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2. ABBREVIATIONS AND SYMBOLS
Abbreviations

Notation Description
AST accelerated stability test
BET Brunauer-Emmett-Teller
C(KB) Ketjenblack carbon powder
CA chronoamperometry
CB carbon black powder
C(Cr3C2) chromium carbide-derived carbon powder

(electrode)
CDC carbide-derived carbon powder
CeMW CeO2 in colloidal solution synthesised with the

heating step conducted using microwave radiation
(the synthesis parameters are in subsection 5.1.2)

CeO2/Csolvo CeO2 activated carbon material synthesised by
solvothermal synthesis method (the synthesis
parameters for this ceria activated carbon are in
subsection 5.1.2)

CeO2/Cultr CeO2 activated carbon material synthesised by
the ultrasound sonication method (the synthesis
parameters for this ceria activated carbon are in
subsection 5.1.2)

Ceultr the CeO2 in colloidal solution synthesised with the
heating step conducted using ultrasound sonication
(the synthesis parameters are in subsection 5.1.2)

CNT classical nucleation theory
CV cyclic voltammetry
DFT density functional theory
DMFC direct methanol fuel cell
ECSA electrochemcial active surface area
EDL electrical double layer
EDX energy dispersive X-Ray spectroscopy
EG ethylene glycol
EIS electrochemical impedance spectroscopy
EV electric vehicle
FWHM full width at half maximum
GCDE glassy carbon disk electrode
GDL gas diffusion layer
hcd high current density
HOR hydrogen oxidation reaction
lcd low current density
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Notation Description
LTNS low-temperature nitrogen sorption
MA mass activity
MEA membrane electrode assembly
MOR methanol oxidation reaction
MW microwave
NLDFT non-local density functional theory
NP nanoparticle
ORR oxygen reduction reaction
PEMFC proton exchange membrane fuel cell
PSD particle size distribution
PSF peak shape functions
PtC(Cr3C2) the PtC catalysts deposited onto the chromium

carbide-derived carbon support (the synthesis
parameters for this material are in subsection 5.1.3)

PtCechl the Pt CeO2/C complex catalyst prepared at the
synthesis parameters given in subsection 5.1.3 and
the HCl solution was used for the deposition of
metals onto the support material

PtCeH2O2 the Pt CeO2/C complex catalyst prepared at the
synthesis parameters given in subsection 5.1.3
and the hydroperoxide solution was used for the
deposition of metals onto the support material

PtCeH3PO4 the Pt CeO2/C complex catalyst prepared at the
synthesis parameters given in subsection 5.1.3 and
the H3PO4 solution was used for the deposition of
metals onto the support material

PtCeNa the Pt CeO2/C complex catalyst on the
Ketjenblack carbon support synthesised by
using the reaction of Na and ethylene glycol to
generate glycolate ions for the synthesis solution
(the synthesis parameters for this material are in
subsection 5.1.3)

PtCeNaOH the Pt CeO2/C catalyst deposited onto the
Ketjenblack carbon support synthesized by
ethylene glycol reduction method in the NaOH
solution reaction system and the combination of
heating methods (microwave, ultrasound radiation,
and refluxing) is used

PtCesul the Pt CeO2/C complex catalyst prepared at the
synthesis parameters given in subsection 5.1.3 and
the H2SO4 solution was used for the deposition of
metals onto the support material
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Notation Description
PtC(KB) the PtC catalysts deposited onto the Ketjenblack

carbon support, by using the reflux method for
the heating step (the synthesis parameters for this
material are in subsection 5.1.3)

PtC(KB)com the PtC catalysts deposited onto the Ketjenblack
carbon support, by using the combination
of different heating methods. The synthesis
parameters for this material are in subsection 5.1.3

PWD pore-width distribution
RDE rotating disk electrode
RDS rate determining step
RHE reversible hydrogen electrode
SA specific activity
SEM scanning electron microscopy
TEM transmission electron microscopy
TGA thermogravimetric analysis
WE working electrode
XRD X-ray diffraction

Latin Symbols

Notation Description
cNa+ the concentration of Na+ in the reaction mixture
C capacitance
Cp the capacitance value of a parallel circuit
cPt Pt concentration on the electrode surface
cPt(IV) the [PtCl6]2– concentration in solution
Cs the capacitance value of a series circuit
dCeO2, microscopy CeO2 crystallite size observed from either scanning

electron microscopy or transmission electron
microscopy images

dCeO2, XRD CeO2 crystallite size estimated from X-ray
diffraction data

Dp penetration depth
dPt, ECSA diameter of Pt nanoparticles estimated from the

electrochemical active area value
dPt, microscopy Pt crystallite size estimated from either scanning

electron microscopy or transmission electron
microscopy images

dPt, XRD Pt crystallite size estimated from X-ray diffraction
data
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Notation Description
DScherrer effective crystallite size
Eonset the onset potential value
Ep peak potential
Epeak the potential value of the first oxygen reduction

reaction peak in cyclic voltammetry measurement
f frequency
HUDP hydrogen species under deposition potential
I current
iCA at 0.50 V the stable mass activity at the end of the

chronoamperometry duration measured at 0.50 V
iCA at 0.85 V the stable mass activity at the end of the

chronoamperometry duration measured at 0.85 V
iap, CV the mass activity calculated using the anode peak

current measured in cyclic voltammetry
iCA the stable mass activity was measured at the

potential value of the anodic peak of the
methanol oxidation reaction measurement in cyclic
voltammetry

iCA at 0.85 V/iap, CV the ratio of iCA at 0.85 V and iap, CV
Ip peak current
j current density
jk oxygen reduction reaction kinetic current density
P/P0 relative pressure
QHUDP the sum of HUDP charges
SBET specific surface area
SDFT total surface area
Sexternal surface area of meso- and macro-porous area
Smicropores microporous pore area
tultrasound duration of ultrasound treatment during the

synthesis of Pt CeO2/C materials
V ads total adsorbed nitrogen volume
V m adsorbed volume of nitrogen of the complete

unimolecular adsorbed layer
Vmesopores/Vtotal ratio of mesoporous volume to total pore volume
Vmicropores microporous pore volume
Vtotal total pore volume

Greek Symbols

Notation Description
∆Epp peak potential seperation
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Notation Description
δ diffusion layer thickness
ε ′ relative permittivity
ε ′′ dielectric loss
ν the potential scan rate
tanδ dielectric loss tangent
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3. INTRODUCTION
Electric cars have already gained considerable interest from governments and
industries, and this interest continues to rise. Although electric cars using
batteries as an energy source currently dominate the market, it is hard to establish
the electric vehicle (EV) infrastructure in the city. The challenge arises from the
need for numerous fast-charging points (i.e. fully charge of a 200-mile range EV
under 30 min) for mass EV adoption [1]. Refueling stations for EVs using such
alternative fuels as hydrogen or alcohol seems to be a more accessible and more
practical solution than megawatt charging stations [2, 3]. This has motivated the
researchers to study the proton exchange membrane fuel cell (PEMFC), as this
device is more suitable for electricity production for long-range and heavy-duty
EVs.

PEMFCs devices generate electricity using various fuels, including hydrogen,
alcohol, hydrazine, and ammonia. The anode and cathode of PEMFCs are
separated by a proton exchange membrane (PEM). Depending on the fuel used,
PEMFCs can have specific names, such as direct methanol fuel cell (DMFC) [4],
direct ethanol fuel cell [4], direct dimethyl ether fuel cell [5], and direct
hydrazine fuel cell [6, 7]. PEMFCs are usually preferred to hydrogen-fueled
PEMFCs [8]. These fuel cells work due to the oxidation reaction of the fuel at
the anode catalyst and oxygen reduction reaction (ORR) at the cathode catalyst
[4, 8–10]. Electrons released from the oxidation reaction at the anode and travel
through the load to the cathode to participate in the ORR. Both anode and
cathode reactions need to be catalysed to increase the efficiency of the PEMFC.
The ORR is rather sluggish, prompting extensive research to develop better ORR
catalysts as ORR is important regardless of the PEMFC type. The hydrogen
oxidation at the low-loading Pt catalysts is usually very fast. The oxidation of
alcohols is much slower due to complex reaction mechanism [4]. In the later
case, the anode catalyst suffers from Pt deactivation due to the adsorption of
intermediates from alcohol oxidation reaction, and due to corrosion. The
poisoning issue becomes more serious over time. In the DMFC, methanol
oxidation reaction (MOR) is also sluggish and the better catalysts are needed. In
this thesis, the focus is on development of MOR catalysts, which also catalyse
ORR.

The most common catalysts for PEMFCs are Pt-based catalysts deposited
onto various catalyst supports [4, 8–10]. The structure of Pt is sensitive to the
adsorption of oxygen-containing species at the surface [11–13]. This sensitivity
facilitates the ORR [11]. However, Pt is very easily deactivated by the adsorption
of certain chemical species, known as catalyst poisons (e.g. H2S, bisulfate,
halides, and CO adsorptions) [14–16], which can occur at both anode and
cathode. In the case of DMFC, the performance and durability of the anodic
catalyst severely affected by the adsorption of CO-like intermediates of MOR. In
case of the DMFC cathode catalyst, the durability of the catalyst can be reduced
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by the impurities from the feed gas and crossover of methanol from the anode
side to cathode side [4, 17]. An excellent DMFC anode catalyst can also work
well at the cathode, such as PtRu and Pt CeO2 catalysts, because the poisoning
condition at the DMFC anode is more extreme than at the cathode, and most of
the catalytic activity of MOR and ORR comes from Pt [4, 18–21]. To overcome
the poisoning issue, another metal or metal oxide can be coupled with Pt to
weaken the bond between Pt and catalyst poisons and facilitate the oxidation
reaction of poisons at the Pt surface [21–25]. In the selection of metals and/or
metal oxides coupled with Pt, rare-earth metals, especially CeO2-based catalysts,
are attractive to the researchers due to their high abundance in Earth’s crust and
synergistic effects to promote both ORR and MOR [19, 20, 26]. Additionally, the
electrochemical activity of Pt is dependent on the dispersion of Pt nanoparticles
(NPs) and their characteristics of Pt NPs on the support surface. Common
catalyst supports are carbon and/or carbides and/or metal oxides [27, 28].
However, carbon black is dominantly used as they have high surface area
(≥250 m2 g−1

material), low cost and high availability [27, 28]. The unique structure
and morphology of different carbons can influence both the durability and
performance of PEMFCs [29, 30]. Thus, the selection of a metal element and
carbon is essential for an excellent Pt-based catalyst.

The main aim of this study was to address the catalysis issues in DMFCs
mentioned above. To achieve this, the following aims were set.

• Develop and analyse the unique structure of chromium carbide-derived
carbon supports, synthesised under different conditions, as possible
catalyst supports.

• Optimise the synthesis methods for the preparation of Pt CeO2/C complex
catalysts, targeting the MOR at the DMFC anode catalyst.

