cl1s distribution, the highest amount of carbon was estimated [38].

e)

Counts

Co

Counts

Energy (keV) Energy (keV)

Figure 4. TEM images of the Co304/C (a), Co3O4/C-T (b), Pd-Cl;-C0304/C (c), and PdOCo304/C
(d) catalysts. EDX analysis of Pd-Cly-Co304/C (e) and PAOCo304/C (f) catalysts.
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Table 3. Data from XPS analysis.

Catalyst

Pd3d5/2 Pd3d3/2 C02p3/2 O1ls Cls

Ep, eV at.% Ep, eV at.% Ep, eV at.% Ep, eV at.% Ep, eV at.%

Pd-Clz-C0304 /C

78015  41.64 52991 2942 28426 5025
783.09 3913  531.86 2435 28487  28.16

53282 1998 28641  14.64
78630 1923 53397 2625  287.73 6.95

338.28 65.63 343.63 34.37

PdOC03 04 / C

77955 5703 529.70 8.39 28419 3473

53127 2484 28454  24.46

33711 6793 34242 3207 /8222 2819 53569 4470 28584 26.36
53398 1782 28694 1174

78617 1478 53503 322 288.49 271

Furthermore, the electrocatalytic activity of as-prepared catalysts was investigated
for the oxygen reduction reaction against the commercial Pt/C. Figure 6 shows the ORR
polarization curves recorded in the O,-saturated 0.1 M NaOH solution. The electrode
potential was scanned from 1.0 V in the cathodic direction to 0.2 V vs. the RHE at a scan
rate of 5 mV s~!. The rotation speed was varied from 400 to 2000 rpm (Figure 6a—e).
From the obtained data, it can be seen that all catalysts demonstrated a typical view of
ORR curves with the onset potentials range of 0.77-0.95 V vs. the RHE. According to the
literature, the oxygen reduction reaction occurs at the potential range between 0.7 and 1.0 V
vs. the RHE [28,39]. It can be seen that, as expected, the highest activity for the ORR of
the investigated as-prepared catalysts was shown by the annealed PAOCo304/C catalyst
(Figure 6d) with the onset potential of 0.92 V vs. the RHE, which also showed the largest
maximum current density at —11.27 mA cm 2, as compared with the Pd-Cly-Co304/C
catalyst, with the onset potential of 0.91 V and a limiting current density of —7.39 mA cm 2
(Figure 6¢). In the case of non-Pd catalysts, the annealed Co304/C-T showed a more
negative ORR onset potential of 0.83 V (Figure 6b), and the freshly prepared CozO4/C
catalyst exhibited the most negative ORR onset value at 0.78 V (Figure 6a). The polarization
curves of commercial Pt/C showed the most positive onset potential at 0.95 V, but a lower
limiting current density value of —5.25 mA cm~2 compared with Pd-supported Co304/C
catalysts (Figure 5e). The data obtained show that the PdAOCo30,/C catalyst exhibited a
very similar onset potential to Pt/C.

—
(a) P d|3d5/z

Pd3d,,

Intensity, a.u.

Binding Energy, eV

Figure 5. Cont.
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(c) Co2p

— 780.15 eV
— 783.09 eV
— 786.30 eV
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Figure 5. Pd3d XPS spectra for Pd-Cly-Co304/C (a) and PAOCo30,/C (b) catalysts. (c,d) Co2p XPS
spectra for Pd-Cl;-Co30,4/C and PdOCo304/C, respectively.

T T T T T T T T T T

T T T T T T T T T
a) C0,0,/C Tb) Co,0,/C-T
0 L £ .
2k 1 _
e TEE 1 /
; ;/,/ 2 /4
_4 L )7 e) Pt/C £ ,/ m
‘ a 0 ———
: f [ -~=
S o . — -~
- s 74
-6 é T -7 T S =, 4 7
B e S~
== Y anttd
-6 v/
-8 r 204060810 T // 1

E,V vs. RHE

| ¢) Pd-CL,-Co,0,/C

J, mA em”

-7,
——————————— -~ s /l'
-4‘ P T e ’,4/ B
/ - /////
6 27 S RPM -
":".:‘".:".:":,/ 1 - 0
-] e -
g | M 1 i 400 |
i V. 800
vl 1200
10 T wa s 1
o 1600
-