• Improve the MOR and ORR activity of Pt CeO2/C complex catalysts by
improving the dispersion of Pt and CeO2 NPs and analysing the (structural)
factors influencing the catalytic activity and durability.

14



4. LITERATURE OVERVIEW
4.1 Proton Exchange Membrane Fuel Cells

The general structure of a single-cell PEMFC is demonstrated in Figure 1. The
heart of a PEMFC is the membrane electrode assembly (MEA), which includes
catalyst layers and PEM. The core components of a PEMFC consist of porous
carbon layers as a gas diffusion layer (GDL) on two sides of the MEA. The
gaskets and GDL control the flow of gases (including fuel) to the MEA and the
removal of products such as water from the MEA to the outside. Bipolar plates
are the current collectors and are used to connect the electrodes with the
application loads. In this study, the main component of the catalyst is Pt CeO2
on a carbon support, and with the PEM being a Nafion membrane.

Figure 1. Structure of a proton exchange membrane fuel cell with components,
noted in the figure.

Although the general structure of hydrogen fueled PEMFC and DMFCs is
similar as demonstrated in Figure 1, the working principles are slightly different
(Figures 2 and 3). For PEMFCs, the hydrogen oxidation reaction (HOR) takes
place at the anode (Equation 4.1), where electrons and protons are generated.

H2 2 H+ + 2 e– (at anode). (4.1)

The protons are transported through the PEM to the cathode, while the electrons
are transferred through the application device to the cathode. Electrons and
protons participate in the ORR at the cathode (Equation 4.2), and water is
produced.

O2 + 4 H+ + 4 e– 2 H2O (at cathode). (4.2)

The main difference between the hydrogen-fueled PEMFC and DMFC is the
MOR at the anode. In the MOR, CO2 and protons are produced (Equation 4.3).

CH3OH + H2O CO2 + 6 H+ + 6 e– (at anode). (4.3)
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The ORR also takes place at the cathode of the DMFC (Equation 4.2), a small
amount of methanol can crossover the PEM to form CO2 at the cathode side.
Thus, the ORR, HOR, and MOR have to be studied to develop good catalysts for
hydrogen-fueled PEMFC and DMFC. However, the working conditions of MOR
are more extreme than that of HOR. Therefore, the MOR catalysts are investigated
in this study.

Figure 2. Working principle of proton exchange membrane fuel cell powered by
hydrogen fuel. The black dash lines indicate the boundaries of components in the
membrane electrode assembly compartment.
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4.1.1 Chromium Carbide-Derive Carbon Supports

Carbon as catalyst support is a dominant element in catalyst layers for PEMFC
electrodes. Many different types of carbon have been studied for PEMFC
applications, such as ordered mesoporous carbon powder, carbon black powder
(CB), single-walled carbon nanotubes, multi-walled carbon nanotubes, and
carbide-derived carbon powder (CDC). Each type of carbon has a unique
structure and morphology, and it influences the metal dispersion on the carbon
support and the formation of metal NPs. Therefore, the carbon support
contributes to the electrochemical activity and durability of catalyst material
[31–33].

Amongst carbon supports mentioned above, CDC support materials for
PEMFC are widely studied at the University of Tartu [34–38]. The formation of a
unique micro-mesoporous structure occurs during the chlorination step following
the diffusion of metal elements (in the form of chloride) from binary carbides out
of the carbon structure. Additionally, the large specific surface area of this type
of carbon facilitates better metal dispersion on the support surface. One of the
interesting CDC materials synthesised by Thomberg et al. [39] is chromium
CDC. Different metal carbide precursors and synthesis temperature influence the
porosity, morphology, and graphitisation level of the carbon [39, 40]. Thomberg
et al. [39] have identified that chromium(II) carbide, especially Cr3C2, is a good
metal carbide precursor for preparing a micro-mesoporous carbon. This
chromium CDC is synthesised following the reaction (Equation 4.4):

2 Cr3C2 + 9 Cl2 6 CrCl3 + 4 C (4.4)

Figure 3. Working principle of direct methanol fuel cells. The black dash lines
indicate the boundaries of components in the membrane electrode.
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Additionally, the study by Hoffman et al. [41] reveals that the chlorination of this
type of binary carbide produces carbon with uniform position of carbon atoms in
the lattices, high specific surface area, large pore volume, and a good ratio
between micropores and mesopores.

4.1.2 Effects of CeO2 Coupled with Pt on Catalytic Activity

Cerium has gained interest among researchers due to its abundant presence in the
Earth’s crust [26]. The presence of CeO2 during the Pt deposition onto carbon
support generates more Pt0 species and improves the dispersion of Pt on the
support surface [42]. This effect is caused by the redox reaction of Ce3+ with Pt
cations (Equations 4.5 and 4.6) [43]:

Pt4+ + 4 Ce3+ Pt + 4 Ce4+, (4.5)

and/or
Pt2+ + 2 Ce3+ Pt + 2 Ce4+. (4.6)

Additionally, the main component of the catalyst (CeO2 coupled with Pt) enhances
the electrochemical activity and stability of the catalysts towards both MOR and
ORR.

In the case of MOR, the enhancement occurs due to the fluorite structure of
CeO2. The structure of CeO2 can act as an oxygen reservoir (Equations 4.7 –
4.10) and switch between the cation oxidation states of Ce4+ and Ce3+ [44, 45].

1
2

O2 + VO2– O x
O + 2 h , (4.7)

Ce4+ O Pt2+ + CO + O x
O Ce4+ O Pt0 + VO2– + CO2, (4.8)

Ce4+ O Pt0 + h Ce3+ O Pt2+, (4.9)

Ce3+ O Pt2+ + h Ce4+ O Pt2+, (4.10)

where VO2–, O x
O, and h are the doubly ionised oxide ion vacancy, neutral oxygen

occupying the vacancy, and the electron-hole, respectively. This explains why the
CO-like compounds on the surface of catalysts containing CeO2 are easily
oxidised. Moreover, the electron configuration of CeO2 in the ground state with
4f electrons can weaken the interaction between Pt and COads by transferring
electrons from CeO2 to the 3d orbital of Pt [21]. Therefore, the COads on the Pt
surface can be easily oxidised off.

In case of ORR, the activity of Pt-CeO2 catalysts is improved because the
fluorite structure of CeO2 facilitates the formation of water from H2O2. The
process can be described by the equations below [46]:

O2 + 2 H+ + 2 e– H2O2, (4.11)
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2 CeO2 + 2 H+ + 2 e– Ce2O3 + H2O, (4.12)

Ce2O3 + H2O2 2 CeO2 + H2O. (4.13)

The presence of Ce3+ as the intermediate (Ce2O3) lowers the risk of carbon
oxidation by hydrogen peroxide. Therefore, the lifetime of the cathode material
can be improved.

Although the main electrochemical activity of the catalyst material comes
from Pt, it is obvious that the presence of CeO2 influences the electrochemical
activity of MOR and ORR reactions. Additionally, the CeO2 crystals with
different morphologies have varying impacts on electrochemical activity [20, 47,
48]. Flower-shaped, rod-shaped and sphere-shaped crystals of CeO2 exhibit
higher electrochemical activity than other shapes due to the strong interaction
between Pt and CeO2, as well as the abundance of oxygen vacancies on
(100)/(110) planes.

4.1.3 Oxygen Reduction Reaction

The ORR takes place at the PEMFC cathode. To predict the ORR activity of the
Pt CeO2/C catalyst, the electrochemical measurements are conducted in acid
solution. The overall chemical reaction pathway of ORR (Figure 4) in acid
solution can follow a 4-electron process [49]:

O2 + 4 H+ + 4 e– 2 H2O E° = 1.229V. (4.14)

Alternatively, the ORR can follow the hydrogen peroxide pathway, also known
as the 2+2 electron process. In the 2-electron process, the hydrogen peroxide is
formed:

O2 + 2 H+ + 2 e– H2O2 E° = 0.67V. (4.15)

Subsequently, the hydrogen peroxide can be reduced in another 2-electron
process:

H2O2 + 2 H+ + 2 e– 2 H2O E° = 1.77V, (4.16)

or it can decompose:
2 H2O2 2 H2O + O2. (4.17)

The detailed mechanism of ORR differs for various surfaces. On Pt catalysts,
it is generally accepted that the ORR begins with the adsorption of an oxygen
molecule at the surface of the Pt catalyst (Equation 4.18).

O2 O2(ads) (4.18)

The subscript part "(ads)" indicates the adsorbed species at the active site.
However, there are two different mechanisms for the 4-electron process of

ORR [50]. The first mechanism is the dissociative route (Equations 4.19 – 4.21),
which has the rate constant k1 in Figure 4 [51]. The O O bond is broken to form
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the adsorbed atomic oxygen when O2 is adsorbed onto Pt clusters (Equation 4.19).
After that, two electrons are transferred from the Pt surface, and water is produced
(Equations 4.20 and 4.21). In total, four electrons are consumed to reduce one O2
molecule to water.

O2(ads) + 2 Pt 2 Pt O, (4.19)

Pt O + H+ + e– Pt OH is the rate determining step (RDS), (4.20)

Pt OH + H+ + e– Pt + H2O. (4.21)

The second mechanism is the associative route (Equations 4.22 – 4.25). In

O2(ads) H2O2(ads) H2O

H2O2(near–surface)

O2

H2O2(bulk)

k2

k−2 k3

k5 k6

k1

diffusion

k4

Figure 4. Scheme for oxygen reduction reaction mechanism at the electrode
surface in acid media [51].

this route, the O O bond is broken in the second step (Equation 4.23). In the case
of both mechanisms, the peroxide cannot be formed if the O O bond is broken
either in the first (Equation 4.19) or in the second step (Equation 4.23).

Pt O2(ads) + H+ + e– Pt OOH is the RDS, (4.22)

Pt OOH + H+ + e– Pt OH + HO, (4.23)

Pt OH + OH + H+ + e– Pt OH + H2O, (4.24)

Pt OH + H+ + e– Pt + H2O. (4.25)

However, if the O O bond of Pt OOH is not broken after the first step
(Equation 4.22), the ORR follows the hydrogen peroxide pathway and could be
described by following equations below:

Pt OOH + H+ + e– Pt (OHOH)ads. (4.26)

The hydrogen peroxide is formed in a 2-electron process (Equations 4.22 and
4.26) described by the rate constant k2 and the reverse process is the oxidation
of peroxide to form O2(ads) with the rate constant k−2. After that, the adsorbed
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peroxide at the Pt surface is reduced to water (Equations 4.27 and 4.28) described
by the rate constant k3.

Pt (OHOH)ads + H+ + e– Pt OH + H2O, (4.27)

Pt OH + H+ + e– Pt OH2. (4.28)

The H2O2(ads) can either decompose back at the electrode surface to form
O2(ads) described by the rate constant k4, or desorbed (and evolved) from the
surface described by the rate constant k5. Near the electrode surface, the
hydrogen peroxide can adsorb back to the electrode surface with the rate constant
k6. The dissociative and associative mechanisms could occur in parallel at the
electrode surface. However, at the electrode potential around 0.8 V vs SHE and
below, the associative mechanism is dominant [50].