12| 1 2000 |

0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
E, Vvs.RHE

Figure 6. Linear sweep voltammetry curves for O, reduction on the Co304/C (a), Co304/C-T
(b), Pd-Cl,-Co304/C (c), PdAOCo0304/C (d), catalysts in the O,-saturated 0.1 M NaOH solution at
5mVs1.
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Figure 7 reveals this similarity more clearly. Figure 7a compares the LSV curves of
all investigated catalysts at 1600 rpm in the O,-saturated 0.1 M NaOH solution. It can be
seen that the effect of the beginning of the ORR on the Pd-Cly-Co304/C, PdOCo0304/C,
and Pt/C catalysts was very similar, and these three catalysts were significantly more ac-
tive than Co30,4/C and Co304/C-T. The initial current density for the ORR at 0.9 and
0.85 V was higher on the Pt/C (—1.296 and —2.832 mA cm~2, respectively) than on
PdOCo0304/C (—0.142 and —0.852 mA cm~?2). Furthermore, at the potential of 0.8 V, the
current density increased for both Pt/C and PdOCo304/C catalysts up to about —3.990 and
—2.224 mA cm~2. Then, the current density for PdOCo30,/C increased as the potential
became more negative, and at 0.7 V, the current density for the ORR on PdOCo304/C was
—5.551 mA cm 2, which was ca. 1.2 times higher than on the commercial Pt/C catalyst
at the same voltage with a current density value of —4.781 mA cm~?2 (Figure 7a). Hence,
according to LSV measurements, the ORR activity over the catalysts followed the order of
C0304/C < C0304/C-T < Pd-Cly-Co304/C < PdOCo0304/C < Pt/C.

T T

T T T T T T T T T T

o[ ® N ] e T ]
700 === . e/
2+ N £ A 7/ )
/ / / 5 sl -m— === ~1 5 o5l / 1
4| /A fgor ey T H
g -6 - ; _// - E d & /
z —lom e’ ) ] 2 -100 p % -1.0 F /I i
E -8 #—— C0,0,/C 1 2 / S ’
s ." — Co,0,/C-T 2 -150 / !E ’I
AOF L evwns Pd-Cl,-Co,0,/C| & ! & 15[ vpmanws” = PUC ]
13| PAOC0,0,/C-T | = wavan? Pd-Cly-Co304/C |
- -200 PdOCo304/C
02 04 06 08 10 02 04 06 08 1.0 02 04 06 08 1.0
E,V vs. RHE E, Vvs. RHE E,V vs. RHE

Figure 7. Comparison of ORR current densities at 1600 rpm in an O,-saturated 0.1 M NaOH
solution (a), ORR current densities normalized by the metal loading (b), and ORR current normalized
by the ESA values (c) for all investigated catalysts.

Regarding limiting current density, Pd-Cl,-Co304/C and PdOCo304/C demonstrated
higher current densities, outperforming Pt/C, Co304/C and Co304/C-T catalysts. As the
rotation rate is the same, the amount of oxygen being supplied to the working electrode is
also the same; the only determining factor of the limiting current density is the efficiency
of the reaction. Higher limiting current densities indicate a higher selectivity for the
four-electron reduction to water on the Pd-Cl,-Co304/C and PdOCo30,/C catalysts.

When the current densities of LSV curves at 1600 rpm were normalized by loading of
Pd, Pt, and Co (in the case of Pd-free catalysts), this tendency became clearer (Figure 7b). It
was found that the largest mass activity of —101.85 mA mgpq ! at 0.7 V was exhibited by
the annealed PAOCo304/C catalyst, which was about 2 times higher than that of the im-
pregnated Pd-Cl;-Co304/C catalyst (—47.63 mA mgpy ~1)and 5.4 times higher as compared
to that of the commercial Pt/C catalyst (—18.77 mA mgp,~!). Undoubtedly, the Co304/C
and Co304/C-T catalysts showed the lowest ORR mass activity at 0.7 V of —2.27 and
—5.39 mA mgc, !, respectively. Calculating the mass activity of the investigated catalysts
at 0.8 V, the tendency remained the same: the mass activity of as-prepared catalysts in-
creased in the order of Co304/C (—0.096 mA mgc, ') < Co304/C-T (—0.826 mA mgc, ~})
< Pt/C (—15.666 mA mgp; ') Pd-Cly-Co30,/C (—18.350 mA mgpq ') < PAOCo030,/C
(—38.121 mA mgpd_l). When currents of LSV measurements were normalized by the
ESA values of Pd and Pt at 0.8 V, the highest specific activity was exhibited by the as-
prepared Pd-Cl,-Co304/C (—0.405 mA cm™?) catalyst compared with the PdAOCo30,/C
(—0.057 mA cm~2) and Pt/C (—0.071 mA cm~2) catalysts. The tendency remained the
same at 0.7 V: the highest specific activity was exhibited by the Pd-Cl,-Co30,/C cata-
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lyst (—1.028 mA cm™?) compared with the PAOCo30,/C (—0.153 mA cm~2) and Pt/C
(—0.085 mA cm~2) catalysts. Density functional theory suggests that high ORR activity
may arise from appropriate oxygen adsorption strength at the interface of PdO-Co30;.