Besides, Pt is the best catalyst for the ORR. The reason that other metals
cannot be as good as Pt is explained by the bonding energy of Pt and both O and
OH species. In the study of Nørskov et al. [50], the oxygen binding energy
between metal and O or OH was calculated using the equations below:

H2Ogas + M M O + H2(gas), (4.29)

H2Ogas + M M OH +
1
2

H2(gas) (4.30)

where M is the metal.
According to Nørskov et al. [50], the metal elements, which have either

higher or lower bonding energy with O, exhibit lower ORR activity. In the case
of the stronger M O bond, such as the Ni O bond compared to that of Pt, the
process of proton and electron transfer to the oxygen is slower. For Au, the
bonding energy between Au and O is exothermic. Consequently, the state of
oxygen on the Au surface is somewhat more unstable than that of moleqular
oxygen. This instablity causes the ORR activity at Au to be lower as the transfer
of protons and electrons to the oxygen is hindered. Defects and steps on the Pt
surface strengthen this bond but do not enhance the ORR rate. According to
computational theory, the kinetics of ORR can be faster if the oxygen binding
energy on the metal compared to Pt is lower (Figure 5). This implies that metals
such as Mo, Fe, Cu, Ni, and Ru may exhibit a higher ORR rate. The density
functional theory (DFT) calculations indicate that the Pt skin coupled with
another metal in an alloy (in the bulk phase) has lower oxygen binding energy
than that of pure Pt [52, 53]. This phenomenon is confirmed by many practical
studies [54–56]. Therefore, reducing the oxygen binding energy at the Pt surface
is a method to improve the ORR activity of catalyst materials.

Another problem with the ORR is the blocking effect of products. If the
kinetics of the reduction of OH to water (Equations 4.21, 4.24 and 4.25) are
extremely fast, the equilibrium potential for the formation/desorption of OH
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species is around 0.70 V vs RHE [12]. The OH species can cause a large
overpotential due to the formation of blocking intermediates at the reaction sites.
This phenomenon has motivated efforts to improve the reaction site accessibility
of new catalyst materials by conducting studies with novel support materials and
various surface studies [14, 33, 54, 57].

The ORR pathway on a glassy carbon disk electrode (GCDE) in acidic media
is a 2-electron process involving peroxide formation [49, 58]. After the
adsorption of an O2 molecule on the active site, which is similar to
Equation 4.18, the process is described as follows [49, 58]:

O2(ads) + e– O –
2(ads,at–inert–site) is the RDS, (4.31)

O –
2(ads,at–inert–site) O –

2(ads,at–active–site) is the movement of oxygen. (4.32)

According to Taylor et al. [58], the O –
2(ads) is protonated in an acidic environment

to form HO2 species (pH < pKa ≈ 4.8) as described in the equation below:

O –
2(ads,at–active–site) + H+ HO2. (4.33)

Then, the peroxide pathway proceeds similarly to the case of Pt and is described
by the equation:

HO2(ads) + H+ + e– H2O2(ads). (4.34)

Finally, the peroxide can diffuse or decompose as shown in Figure 4.

H2O2(ads) H2O2(bulk). (4.35)

Figure 5. The oxygen binding energy values calculated from the heat of the
reaction (H2Ogas + M M O + H2(gas)) with a quarter oxygen of coverage.
The data are taken from Nørskov et al. [50].
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The investigation of the ORR activity of the carbon material of the Pt catalyst
can be used to elucidate the ORR activity of the carbon support and the (possible
synergistic) effect of the carbon support on the ORR of the Pt catalyst.

4.1.4 Methanol Oxidation Reaction

The MOR is a 6-electron process that forms CO2 as the final product. In acidic
media, the overall process can be described by Equation 4.36 (at pH= 0).

CH3OH + H2O CO2 + 6 H+ + 6 e– E° = 0.016V. (4.36)

At the Pt surface, the MOR mechanism can be described by the scheme in Figure 6
by Cohen et al. [59]. The MOR begins with the dehydrogenation steps (Equations
4.37 – 4.39):

CH3OH(sol) + Pt Pt (CH3OH)(ads), (4.37)

Pt (CH3OH)(ads) + Pt(active–site) Pt (CH2OH)(ads) + Pt + H+ + e–, (4.38)

Pt (CH2OH)(ads) + 2 Pt(active–site) Pt2 (CHOH)(ads) + Pt + H+ + e–.
(4.39)

The formation of formaldehyde (Equation 4.40) can occur right after
Equation 4.38.

Pt (CH2OH)(ads) + Pt(active–site) H2CO(sol) + 2 Pt + H+ + e–. (4.40)

If Equation 4.40 does not take place, the MOR can follow two different pathways.
The first pathway is the formaldehyde process (Equations 4.41 – 4.45).

Pt2 (CHOH)(ads) + Pt(active–site) Pt (CHO)(ads) + 2 Pt + H+ + e–, (4.41)

Pt (CHO)(ads) + 2 Pt(active–site) Pt2 (CO)(ads). (4.42)

The states Pt2 (CO)(ads) and Pt (CO)(ads) are interchangeable (Equation 4.43).

Pt2 (CO)(ads) Pt (CO)(ads) + Pt. (4.43)

Additionally, the adsorption of a water molecule on Pt(active–site) (Equation 4.44) is
crucial for the completion of MOR. The electrons released during this process are
responsible for the MOR.

Pt + H2O Pt OH(ads) + H+ + e–. (4.44)

The final step of this reaction pathway is the reaction between Pt CO(ads) and
Pt OH(ads) to complete the oxidation of methanol (Equation 4.45).

Pt2 (CO)(ads) + Pt OH(ads) + Pt CO2 + 4 Pt + H+ + e–. (4.45)

The second reaction pathway is the formic acid reaction pathway, which starts
after the dehydrogenation (Equation 4.39). The adsorption of water on Pt
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(Equation 4.44) is also essential for this pathway. The later steps of the formic
acid reaction pathway are described by Equations 4.46 – 4.48.

Pt2 (CHOH)(ads) + Pt OH(ads) HCOOH(soln) + 3 Pt + H+ + e–, (4.46)

Pt + HCOOH(soln) Pt (COOH)(ads) + H+ + e–, (4.47)

Pt (COOH)(ads) + Pt(active–site) CO2 + 2 Pt + H+ + e–. (4.48)

However, during the formaldehyde reaction pathway, Pt (COOH)(ads) can
also be formed, causing the reaction pathway to switche to the formic acid
reaction pathway, also known as the indirect pathway. This occurss when either
Pt (CHO)(ads) (Equation 4.1.4) or Pt2 (CO)(ads) reacts with Pt OH(ads)
(Equation 4.50).

Pt (CHO)(ads) + Pt OH(ads) + Pt(active–site) Pt (COOH)(ads)

+ 2 Pt + H+ + e–, (4.49)

Pt2 (CO)(ads) + Pt OH(ads) Pt (COOH)(ads) + 2 Pt. (4.50)

Unlike the ORR, electron transfer is not the RDS for the MOR mechanism at
positive potentials. However, scientists are particularly interested in identifying
the processes that limit the MOR current at specific potentials (Figure 7) [23, 60,
61]. According to Chung et al. [23], the electrochemical impedance
spectroscopy (EIS) studies have indicared that different processes limit the MOR

CH3OH(sol) CH3OH(ads)

CH2OH(ads)

H2CO(sol)

CHOH(ads)

HCOOH(sol) HCOOH(ads)

HCOOCH3(sol)

CO(ads) CO2 COOH(ads)

(HCOO) –
(sol)CHO(ads)

pH<7

formic acid
route

+CH3OH(sol)

indirect pathway

pa
thw

aydir
ec

t

formaldehyde

route

intermediates and productsdehydrogenation

Figure 6. The pathways of methanol oxidation reaction at the Pt surface in acidic
media [59]. The dashed lines indicate the routes that are unlikely to occur under
typical measurement conditions. The red lines indicate the steps that require the
OH(ads) adsorption (originating from water). The blue lines indicate the initial
dehydrogenation pathway.
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in specific potential ranges. The MOR initiates around 0.4 V vs RHE, and
methanol adsorption on the Pt surface (Equation 4.37) is the RDS in the potential
range of 0.4 – 0.6 V vs RHE. The formation of formate (Equation 4.47) can
occur at the potential more positive than 0.5 V vs RHE [60]. According to the
MOR mechanism (Figure 6), the presence of formate requires Pt OH(ads) from
the preceding step (Equation 4.46). Therefore, the water adsorption has already
taken place, However at these potentials, water adsorption is weak, and
Pt OH(ads) is less exposed to the reaction, thereby insufficient for oxidising the
intermediates to CO2. The adsorption of water on the Pt surface (Equation 4.44)
becomes faster at the potentials more above 0.6 V vs RHE, initiating the
completion of methanol oxidation by oxidasing CO(ads)-like intermediates into
CO2. The adsorption of methanol and water occurs simultaneously. Therefore,
the oxidation of CO(ads) (Equation 4.45) and COOH(ads) (Equation 4.48)
intermediates in the potential range of 0.60 – 0.75 V becomes the RDS. The rate
of water dissociation (Equation 4.44) continues to increase as the potential is
swept towards more positive potentials than 0.6 V, enhancing the MOR rate by
increasing the coverage of OH(ads) on the Pt surface. In the potential range of
0.75 – 0.85 V, the oxidation steps of the final intermediates to CO2
(Equation 4.45 and 4.48) in the formaldehyde and formic acid reaction pathways
occur at simultaneously. However, oxidation mediated by OH(ads)
(Equation 4.45) in the formaldehyde reaction pathway is faster than that
mediated by the Pt(active–site) (Equation 4.48) in formic acid reaction pathway at
this potential region. The overlapped peak at 0.75 V observed in cyclic
voltammetry (CV) curves for the MOR, indicates the a shift in kinetics between
the two oxidation pathways, withCO(ads) oxidation in the formaldehyde pathway
(Equation 4.45) becoming faster than the oxidation in the formic acid pathway
(Equation 4.48). The RDS in this potential region is considered the step
converting Pt (CH3OH)(ads) to final intermediates. In the potential range of
0.850 – 0.975 V, the rate of water adsorption (Equation 4.44) on Pt increases,
continally enhancing the coverage of OH(ads). This leads to a deficiency of Pt
active sites for methanol adsorption, causing the current to decrease after
reaching the MOR current peak. It is evident that the RDS encompasses steps
from methanol adsorption (Equation 4.37) to the formation of Pt CO(ads). After
this potential range, the Pt surface is predominantly covered by OH(ads).
However, if the Pt surface is continuously oxidised, the formation of Pt Ox in
the potential range of 1.1 – 1.2 V is suggested to occur. The surface coverage
with Pt OH(ads) changes to Pt O(ads) around 1 V. The Pt Ox surface has been
found to be active toward the MOR, even at the open circuit potential. As the
coverage of Pt Ox is electrochemically reduced during the reverse potential scan
(cathodic direction), methanol can adsorb on the Pt surface. In this case,
subsequent dehydrogenation of methanol at free Pt active sites facilitates the
formation of Pt OH(ads) on thePt Ox surface, likely occuring at the adjacent
surface between Pt and Pt Ox. Thus, the completion of the MOR is facilitated
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during the potential scan of cathodic direction.
According to the MOR mechanism, the poisoning of the Pt surface is
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Figure 7. Mass activity measured in a solution of 1 moldm−3 CH3OH and 0.5
moldm−3 H2SO4 saturated with argon.

atributed to the irreversible formation of Pt CO(ads) at low potentials. While
methanol dissociation can occur, there is not sufficient driving force and
Pt OH(ads) to oxidise CO(ads) to CO2, particularly evident at potentials around
0.5 V. Consequently, CO(ads) can be oxidised at higher potentials where
Pt OH(ads) sites are available. If there are not enough Pt OH(ads) sites, which
would facilitate the reaction with Pt CO(ads) (Equation 4.45), the number of
Pt CO(ads) sites increases subsequently and hinders the adsorption of methanol
and water. This phenomenon causes the reduction of the current at specific
potentials and the shift of the onset potential of MOR to more positive values,
necessitating a greater driving force to oxidise the Pt CO(ads) and free the Pt
surface for the methanol adsorption. Furthermore, the decrease in methanol
concentration in the electrolyte solution slightly increases the proportion of
formaldehyde, which is the intermediate in the main route to form CO(ads) at the
electrode surface. Both formaldehyde and formic acid can undergo oxidation to
produce CO(ads). Cohen et al. [59] hdemonstrated that the increase of
temperature causes the strengthening of the Pt CO(ads) bond. However, the
slightly lower coverage of CO on the electrode surface is due to the thermal
activation enhancement of Pt OH(ads) formation. The sensitive surface of Pt can
adsorb sulfate anions from the H2SO4 electrolyte. Adsorption of bisulfate
reduces the overall MOR current. However, the impact of anion coverage may be
minimal and negligible under appropriate measurement conditions, such as
starting CV with a cathodic potential scan at 1.26 V in 0.1 moldm−3 H2SO4 [59].
This CV measurement condition helps mitigate the bisulfate anion adsorption by
promoting coverage of the oxide layer .

In the previous discussion, the importance of Pt OH(ads), Pt Ox and COads
coverage in the MOR was addressed. It is evident that increasing the oxide
coverage on the Pt surface improves both the MOR activity and stability of the
catalyst [23, 59]. Additionally, the resistance of the Pt catalyst to COads
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poisoning can be enhanced by promoting the formic acid reaction pathway
(Figure 6) and weakening the adsorption bond between Pt and CO(ads). The
binding energy of Pt and CO(ads) can be reduced by alloying Pt with other metals,
akin to the strategy discussed in the previous ORR section. Mailard et al. [62]
demonstrated that Pt coupled with Ru mostly bypasses CO(ads) formation by
favouring the formic acid reaction pathway. In the case of CeO2, CeO2 facilitates
theoxidation of Pt COads to CO2 (Equation 4.51 and 4.52) via the adsorbed
OHads on the CeO2 surface.

CeO2 + H2O CeO2 OH(ads) + H+ + e–, (4.51)

Pt COads + CeO2 OH(ads) Pt + CeO2 + CO2 + H+ + e–. (4.52)

Moreover, CO oxidation by catalysts with a fluorite structure (Equation 4.7 – 4.10)
can occur concurrently, described generally by Equation 4.53.

Pt CeO2 + CO Pt CeO2–x + x CO2. (4.53)

4.2 Optimisation of Synthesis Methods

4.2.1 Ethylene Glycol Reduction Method

If the synthesis methods for Pt NPs are classified by the reducing chemicals used
such as ethylene glycol (EG), H2, NaBH4, H2O2 and etc, the EG reduction
method is one of the most popular choices. The reaction pathway of this method
has not been conclusively reported because many different Pt precursors and
reducing chemicals can be used. The reaction pathway proposed by Yao et al.
(Figure 8) [63] demonstrates the subsequent reduction of Pt (from the [PtCl4]2–

ions of K2PtCl4) to form PtnClx cluster. However, if H2PtCl6 is used, both
[PtCl6]2– and [PtCl4]2– ions are present during the EG reduction synthesis.

The reaction pathway of the EG reduction is easier to be explained using the
oxidation route of EG (Figure 9) [64, 65]. The EG is an alcohol and weak
reducing agent. At the same time as the oxidation of an alcohol at Pt surface is
observed, the formation of CO(ads) takes place. Studies by Schrader et al. [65]
reveal that the presence of both CO(ads) and OH –

(ads) at the surface of Pt colloid
NPs using nuclear magnetic resonance spectroscopy, infrared spectroscopy and
electrospray-ionization mass spectrometry. No C H vibrations are recorded
from the Pt colloid NPs. The presence of OH –

(ads) results from the presence of
water in the EG system. Water adsorption can probably occur as demonstrated in
Equation 4.44. The surface of Pt colloid NPs is not fully covered with the
CO(ads). Instead, CO(ads) tends to be displaced by the adsorbed OH– species. A
study on the synthesis of carbon-supported PtRu catalyst [64] confirms the
presence of both oxalic and glycolic acids in the reaction solution at the end of
the experiment. These aldehydes are unstable in synthesis conditions and are
oxidised to oxalic and glycolic acids, with glycolic acid being the dominant
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product of EG oxidation. Glycolic acid also acts as a stabilising reagent in this
synthesis process, existing as glycolate anions at high pH.

[PtCl4]2– Cl 2–
3 Pt PtCl 2–

3 dimer Dimer cluster

Linear PtnClx complex

Figure 8. The proposed reaction pathway of ethylene glycol reduction method to
synthesise Pt nanoparticles by Yao et al. from the K2PtCl4 precursor [63].
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Figure 9. The ethylene glycol oxidation route that provides the electrons for the Pt
reduction during the ethylene glycol synthesis [64]. The blue compound indicates
the starting compound and the red compounds indicate intermediate products.
Carbon dioxide is the final product.
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4.2.2 Nucleation and Growth of Metal Particles

During the synthesis of metal NPs, the formation of metal NPs occurs
subsequently from the initial formation of metal nuclei to the growth of bigger
metal complexes. Therefore, the nucleation, which describes the formation of
nuclei, is a crucial step to control the crystal structure and the size distribution of
Pt NPs. A high level of control of the crystallisation is hard to achieve without an
understanding of the details of the nucleation process. Although many nucleation
models [66, 67] have been proposed, the classical nucleation theory (CNT) is
still serving as a guideline by many reasons. The CNT is based on the Gibbs
energy changes during the condensation of the droplets from the vapor phase,
and this fundamental knowledge is also applicable to the crystallisation of solids
from the solution phase [67–69]. According to the CNT (Figure 10), the Gibbs
free energy change for the formation of a cluster (∆G) is the sum of free energy
change for the phase formation (∆Gv) and the free energy change for the
formation of a surface (∆Gs):

∆G = ∆Gv +∆Gs. (4.54)

In the perspective of CNT crystallisation from the solution, the term ∆Gv
demonstrates that the crystallisation of supersaturated solution is spontaneous.
This term is negative as the crystals from the solid state are thermodynamically
more stable than the solvated precursors in the liquid phase. The growth of the
solid/liquid interface increases the free energy proportionally to the surface area
of the cluster (∆Gs). Therefore, the growth of the cluster is determined by the
competition of ∆Gv and ∆Gs terms. The term ∆Gv promotes the growth while
∆Gs relates to the dissolution of the cluster. At the initial stage, the radii (r) of the
cluster are small, and the term ∆Gs dominates, causing the solid to form. The
small clusters are typically dissolved. However, the radii of the cluster increase
along with the increase of ∆G until the critical size (rc). At this point (r = rc), the
cluster becomes stable, and the rapid change of ∆Gv decreases ∆G continuously
from this point further (r > rc). As a result, the cluster growth is energetically
favourable, leading to the formation of nuclei. In addition, the steady-state rate of
nucleation (J) can also be described as [67]:

J = Ae−
∆Gcrit

kT , (4.55)

where A is the pre-exponential factor (1030 cm−3 s−1) and k is the Boltzmann’s
constant and T is absolute temperature.

As the crystallisation from solution is controlled by the Gibbs free energy,
the crystallisation process can be manipulated by controlling the factors that
influence the system Gibbs free energy. The surfactants can control/influence the
surface free energy (∆Gs). Each metal precusor has unique ∆Gv and ∆Gs values
for nuclei formations. The changes in the reaction environment can influence the
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Figure 10. The Gibbs free energy changes during the nucleation of particles.

stability of nuclei. Therefore, in the EG reduction method applied for Pt
deposition, besides capping reagents, the nucleation kinetics can be controlled by
changing the reducing reagents (hydrogen gas [70], formaldehyde [71, 72],
formic acid [71, 72], citric acid [70] and sodium borohydride [71, 73]) and
stabilizers (OH– [70], acetate [74], sodium chloride, glycolate [64, 75]). In
addition, the temperature control [76] is important because the steady-state rate
of the nucleation is influenced by this factor.

The CNT can also be interpreted by the concentrations of reactants in the
reaction system as demonstrated in Figure 11 [68]. When applied for the Pt
deposition using the EG reduction method, the process of nucleation can be
interpreted (as given in Figure 8) by the accumulation of Cl 2–

3 Pt PtCl 2–
3 dimer,

the self-assembling process to form the dimer clusters at the critical
concentration and growth of PtnClx complex in the diffusion regime. Therefore,
this crystallisation process can be controlled by increasing of expected
participating species to obtain the supersaturated concentration level of products
in the reaction solution and the change of solubility of the products at the critical
concentration.

4.2.3 Sedimentation of Metal Particles onto The Supports

When the initial Pt complexes are formed, the growth of the complexes to form
Pt NPs may follow different pathways [77, 78]. This section is more concentrated
on the later step where the Pt NPs are deposited onto the carbon support. If the
EG is used as the reducing reagent, the Pt NPs tend to stay in the colloid solution
if the reaction solution is alkaline or the NPs are stabilised. The precipitation of
the Pt NPs onto the carbon support surface requires the driving force from other
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Figure 11. Kinetics of the nucleation process proposed by LaMer and Dinger [68].

factors than the EG.
The first strategy is using the stronger reducing reagents (formaldehyde, formic

acid, or sodium borohydride) to fully reduce Pt species to Pt0. The proposed
reaction mechanism [79] in the case of formaldehyde and formic acid is described
as below.

[PtCl6]2– + H CHO + 2 OH– [PtCl4]2– + CO + 2 Cl– + 2 H2O, (4.56)

[PtCl4]2– + H CHO + 2 OH– Pt0 + CO + 4 Cl– + 2 H2O. (4.57)

[PtCl6]2– + H COOH [PtCl4]2– + CO2 + 2 Cl– + 2 H+, (4.58)

[PtCl4]2– + H COOH + H2O Pt0 + CO2 + 4 Cl– + 2 H+ + H2O. (4.59)

In the case of sodium borohydride, in alkaline media, the [BH4]– releases electrons
in the two reactions given in Equations 4.60 and 4.61 [80, 81].