Hereinafter, the durability test of as-prepared catalysts was carried out by chronoam-
perometry measurements at a potential value of 0.55 V for the 1900s (Figure 8a). It can be
seen that after approximately 200-400 s, the current density settled down and only slightly
increased over time. Figure 8b presents the normalized ORR current densities (%) for each
catalyst after stabilization of current density during the process. It was calculated that the
investigated catalysts maintained 78, 83, 90, 92, and 95% of their initial efficiency in the
order of CO304 /C < CO304 /C-T < Pd-Clz-COgO4/C < PdOCO304/C S Pt/C.
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Figure 8. Chronoamperometric curves recorded on the investigated catalysts at 0.55 V in an
O,-saturated 0.1 M NaOH solution: (a) chronoamperometric responses (percentage of current density
retained vs. operation time) of all the catalysts (b).

It is worth noting that the PdOCo30,/C catalyst, having a three-times-lower noble
metal loading, demonstrated similar stability to the commercial Pt/C during the ORR
process in an alkaline medium.

Koutecky-Levich (K-L) plots were generated from the LSV curves where the inverse
current density taken at 0.65, 0.7, 0.75, and 0.8 V was plotted against the inverse square
root of rotation speed (Figure 9). The K-L curves show a linear relationship between j !
and w~1/2, indicating the first-order dependence of the ORR kinetics at different potentials
(0.65-0.80 V) for all investigated catalysts. However, the calculated number of electrons
transferred (n) varied from two to four, indicating a 2e™ transfer reaction for CozO4/C
catalysts when the reduction of O, produced HO, ™ and OH™ [40] and a 4 e~ transfer
reaction and direct reduction of O, to H,O [41] on the surfaces of Pd-Cl,-Co30,4/C and
PdOCo030,/C catalysts.

Moreover, we compared the electrocatalytic activity of our prepared catalysts towards
the ORR with other Pd- and Co-supported catalysts recently reported in the literature.
Table 4 presents the data collected. It can be seen that according to the onset potential of the
ORR, the as-prepared Co304/C, Co304/C-T, Pd-Cly-Co304/C, and PAOCo30,/C catalysts
exhibited very similar or even higher electrocatalytic activity towards the ORR in alkaline
media compared to that stated in the literature.



Catalysts 2022, 12, 920

110f15

g ) Co0/C n=2 ] gL b Co0/C-T n=2 |
e ® 065V
6L e o070V |
s e 075V g L g
5 ° 080V 2 4 . g:gz
Z ‘
T a4t oo ° £ ° 075V
N < ° 080V
~ S 2k
- ° —0
2r .—0——‘/"/‘
PR _ . L e— S
LA O L
O 1 1 il 1 1 1 1 |
0.02 0.03 0.04 0.05 0.02 0.03 0.04 0.05
CU-]/Z, rpm-l/Z
0.7 L d) PdCo,0,/C-T p=4
0.6 | M
e 070V
NE 0.5 ® 075V
S - ° 080V
Z 04
g
03 /
" - / |
0.1 L ]
0.02 0.03 0.04 0.05 0.02 0.03 0.04 0.05
w-l/l, rpm'”z w.l/z’ rpm—l/z

Figure 9. Koutecky-Levich plots of the investigated catalysts at different potentials in an O;-saturated
0.1 M NaOH solution.

Table 4. The comparison of potentials of various catalysts.