BH –
4 + 2 H2O HBO2 + 3 H+ + 2 H2 + 4 e– E0 =−0.98V, (4.60)

and/or

BH –
4 + 4 OH– BO –

2 + 2 H2O + 2 H2 + 4 e– E0 =−1.67V. (4.61)

These released electrons participate in the reduction of Pt species to Pt0, according
to equations described below [80].

[PtCl6]2– + 2 e– [PtCl4]2– + 2 Cl– E0 = 0.68V, (4.62)

[PtCl4]2– + 2 e– Pt0 + 4 Cl– E0 = 0.755V. (4.63)
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The second strategy to achieve precipitation onto carbon support is to regulate
the reaction environment. In this case, pH is controlled to reach the expected
value by using either acids or water to reduce the solutions pH after the reaction.
The precipitation of Pt onto carbon support surface can happen due to the
different charge sign of Pt colloid NPs and the carbon support (Figure 12). This
phenomenon can be explained by using zeta potential, which is the potential
difference between the bulk fluid and the stationary layer of fluid at dispersed
particle. When the pH ≤ 9, the zeta potential of carbon support becomes
positive, while the zeta potential of Pt NPs tends to be negative and the
deposition is taking place [82]. The CeO2 NPs can also be deposited onto the
carbon support by the regulation of pH. This strategy has been applied in many
studies [71, 83–85]. Nevertheless, the functionality groups on carbon surface can
cause the differences amongst carbon support materials in the dependence of zeta
potentials and pH values.

Figure 12. The dependence of zeta potentials of Pt nanoparticles and Ketjenblack
carbon on solution pH values. Adapted from Oh et al. [82].

The precipitation of the Pt NPs can also be done by the rapid change of Gibbs
free energy using an exothermic shock. Solla-Gullón et al. [86] synthesised the
colloid Pt using H2 gas as the reducing reagent. After that, Solla-Gullón et al.
used two pellets of NaOH to precipitate the Pt out of the solution. The
dissolution of two NaOH pellets in water initiated an exothermic process
providing a sudden heat in the reaction solution and the change of pH of the
solution.

The last strategy is the kinetic control of the nucleation. The stabilizer
composition and temperature of reaction are the keys for this strategy. As
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glycolate is a good stabilizer in the EG reduction method, the control of glycolate
concentration is crucial. The dissociation of glycolic acid to glycolate is
controlled by the pH of the reaction solution (Figure 13) [64]. The concentration
of glycolate is maximum as pH ≥ 6. Therefore, higher pH values are suitable for
the growth of Pt NPs. The increase of synthesis temperature enhances the
steady-state rate of nucleation (Equation 4.55). By manipulating these two
parameters, the Pt species can be accumulated, reaching the supersaturated
concentration point (as explained in Chapter 4.2.2). This, in turn, triggers the
self-assembly and growth of Pt clusters on carbon supports.

Figure 13. The dependence of glycolate anion and glycolic acid molecule
concentrations on the pH of solution. The total concentration of glycolic acid
is 1.5 ×10−2 moldm−3.

4.2.4 Effect of Energy Providing Methods on Catalyst Parameters

Boiling is the most popular method to provide energy as heat to the reaction
system. The temperature of the reaction mixture increases slowly until reaching
the reaction temperature. Most heating devices provide a sine temperature profile
around the reaction temperature in the reaction mixture. If the refluxing system
coupled with oil bath is used, the solvent should have boiling point higher than
the reaction temperature [64]. Heating with the stainless steel autoclave can
endure high pressure and solvent can have the boiling point lower than the
reaction temperature [87]. The refluxing system with oil bath is suitable for a
one-pot synthesis, in which both solid (carbon) and liquid compounds are
presented. Otherwise, heating with the stainless steel autoclave is more suitable
for the condensation of crystals from vapor, however, this method is still
applicable for one-pot synthesis.
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The microwave (MW) heating, so-called dielectric heating, method has
gained the interest from researchers because of the robust and fast heating by
MW radiation. MW are the electromagnetic waves that have both electric and
magnetic components. During the MW heating, the charge particles receive a
force from the electric field. This force results in the charge movements, rotation
and even polarization. The spontaneous switch in moving directions of particles
caused by both MW components heats up these particles due to the friction
forces. The MW frequency range is 918 MHz – 2.45 GHz corresponding to
wavelengths of 33.3–12.2 cm. Nevertheless, the most popular frequency is 2.45
GHz because the dielectric property at this frequency is suitable to heat up water
molecule and can be used in many different fields such as industrial, scientific,
and medical fields. The two effects of MW heating are described by the ε ′, and
ε ′′. The ε ′ indicates the ability of a molecule to be polarized by an electric field
while ε ′′ reveals the ability of a medium to be heat up by dielectric energy.
Thereafter, the dielectric loss tangent, tanδ , is used to assess the ability of the
system to be heat up by the MW radiation at a certain frequency and temperature
[88].

tanδ =
ε ′′

ε ′ . (4.64)

Therefore, the selection of solvent to provide a suitable reaction conditions is
important. The tanδ values (>0.1) for some solvents at 20 ◦C are shown in
Figure 14 [89]. The popular solvents for the polyol synthesis method such as EG,
ethanol and methanol have high tanδ values (>0.6). In contrast, water have quite
low tanδ value (ca. 0.1). Since EG and water are two popular compounds in a
reaction mixture, the huge different tanδ values (Figure 14) of these two solvents
have gained interest for the use of microwave in Pt catalysts synthesis. Sharma et
al. [90] have studied the influence of water content in mixture of EG and water to
the synthesis of Pt NPs using microwave power at 200 W at 140 ◦C with the
reaction time 150 s. The influence of water volume fraction during the Pt
deposition, in which the initial Pt concentration was 5 mmoldm−3, on the
electrochemically active surface area (ECSA) is shown in Figure 15.

Unlikely to boiling, the MW heating method is influenced by the volume of
the reaction mixture, which may result in the loss of absorbance. This effect is
described by the penetration depth, Dp, which is connected to tanδ [91].

Dp =
λ 0

2
√

2π

√
ε ′[

√
1+(ε ′′/ε ′)2 −1]

, (4.65)

where λ 0 (cm) is the microwave wavelength.
In addition to heating, MW radiation has other effects on the reaction mixture.

With a suitable choice of solvents, the reactant can be heated up rapidly by
microwave energy while the solvent itself does not absorb the wavelength. This
effect in the preparation of intercalation compounds results in a higher
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crystallinity degree [92, 93]. In fact, the Pt NPs particles prepared by the
microwave heating method have sharp peaks for Pt individual planes in X-ray
diffraction (XRD) measurement, i.e. large Pt crystallites are formed [90, 94].
When the synthesis mixture contains both solid and organic solvent, the
microwave energy heats up the solid phase and the solvent absorbs the heat from
the solid phase rather than from the microwave radiation. This advantage enables
the use of microwave heating method in atmospheric pressure for the synthesis

Figure 14. The dielectric loss tangent values for different solvents. Data are
adapted from Nunes et al. [89].

Figure 15. The influence of water volume fraction on the electrochemically active
surface area (ECSA) of Pt catalyst prepared with the ethylene glycol reduction
synthesis method. Data is taken from [90].
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that is usually carried out in the autoclave at high pressure and temperature [95].
Many studies have reported that microwave radiation enhances the rate of
hydrolysis and esterification reaction [95, 96]. Additionally, the enthalpy of MW
energy affects on the vibration of a molecule and the entropy affects the
alignment of molecules, collectively lowering the Gibbs free activation energy of
a reaction [97].

The last heating method is the use of ultrasound for the synthesis of metal
NPs. An usual ultrasonic bath in a chemistry laboratory uses the frequency from
20 to 40 kHz and the wavelength ca. < 1.9 cm [98]. The heating effect of
ultrasound radiation is quite unique compared to other heating methods. The
formation and collapse of bubbles cause extremely high rates of cooling and
heating (> 1010 Ks−1) [98]. This effect enables the ultrasound radiation to
deposit and synthesise various nanostructured materials. In addition, the high
intensity of ultrasound radiation deliver some chemical effects such as hydrolysis
and sonochemical reduction due to the possible formation of H2 and H2O2 from
water. The syntheses using ultrasound radiation, so-called sonochemical
syntheses, are favorable because the reaction mixture can emulsify and disperse
well various chemical species, and the high intensity of ultrasound can induce
some surface damages and defects. These effects can be applied to synthesise a
well disperse nanoparticle (NP) catalysts. In fact, the sonochemical synthesis
method is applied to deposit various metals onto a support material [98], and
synthesise colloid metals and metal oxides like CeO2 [99, 100].

4.2.5 Synthesis Methods of CeO2 Modified Catalysts

The most popular method to synthesise CeO2 crystals is solvothermal synthesis
method using a stainless steel autoclave [87, 101]. In the conventional
solvothermal synthesis method, an aqueous solution of NaOH and a cerium salt
are used. By controling the NaOH concentration (Table 4), it is possible to
change the morphology of CeO2 crystals [87]. In the comparison amongst these
CeO2 crystal morphology, the a Pt catalyst coupled with rod-shaped CeO2
crystals were the most active material towards the MOR [20, 47]. The rod-shape
of CeO2 crystals can be synthesised using ultrasound radiation [99].

The morphology of the CeO2 NPs can also be controlled by replacing NaOH
with different amino acids in the urea reaction mixture [101, 102]. The use of
amino acids to control the CeO2 characteristics was studied by Atla et al. [101],
in which they used L-histidine in an urea buffer solution to create the
flower-shaped CeO2 crystals. The flower-shaped CeO2 was found to be more
active towards the CO oxidation compared to other CeO2 morphologies [48].

As the number of junctions between Pt and CeO2 is crucial for
electrochemical activity of the catalyst, Chen et al. [47] attempted to deposit Pt
NPs onto CeO2 crystals as a support material. After that, the Pt CeO2
complexes were deposited onto a carbon support. Unfortunately, the
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Table 4. The dependence of the CeO2 crystal morphology on the NaOH
concentrations in the 24-hour solvothermal synthesis using the initial Ce3+

concentratrion ca. 0.05 moldm−3. Data are taken from Mai et al. [87].

cNaOH / moldm−3 Synthesis temperature /
◦C

Crystal shape

0.01 100 polyhedra
0.01 180 polyhedra

1 100 polyhedra, rods
3 100 polyhedra, rods
6 100 rods
6 140 rods, cubes
6 180 cubes
9 100 rods

electrochemical activity of these Pt CeO2/C complex catalysts was very low
although the Pt NPs were well-dispersed on the CeO2 crystals.

4.3 Characterisation Methods

4.3.1 Low-Temperature Nitrogen Sorption (LTNS)

The low-temperature nitrogen sorption (LTNS) is the popular method to
characterize the porosity of the studied materials. Valuable information such as
specific surface area (SBET), and total pore volume (Vtotal) can be obtained from
the dependence of total adsorbed nitrogen volume (V ads) at −196 ◦C (77 K) on
relative pressure value (P/P0) [103, 104]. The data can be interpreted following
the conventional method by using Brunauer-Emmett-Teller (BET) method [103,
104].

P
V ads(P0 −P)

=
1

V mc
+

c−1
V mc

· P
P0

, (4.66)

where c is the BET constant and V m is the volume of nitrogen for the completion
of unimolecular adsorbed layer, P is the absolute pressure, and P0 is the
saturation pressure of the gas. As the Equation 4.66 presents a form of straight
line relationship, both c and V m can be determined from the slope and intercept
of this line.

slope+ intercept =
1

V m
, (4.67)

c =
1

V m
. (4.68)

The experimental relationship of the Equation 4.66 is nearly linear in the region
of P/P0 from 0.05 to 0.35. The SBET is determined using the V m value [103, 104].

SBET =
V m ·NA ·Across-section

M ·msample
(4.69)

37



where NA = 6.02 · 1023 molecules per mole is the Avogadro constant,
Across-section = 0.162 nm2 is the molecular cross-section area of N2 adsorbate at
77 K [103, 104], M is the molar mass of N2 adsorbate and msample is the mass of
sample used for the experiment.

The Vtotal is usually estimated at the nearly specifc P/P0 value ( P
P0

= 0.95),
where the N2 adsorption is nearly saturated.

V total =
PV adsV molar

RT
. (4.70)

The t-plot method can be used to estimate the microporous area (Smicropores)
value from the SBET value. According to Boer et al. [105], the tstat represents the
statistical thickness of the adsorbed layer and Sexternal stands for the surface area
of meso- and macro-porous area.

tstat =

√
13.99

log P
P0

+0.034
. (4.71)

The Sexternal can be found from the slope at high relative pressure, and volume of
micropore (Vmicropores) can be estimated from the intercept value (see Equations
4.66 and 4.67).

Smicropores = SBET −Sexternal. (4.72)

As the BET method may over-estimate the adsorption parameters, the second
method is used to analyze the LTNS results using the non-local density
functional theory (NLDFT) for carbon materials within the SAIEUS software
[106], so-called "Carbon-N2-77, 2D-NLDFT Heterogeneous Surface" [107]. The
surface areas and pore volumes can be estimated via the cummulative area and
cummulative volume from the output of the SAIEUS software.

N(
P
P0

) =
∫ wmax

wmin
N(

P
P0

,w) f (w)dw, (4.73)

where N( P
P0
) is the adsorption isotherm data point, w is the pore width and f (w)

is the pore width distribution function. The result from SAIEUS software is more
reliable since a specific NLDFT model was used for carbon surface. Besides, the
combination of second derivative from the L-curve method [108], in which the
roughness is taken into account, and a regularization method by employing non
negativity contrainsts [109] delivers stable and meaningful results.

4.3.2 Characterisation of Structure and Morphology

X-ray diffraction is the most popular method to characterize the structural phases
and crystal structure that are present in the catalyst. The effective crystallite size,
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DScherrer, can be estimated from the diffraction pattern of powder using the
Scherrer equation [110].

DScherrer =
Kλ

β cosθ
, (4.74)

where the integral breadth of the profile is β , a cubic crystallite shape has a
factor K = 0.9, θ is the Bragg’s angle and the X-ray wavelength is λ [110].

The TOPAS software is the popular software for modeling of the
experimental diffraction results. The first approach is to implement the simple
mathematical form to characterize the profile fitting by peak shape functions
(PSF). The popular PSF are Gaussian, Lorentizian, Voigt, pseudo-Voigt and
Pearson VII functions. However, these functions are limited to fit the profile well
in the whole range of 2θ angles without using a large number of parameters.
Therefore, this approach can result in correlation problems, loss of uniqueness,
and instability of the refinement procedure [110]. The second approach is using
the well-known profiles to generate a learned PSF [110]. Unfortunately, this
approach requires non-overlapping peaks in the whole 2θ angle range, and the
learned PSF should be pre-defined. The last approach is known as the direct
convolution approach [110]. The observed profile shape, Y (2θ), is described by
a process, where the convolutions of various function are implemented [110].

Y (2θ) =W ⊗F1(2θ)⊗F2(2θ)⊗ ...⊗Fn(2θ), (4.75)

where ⊗ describes the convolution process, and W is the source emission profile,
F is a function.

Another powerful method to investigate the microstructure of catalysts is
Raman spectrometry. This technique is widely used to study the graphization and
microstructure of carbon [111–113]. The Raman spectrum (with the
wavenumber below 1000 cm−1) can be used to characterize the catalysts
containing the CeO2 [114–117].

Metal particles in the catalysts can be visualized in a nanometer scale by
using high-resolution transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) methods. Although the working principles of these
two methods are different, the TEM and SEM are powerful methods to observe
the structure and morphology of catalysts [87, 118–121].

4.3.3 Cyclic Voltammetry (CV)

The CV is a popular method to investigate capacitive behaviour of catalyst
supports and the electrochemical activity of a catalyst material in an quiescence
solution. In the CV measurement, the electrode potential is swept at constant
potential scan rate (Vs−1). The change of potential during the experiment is
demonstrated in the Figure 16. The CV measurement is conducted with a
potentiostat in a three-electrode system, which is demonstrated in the Figure 17.
The working scheme of the potentiostat is described in the Figure 18 [122].
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According to the scheme, there is the slight difference between the applied
potential (Eapplied) by the potentiostat and the working electrode potential
(Eworking) at the working electrode (WE), which is caused by the ohmic drop in
the solution. Therefore, the Eworking can be determined following the
Equation 4.76.

Eworking = Eapplied − IR. (4.76)

The current in CV measurements can be processed and presented in a

0 50 100
0

0.5

1

0.02
V s–1

Time / s

E
/V

E

Figure 16. The function of applied potential in CV measurement.

suitable plot for the analysis, e.g. as a dependence of mass activity (Figure 7) or
capacitance (Figure 19) on electrode potentials. The mass activity (MA), j and C
values are usually used for the analysis instead of the measured I value because
these values outline the difference of the catalysts or catalyst support. The
equations to calculate the mentioned parameters are described below.

MA(Ag−1
Pt ) =

I
mPt

, (4.77)

j(Am−2) =
I
A
, (4.78)

C(Fg−1) =
I

mν
. (4.79)

Where mPt (g) and m (g) are mass of Pt and the mass of catalyst material on
the electrode surface, respectively. The A (m2) and ν (Vs−1) are the area of the
electrode surface and the potential scan rate, respectively.

In one-electron transfer process, the peak current (Ip) of the reaction in the
case of irreversible processes is proportional to the square root of potential scan
rate [123]. By assuming that the one-electron is the reduction reaction of A to B,
the dependence of Ip of a reversible process on the potential scan rate is described
as below [123].

A + e– B. (4.80)
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Ip = 2.69 ·105AD1/2[A]bulkν
1/2 at 298K (mass transfer limited). (4.81)

Reversible and irreversible process can be distinguished using the peak
potential seperation (∆Epp).

∆Epp = |Ep(anode)−Ep(cathode)|, (4.82)

where Ep is the peak potential of anodic peak or cathodic peak [123].
In the case of reversible one-electron process, the ∆Epp in the low ν values is

around 57 mV at 298 K and is independent of electrode potential sweep rate
[123].

The process of ORR and MOR is irreversible, irrespective of measurement
technique. As it mentioned in the subsection 4.1.4, the reverse peak at the
cathodic potential scan direction (Figure 7) is caused by the Pt O(ads) reduction
and CH3OH dehydrogenation at the refresh Pt surface [23]. Later, the current
decreases in more negative potential because due to the lack of free Pt surface

Figure 17. Three electrode system for electrochemical measurements (details are
given in the figure).
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and the lower potential driving force. This is different from the formation of the
anodic peak, which is mentioned in the previous section.

Another application of CV is to describe the capacitive behaviour of catalyst
supports or catalysts (Figure 19). The adsorption of C O groups can be
observed in the potential region from 0.55 to 0.60 V, which is caused by a redox
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Figure 18. The electric scheme for the measurement with a potentiostat in the
3-electrode system. Figure is adapted from Skoog et al. [122].
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Figure 19. Capacitance vs potential curves calculated from CV data for a
Pt CeO2/C material measured in 0.5 moldm−3 H2SO4 solution saturated with
argon.
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process of quinone [124].

C O

quinone type

+ H3O+ + e−
charge

discharge
C OH + H2O.

(4.83)

The adsorption and desorption of hydrogen species under deposition potential
(HUDP) can be observed in the potential region more negative than 0.40 V
(Figure 19). The average of the HUDP charges (from both anodic and cathodic
scan) of a monolayer on Pt surface (QHUDP , C) [125] can be used to estimate the
electrochemcial active surface area (ECSA) value.

QHUDP = 0.5× (Qtotal −QEDL), (4.84)

where Qtotal (C) is the total charge in the region 0.05 to 0.40 V and QEDL (C) is the
sum of the charge accumulated at the electrical double layer (EDL) in the same
potential region. At mentioned conditions, the ECSA value can be determined
following the equation [126, 127] below.

ECSA(m2
Pt g−1

Pt ) =
QHUDP

mPt ·QHUDP, ref
, (4.85)

where the QHUDP, ref is a reference value (2.10 Cm−2) for the QHUDP process on a
smooth polycrystalline Pt surface [128]. The diameter, dPt, ECSA, of the spherical
Pt NPs can be estimated using the ECSA value [129].

dPt, ECSA(nm) =
6

ρPt ·ECSA ·109 , (4.86)

where ρPt = 21.45× 106 gm−3 is bulk density of Pt [80]. The dPt, ECSA reflects
the dispersion of Pt NPs on the support surface.

4.3.4 Rotating Disk Electrode Method

The rotating disk electrode (RDE) method is the most popular approach to
conduct a hydrodynamic voltammetry experiments. The same setup from the CV
with a rotator attached to the WE can be used for the RDE measurement
(Figure 17). In this study, the RDE method is used to study the ORR. As the
products are simutaneously swept from the electrode surface, the RDE can
achieve the stationary measurement conditions, and control mass transport
conditions. The mass transport in this method is governed by the convection
caused by the rotating electrode and the diffusion of regents from the bulk
solution to the electrode surface [122]. When the electrode rotates, the solution
under the electrode forms two different profiles; i.e. the stagnant Nernst diffusion
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layer near the electrode surface and the convection region in the bulk solution.
The diffusion layer thickness, δ , is inversely proportional to the rotation speed of
the WE [130].

δ = 1.61 ·DO2
1/3

υ
1/6

ω
−1/2, (4.87)

where DO2 is the diffusion coefficient of oxygen in the bulk solution, υ is the
kinematic viscosity of the bulk solution, and ω is the angular rotation speed of
the WE. If the electrode reaction kinetics is limited by the mass tranfer process,
the diffusion step limits the charge transfer and the current is described by Levich
equation [130].