Catalyst v f;’“;;;:m 5 }:slf‘IN{iiYI% Electrolyte References
Co304/C 0.78 0.62 0.1 M NaOH This work
Co304/C-T 0.83 0.63 0.1 M NaOH This work
Pd-Cl,-Co30,4/C 0.91 0.75 0.1 M NaOH This work
PdOCo30,4/C 0.92 0.72 0.1 M NaOH This work
Pt/C 0.95 0.86 0.1 M NaOH This work
PdYNPs 0.90 0.85 0.1 M KOH [42]
Pds;Fe NPs/CB 0.90 Not presented 0.1 M NaOH [8]
Pd3;Co NPs/CB 0.90 Not presented 0.1 M NaOH [8]
Pd;Ni NPs/CB 0.87 Not presented 0.1 M NaOH [8]
Pd@Zncore shell 0.85 0.82 0.1 M KOH [42]
Co304/Crvp-Mw 0.83 0.67 0.1 M NaOH [19]
Co304/C 0.83 0.78 1M KOH [43]
PdCo-300 0.81 0.83 0.1 M KOH [43]

3. Materials and Methods
3.1. Chemicals

CoCly-6Hy0 (98%), NaCl (>99.0%), hexamethylenetetramine (HMT) (99-100.5%),
graphite powder (99.9995%) (carbon (C) in the text), and PdCl, (99%) were purchased from
Sigma-Aldrich and Alfa-Aesar Supplies. Polyvinylidene fluoride, N-methyl-2-pyrrolidone,
ethanol (96%), HySO4 (96%), and NaOH (98.8%) were purchased from Chempur Company.
Argon and oxygen gases (99.999%) were used for the saturation of the NaOH solution.
The commercial Pt/C was Tanaka wt. 46.6% Pt. All chemicals were of analytical grade.
Ultra-pure water with a resistivity of 18.2 MQ cm~! was used for preparing the solutions.
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3.2. Preparation of Catalysts

The Co304/C substrate was prepared as follows: (1) HMT, sodium chloride, and
cobalt chloride salts were mixed together (the mass ratio being 4:2.5:1) with ethanol and
water solution (the volume ratio being 5:1) and stirred for 15 min on the magnetic stirrer;
(2) then, 30 mg of carbon was added to the mixture and stirred for 1 h. For microwave
irradiation, a Monowave 300 microwave reactor (Anton Paar) was used. The synthesis of
Co304 nanoparticles on carbon was carried out at a temperature of 120 °C for 4 h. After
preparation, the synthesized catalyst was washed with ethanol and water solution (the
volume ratio being 5:1), ultra-pure water, then filtered and dried in a vacuum oven at 80 °C
for 2 h.

The obtained Co304/C substrate was impregnated with palladium chloride solution
as follows: 20 mg of prepared Co30,/C substrate was added to 6 mL of 0.25 g L~! PdCl,
solution and stirred for 30 min on a magnetic stirrer. After impregnation, the mixture was
washed with ultra-pure water, then filtered and dried in a vacuum oven at 80 °C for 2 h.
The Pd-Cly-Co30,/C catalyst was obtained.

Furthermore, the prepared CozO4/C substrate and impregnated Pd-Cl,-Co304/C
catalyst were annealed in an oven at 400 °C for 3 h in an air atmosphere, and catalysts
denoted as Co304/C-T and PdOCo030,/C were obtained.

3.3. Characterization of Catalysts

XRD patterns of studied catalysts were measured using an X-ray diffractometer Smart-
Lab (Rigaku) equipped with an X-ray tube with a 9 kW rotating Cu anode. The measure-
ments were performed using Bragg—Brentano geometry with a graphite monochromator
on the diffracted beam and a step scan mode with a step size of 0.02 (in 26 scale) and
a counting time of 1 s per step. The measurements were conducted in the 20 range of
10-75°. Phase identification was performed using the software package PDXL (Rigaku)
and the ICDD powder diffraction database PDF4+ (2021 release). The size of crystallites
was calculated from XRD peaks broadening using the graphical Halder-Wagner method
implemented in the PDXL software package (Rigaku). The approach is based on the graph-
ical representation of the linear relationship (3 / tanB)? vs. B/ (tanBsind) plot (3B—XRD peak
physical broadening, 6—diffraction angle). The size of the crystallites in the investigated
catalysts was determined using the Halder-Wagner method.

The shape and size of palladium and cobalt nanoparticles were examined using a
transmission electron microscope Tecnai G2 F20 X-TWIN equipped with an EDAX spec-
trometer with an r-TEM detector. For microscopic examinations, 10 mg of sample was first
sonicated in 1 mL of ethanol for 1 h. Then, the obtained mixture was deposited on the Cu
grid covered with a continuous carbon film.