Id =−0.62 ·nFDO2
2/3

υ
−1/6cO2ω

1/2, (4.88)

where F is Faraday constant, n is the number of electrons transferred per one O2
molecule, and cO2 is the concentration of oxygen in the bulk solution. According
to the Equation 4.88, the limiting current is proportional to cO2. The n value can
be calculated from the RDE data using the Equation 4.88 in the diffusion limited
conditions.

The ORR process is usually limited by the charge transfer and mass transfer
process rates. Therefore, the classical Koutechký-Levich (K-L) equation can be
applied to separate the components.

1
Ic

=
1
Ik

+
1
Id
, (4.89)

where Ic is the measured ORR current corrected with the background current, Ik
is the kinetic current of the heterogeneous process. The Ik = −nFkhetcO2 can be
substituted into the Equation 4.89, and we can have the Equation 4.90.

1
Ic

=
1

−nFkhetcO2

+
1

−0.62 ·nFDO2
2/3υ−1/6cO2ω1/2 . (4.90)

Since the 0.1 moldm−3 HClO4 solution saturated with oxygen is used for the
ORR at 25◦C in this study, the cO2 = 1.26 molm3 [131], DO2 = 1.90 × 10−5

cm2 s−1 [131], and υ = 0.0089 (cm2 s−1) [132] were used for the calculations.

4.3.5 Kinetics Assessment

In the RDE method, the mass transfer is not the limiting process at very low
current region (I < Id ) if the solution is stirred well [123, 130]. Therefore, the
current in that low current region directly reflects the charge transfer the process.
For the Pt-based catalysts, the ORR is usually limited by the charge transfer at
potentials more positive than 0.90 V. The MA and specific activity (SA) at 0.90
V are used widely to compare the ORR kinetics of studied materials [130].

MA0.9 V =
Ik, 0.9 V

mPt
, (4.91)
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SA =
MA0.9 V

ECSA
, (4.92)

where Ik, 0.9 V is the kinetic current for the ORR at 0.9 V.
The most popular method to assess the kinetics of a charge transfer limited

reaction is to construct the Tafel plot (Equation 4.93).

η = a+b · log(Ik), (4.93)

where η = E −Eeq is the overpotential and Eeq is equilibrium potential of the
reaction under study (at I = 0). The Tafel relationship can be established only
when the kinetics of the reaction is sluggish, and the reaction requires a large
activation energy [130]. According to Marcus-Hush model for the reaction
kinetics, the curvation of the Tafel plot can be caused by the variation of transfer
cofficient with electrode potential [123]. However, nearly linear Tafel plots can
be established.

In the case of ORR, the Tafel slope for polycrystalline Pt catalyst is around 60
mV in low current region (from 0.9 to 1.0 V) [133, 134]. However, the Tafel
slope for polycrystalline Pt catalyst is shifted to 120 mV in high current region
(from 0.75 to 0.85 V) due to the change of the ORR mechanism and the decrease
of adsorbed oxides at the catalyst surface [133, 134].

4.3.6 Stability Assessment

The accelerated stability test (AST) is a common method for investigate the
stability of material in the interested potential range under study using CV. The
change of electrochemical activity after high number of voltammetry cycles can
reflect the stability of catalyst material under the certain conditions such as
oxidation and reduction of the reactants at/on the catalyst surface. This approach
is usually used for the analyses of the stability of MOR [135–138] and ORR
catalysts [32].

The chronoamperometry (CA) is usually conducted to investigate the stability
at a constant potential value during short time period. This method reveals the
changes of electrochemical activity when a constant potential is applied over the
measurement duration. The short time stability of the catalyst for MOR is
investigated at various potentials using the CA method [136–138].
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5. EXPERIMENTAL
5.1 Synthesis of Materials

5.1.1 Synthesis of Chromium Carbide-Derived Carbons

Four different chromium CDCs were synthesised using the precursor Cr3C2
(99.5% purity, –325 mesh powder, the product of Sigma-Aldrich) for this study.
The synthesis temperatures used were fixed at 800, 900, 1000, and 1100 ◦C and
the corresponding materials are C(Cr3C2, 800), C(Cr3C2, 900), C(Cr3C2, 1000),
and C(Cr3C2, 1100). The synthesis step used in this work was slightly different
from the same C(Cr3C2) materials used in our previous study [39]. The cleaning
step, in which the stream of H2 and Ar (1:4) gas at 800 ◦C was used, was
conducted 30 min longer than that in the previous study. Therefore, there are
some differences in the characteristics of materials synthesised between the two
studies. The general reaction for this synthesis is given as an Equation 4.4 and
the details of the synthesis procedure can be found in the study by Thomberg et
al. [39].

5.1.2 Synthesis of CeO2

The CeO2 NPs were synthesised using the Ce(NO3)3× 6 H2O salt (Stream
Chemicals, 99.9% - Ce). Two strategies were applied to synthesize CeO2/C
complex materials. The first method is a modified solvothermal synthesis method
using L-histidine (Sigma-Aldrich, ReagentPlus®, ≥ 99%) and urea
(Sigma-Aldrich, puriss., meets analytical specification of Ph. Eur., 99–101.0%)
to control the crystal shape of CeO2 NPs. The second method was the
sonochemical deposition method using the EG (Lach-Ner, 99.98%) as a capping
reagent. The details of this synthesis method are described in our previous work
[139, 140], and the parameters are given in the Table 5, in which the subscript
text such as "solvo", "ultr", and "MW" was used to denote for solvothermal,
ultrasound, and microwave methods. The alkaline solution was prepared from
NaOH (Sigma-Aldrich, 99.99% metals basis, Semiconductor grade) and Milli-Q
water (18 MΩcm). Details of the synthesis procedure for the CeO2/Cultr and
Ceultr materials were followed from the work of Zhang et al. [141]. According to
Zhang et al., the process can be described as:

4 Ce3+ + 12 OH– + O2(air) + 6 H2O
ultrasound

4 CeO2· 12 H2O, (5.1)

CeO2· n H2O
T

CeO2 + n H2O. (5.2)

The difference between the CeO2/Cultr and Ceultr materials is that the carbon
material was mixed together with the reaction mixture at the beginning of the
synthesis in the case of CeO2/Cultr material. After the synthesis, this material had
to be washed with Milli-Q water, filtered and dried before the CeO2/Cultr material
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was finally obtained. The Ceultr was the colloidal solution, which is illustrated in
the Figure 20.

The colloidal CeO2 solution was synthesized using either ultrasound
sonication (Ceultr) [140] or microwave method (CeMW) [140] with appropriate
NaOH concentration in EG solution. Cerium(III) nitrate was mixed with EG and
added to the reaction mixture. A calculated volume of 10 moldm−3 NaOH
solution in Milli-Q water was diluted in EG to reach 10 cm3. This NaOH
solution was then added slowly into the reaction mixture to obtain the final
concentration shown in the Table 5. Due to the use of a concentrated NaOH
solution, the volume percentage of water remained small and constant. The total
volume for the synthesis mixture was 46.5 cm3. The reaction mixture was then
treated with either microwave or ultrasound. The parameters used are given in
Table 5. For the microwave treatment, the mixture was radiated for 78 s three
times, with 30-minute intervals between each radiation to allow the solution to
cool down to room temperature. The obtained solution was thoroughly mixed by
hand and used to prepare Pt CeO2/C catalysts.

Table 5. Synthesis parameters of CeO2 particles onto the Ketjenblack carbon and
CeO2 from colloidal solution.

Material cCe3+ /
mmoldm−3

cNaOH /
moldm−3

tultrasound
/ h

tMW
/ s

tsolvothermal
/ h

T reaction
/ ◦C

CeO2/Csolvo-1a 30 –c – – 12 ≈130
CeO2/Csolvo-2b 30 –c – – 12 ≈130
CeO2/Cultr-1 5 0.125 2 – – ≤60
CeO2/Cultr-2 2.5 0.032 2 – – ≤60
CeO2/Cultr-3 2.5 1 2 – – ≤60
Ceultr

d 2 0.1 2 – – ≤60
CeMW-1d 2.5 0.1 – 234 – ≤198
CeMW-2d 5 0.1 – 234 – ≤198
aCeO2/C particles were calcinated at 550 ◦C for 5 h under a N2 gas stream after
the synthesis. The mass ratio of Ce(NO3)3· 6 H2O and carbon was 0.40
bCeO2/C particles were calcinated at 550 ◦C for 5 h under a N2 gas stream after
the synthesis. The mass ratio of Ce(NO3)3· 6 H2O and carbon was 0.58
cUrea and L-histidine were used.
dCeO2 particles in the colloidal solution.

5.1.3 Pt-CeO2/C Catalysts Preparation

There were two strategies to synthesize the Pt CeO2/C catalyst materials. In the
first method, called the two-step method, the Pt NPs were deposited onto the
CeO2/C support. In this case, if the combination of heating methods (ultrasound,
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microwave and refluxing methods) was used for the precipitation, the synthesis
was performed as an one-pot synthesis, where all the precursors (H2PtCl6 and
CeO2/C) and chemicals were mixed in the EG solution at the beginning of the
synthesis. However, if Pt was deposited onto the CeO2/C support material by
adjusting the pH of the solution, the Pt colloid was synthesised firstly using the
refluxing method (Figure 21). After that, the colloidal solution of Pt was mixed
with a solution of CeO2/C dispersed in a mixture (0.83:0.17, volume ratio) of EG
and Milli-Q water. The pH of this mixture was adjusted to 5 for the precipitation
of Pt onto CeO2/C material. The synthesis parameters were described in the
Tables 6 and 7.

The second method is co-precipitation of Pt and CeO2 NPs onto a carbon
support. In this case, a solution of carbon support material in EG solution was
mixed with the colloidal solutions of Pt (Figure 21) and CeO2 (Figure 20). Pt and
CeO2 were then precipitated onto the support material either by adjusting the pH
of the solution with the acid solution or by adding 1 cm3 of H2O2 (Fisher
Chemical, 30%). The synthesis parameters are described in Tables 6 and 7. The
procedures for the synthesis methods of these complex catalysts are described in
our previous studies [139, 142].

The following procedure was used for the synthesis of Pt colloid. Firstly, a
stock Pt solution was prepared by dissolving 126 mg of H2PtCl6· 6 H2O in 1 cm3

of Milli-Q water. 200 cm3 of EG was transferred into a 500 cm3 synthesis flask.
A 10 moldm−3 NaOH was prepared by dissolving the required amount of NaOH
in Milli-Q water. Then, 0.743 cm3 of 10 moldm−3 NaOH was transferred into
the synthesised flask. 0.846 cm3 of the stock Pt solution and 10 cm3 Milli-Q
water were transferred into a small beaker . The synthesised flask was set up with
refluxing system and oil bath. The reaction solution was mixed well using the hot
plate with a magnetic stirrer. Argon gas (Linde Gas, 99.9999%) was bubbled
through the reaction solution. After bubbling with argon gas for 15 min, the

Figure 20. The colloidal solution of the CeO2 nanoparticles after the CeO2
synthesis was finished.
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diluted Pt solution was pumped slowly into the reaction mixture by using a
syringe pump. The syringe was rinsed three times using 22.4 cm3 of Milli-Q
water. The reaction mixture contained 200 cm3 of EG and 34 cm3 of water in
total. The final concentration of the chemicals is given in the Table 7. The
reaction mixture was heated up to 100 ◦C and was kept at this temperature for 2
hours. The dark brown solution formed was the Pt colloidal solution containing
40 mg of Pt.