The morphology and composition of the fabricated catalysts were characterized us-
ing a SEM/FIB workstation Helios Nanolab 650 with an energy-dispersive X-ray (EDX)
spectrometer, INCA Energy 350 X-Max 20.

The composition of the obtained Pd-Cly-Co304/C and PdOCo30,4/C was determined
by means of X-ray photoelectron spectroscopy (XPS) using an “ESCALABMKII” spectrom-
eter (VG Scientific, East Grinstead, UK) equipped with an Al Ko X-ray radiation source
(1486.6 eV) operated at fixed pass energy of 20 eV.

To confirm the palladium and cobalt content, an ICP-OES analysis was conducted.
The ICP optical emission spectra were recorded using an ICP optical emission spectrometer
Optima 7000DV (Perkin Elmer, Waltham, MA, USA).

3.4. Electrochemical Measurements

All electrochemical measurements were performed with a Metrohm Autolab potentio-
stat (PGSTAT100) with a rotating disk electrode (RDE) system using the Electrochemical
Software (Nova 1.6.013). The 100 mL three-electrode cell was used. The geometric area
of the working electrode was 0.07 cm?. As a counter electrode, a Pt sheet was used, and
Ag/AgCl/KCl electrode was used as a reference electrode. The catalyst layer on the
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electrode was obtained according to the following steps: firstly, 5 mg of the investigated
catalysts were dispersed ultrasonically for 1 h in a 200 pL 2% polyvinylidene fluoride in
N-methyl-2-pyrrolidone (PVDF) solution. Then 5 uL of the prepared suspension mixture
was pipetted onto the polished surface of the glassy carbon electrode and dried in an oven
at 80 °C for 4 h.

The cyclic voltammetry (CV) measurements were recorded in an Ar-deaerated 0.5 M
H,S0, solution. The potential was cycled in a range of 0-1.5 V with a scan rate of 50 mV s 1.
Linear-sweep voltammograms (LSVs) were recorded on the investigated catalysts in the
Oy-saturated 0.1 M NaOH solution, using the rotating disc electrode (RDE) at a scan rate of
5mV s~!. The rotation rate varied from 0 to 2000 rpm. Chronoamperometric measurements
(CA) for ORR were performed at a potential value of 0.55 V in an O,-saturated 0.1 M NaOH
solution for 30 min. The electrode potential values for ORR were quoted versus the
reversible hydrogen electrode (RHE).

After measurements, the electron transfer number was calculated using the Koutecky-
Levich (K-L) Equations (1)-(3):

T =i ! (1)
jq = 0.62 nFD?/3 Co, V~1/01/2 2)
j_1 =jk_1 + w_l/z X A (3)

where, j, jk and jq are the measured current density, kinetic current density and the diffusion
limiting current density (mA cm™~2), respectively; n is the number of electrons transferred
in the reaction; F is the Faraday constant; D is the diffusion coefficient of the reactant; Cop
is the concentration of the reactant in the bulk electrolyte; V is the kinetic viscosity of the
electrolyte; w is the rotation rate; A is the slope of the linear plot of j ! versus w~1/2 (K-L
plot) [44].

All electrochemical measurements were carried out at the temperature of 20 °C. All
solutions were deaerated with Ar before each measurement, except ORR measurements.
The presented current densities are normalized with respect to the geometric area (0.07 cm?)
of the working electrode.

4. Conclusions

The Co30,/C substrate was prepared using the microwave heating method. Further-
more, the substrate was impregnated with palladium—Pd-Cl,-Co304/C. After annealing
of Co304/C and Pd-Cl,-Co304/Cat 400 °C for 3 h, Co304/C-T and PdOCo0304/C catalysts
were obtained. It was determined that annealing improves the electrocatalytic properties
of synthesized catalysts.

It was found that Pd-supported catalysts show noticeably greater electrocatalytic
activity towards oxygen reduction reaction in the alkaline medium as compared to bare
Co304/C catalysts. Moreover, PdAOCo304/C catalyst, having up to 3 times lower noble
metal loading and remarkably lower ESA compared to the commercial Pt/C, demonstrated
even higher electrocatalytic activity for oxygen reduction to commercial Pt/C. The highest
activity of PdOCo30,/C catalyst can be attributed to the synergistic effect between PdO
and Co30y.

We think that Co3zO4/C catalysts impregnated with palladium could be promising
electrocatalytic materials able to replace Pt-supported catalysts.
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