A procedure to synthesize a complete Pt CeO2/C catalysts is described as the
following. Depending on the calculated amount of CeO2 colloid in the previous
step, carbon amount around 120–160 mg was weighed to synthesise
corresponding 20 wt% Pt CeO2/C and Pt/C catalysts, e.g. 160 mg of carbon was
used to synthesise 20 wt% Pt/C catalysts. From now and on, the Pt CeO2/C is

Table 6. Substrates and chemicals for the synthesis of Pt CeO2/C and Pt catalysts.

Material Substrate &
colloidal solution

Chemicals
used to

deposit Pt
NPs

Chemicals
used to

synthesise
glycolate

anions

Deposition
method

PtCeNaOH CeO2/Csolvo-1 – NaOH two-step
PtCeNa-1 CeO2/Csolvo-1 – Na two-step
PtCeNa-2 CeO2/Csolvo-1 – Na two-step

PtCechl-1 CeO2/Csolvo-2a HCl NaOH two-step
PtCechl-2 CeO2/Cultr-1 HCl NaOH two-step
PtCechl-3 CeO2/Cultr-1 HCl NaOH two-step
PtCechl-4 CeO2/Cultr-2 HCl NaOH two-step
PtCeH2O2 Ceultr + C(KB) H2O2 NaOH co-precipitation
PtCeH3PO4 CeO2/Cultr-3 H3PO4 NaOH two-step

PtCesul-1 CeO2/Cultr-2 H2SO4 NaOH two-step
PtCesul-2 Ceultr + C(KB) H2SO4 NaOH co-precipitation
PtCesul-3 CeMW-1 + C(KB) H2SO4 NaOH co-precipitation
PtCesul-4 CeMW-2 + C(KB) H2SO4 NaOH co-precipitation
PtCesul-5 CeMW-2 +

C(Cr3C2, 900)a
H2SO4 NaOH co-precipitation

PtC(KB)com C(KB) H2SO4 NaOH precipitation
PtC(KB) C(KB) H2SO4 NaOH precipitation
PtC(Cr3C2) C(Cr3C2, 900)a H2SO4 NaOH precipitation
aThe ball-milling of the substrate was performed using ytrium stabilised zirconia
balls for 45 min at 300 rpm, and after that, the substrate was dried at 100 ◦C and
50 mbar vacuum oven

49



noted as PtCe(chemical/method)-number, to specify a specific material (given in the
Table 7). Carbon was mixed well in a 50-cm3 mixture of EG and Milli-Q water
before the ultrasound sonication for 10 minutes. After that, the carbon
suspension and CeO2 colloid mixture were transferred into the Pt colloid
solution. In the case of PtCesul-1, the 160 mg of CeO2/C mixture was transferred
into the Pt colloid solution. The reaction mixture was stirred well using a
magnetic stirrer during the NPs deposition. A solution of 0.5 moldm−3 H2SO4
was added drop-wise until pH 5. The precipitation of Pt NPs onto the carbon
support by the pH control of the solution has been used by various research
groups [71, 143]. Thereafter, the reaction mixture was left to sediment for
30 min. The final step was to filter and dry the solid product received overnight in
a vacuum oven at 100 ◦C and 50 mbar reduced pressure.

The synthesis of PtC catalysts were conducted by the precipitation of Pt NPs
onto a corresponding carbon support. The Pt precipitation was conducted either
using a combination of heating methods or by adjusting the pH of the solution.
The synthesis parameters can be found in Tables 6 and 7.

For selected materials (Table 8), the heat treatment under a stream of
hydrogen gas was performed. The post-treatment parameters are described in the
Table 8. The treatment temperature and duration of the PtCechl-2_H2 and
PtCeH3PO4_H2 catalysts were reduced to avoid the changes of Pt diameter after
the treatment.

Figure 21. The changes of reaction mixture colour during the synthesis of Pt
nanoparticles.
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Table 7. The synthesis parameters for Pt and Pt CeO2/C materials using the
ethylene glycol reduction method.

Material cPt(IV) /
mmoldm−3

cNa+ /
mmoldm−3

Na+/Pt tultrasound
/ min

tMW
/ s

trefluxing
/ h

T refluxing
/ ◦C

PtCeNaOH 5.0 50 10 60 78a 2 110
PtCeNa-1 6.0 30 5 60 66a 2 110
PtCeNa-2 6.0 30 5 90 68a – –

PtCechl-1 5.7 58 10 – – 2 110
PtCechl-2 2.0 20 10 – – 2 110
PtCechl-3 0.9 18 20 – – 6 110
PtCechl-4 0.9 62 70 – – 2 110
PtCeH2O2 13.3 133 10 – 180b – –
PtCeH3PO4 2.0 64 32 – – 2 100

PtCesul-1 0.9 30 34 – – 2 100
PtCesul-2 1.5 80 53 – – 2 100
PtCesul-3 0.9 30 34 – – 2 100
PtCesul-4 0.9 30 34 – – 2 100
PtCesul-5c 0.9 30 34 – – 2 100

PtC(KB)com 6.1 31 5 90 78a – –
PtC(KB) 0.9 30 34 – – 2 100
PtC(Cr3C2) 0.9 30 34 – – 2 100
aA 700W microwave oven (Galanz WD700L17-8, frequency ≈ 2.4 GHz) was
set at the medium-low level.
bA specialized microwave device (Anton Paar Multiwave PRO microwave
with an 8N rotor, frequency ≈ 2.4 GHz) pre-heated the sample to 160 ◦C
and the sample has been hold at this temperature for 180 s by using a 100W
microwave radiation.
cA C(Cr3C2) support was used instead of C(KB) support.

Table 8. The post-treatment parameters for the Pt CeO2/C catalysts. The post-
treatment was in the stream of 400 cm3 min−1 H2 gas.

Material Starting material treaction / h T reaction / ◦C

PtCechl-1_H2 PtCechl-1 4 300
PtCechl-2_H2 PtCechl-2 2 200
PtCeH3PO4_H2 PtCeH3PO4 2 200
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5.2 Physical and Electrochemical Characterisation of Catalysts

5.2.1 Physical Characterisation Methods

The thermogravimetric analysis (TGA) was conducted using an Al2O3 pan and
the NETZSCH STA449F3 instrument. The temperature program increased the
temperature at the rate 10◦Cmin−1 from 25 ◦C to 1000 ◦C under the flow of 40
cm3 min−1 N2 gas (Linde Gas, 99.999%) and 10 cm3 min−1 O2 gas (Linde Gas,
99.999%).

A Bruker D8 Advance diffractometer coupled with Ni-filtered CuKα radiation
emitted a 0.6 mm wide parallel beam through a 2.5◦ Soller slit. The scattered
light passed through another 2.5◦ Soller slit and was collected at the LynxEye
line detector system. All signals for 2θ angle in the range from 20 ◦ to 90 ◦ with
the scanning step of 0.013◦ were collected for the X-ray diffractogram. The total
duration per scanning step was 348 seconds. The double Voigt model [144] was
employed for fitting of the XRD profile and the Topas software (version 6) was
used for the crystallite size estimation.

Raman spectroscopy measurements were conducted using an argon lazer
(λ = 514 nm) coupled with a Renishaw InVia micro-Raman spectrometer.
Twenty spots were measured to collect the excitation spectra for each material.
The laser power was 2 mW and the collection time was 15 min for each spot.
The average spectra are shown in the results.

The samples for low-temperature (at near 77 K) nitrogen sorption [145] were
degassed at 100 ◦C and 13 µbar for 24 h. The measurements were conducted
using a 3Flex system (Micromeritics, USA). The pore-size distribution (PSD)
and micro-mesoporosity data were estimated using the SAIEUS software [106]
(version 2.02, Micromeritics, USA) and built-in function "Carbon-N2-77,
2D-NLDFT Heterogeneous Surface" based on the nonlocal density functional
theory model for nitrogen sorption at porous carbon [107]. The other parameters
such as the specific surface area (SDFT), the surface area of mesopores (Smesopores)
and the total pore volume (V total) and volume of mesopores (Vmesopores) were
estimated from the "Carbon-N2-77, 2D-NLDFT Heterogeneous Surface"
modeling results with the relative pressure P

P0
from 1×10−5 to 0.95 [106, 107].

The Zeiss Merlin microscope and a copper sample holder were used for
conducting the high-resolution scanning electron microscopy (SEM). The energy
dispersive X-ray (EDX) system on the Zeiss Merlin instrument and a Burker
EDX-XFlash® 6/30 detector were employed at the accelerating voltage of 15 kV
for the quantitative analysis. The quantitative data were processed using the
P/B-ZAF standardless analysis.

A JEOL JEM-2100 device (JEOL GmbH, Eching, Germany), which worked
at an acceleration voltage of 200 kV, has been used to record the transmission
electron microscopy (TEM) images.

The microwave plasma atomic emission spectrometry (MP-AES) was
conducted to analyse the Pt and CeO2 content in the studied materials. From 10
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to 20 mg of samples were dissolved by sequentially adding 6 cm3 of 35% HCl
(Carl Roth ROTIPURAN Supra) and 2 cm3 69% HNO3 (Carl Roth
ROTIPURAN Supra) into NXF100 digestion vessels (PTFE-TFM liner). After
that, the digestion vessels were capped and heated for digestion using an Anton
Paar Multiwave PRO microwave digestion system coupled with an 8N rotor. The
digested samples were diluted using 1%HNO3/1%HCl solution to a final dilution
factor of 80000 for the determination of CeO2 and Pt contents. An Agilent 4210
MP-AES was calibrated using single-element Ce and Pt solutions before
measuring Ce at 417.659 nm wavelength and Pt at 265.945 nm wavelength. The
CeO2 and Pt content were calculated back from the measured data of Ce and Pt
in diluted samples.

5.2.2 Electrochemical Measurements

Electrochemical characterization to study MOR and ORR was conducted using a
three-electrode system in a proper electrolyte solution (Figure 17). The reference
electrode was a reversible hydrogen electrode (RHE), which was prepared in the
corresponding electrolyte solution [146]. The RHE was connected to the cell via
a Luggin capillary. All the potentials in this work are referenced against RHE.
The auxiliary electrode was a Pt net. The working electrode was the glassy
carbon disk electrode (GCDE) covered with the catalyst layer.

For all experiments, the working electrode was prepared by pipetting a 7-µL
drop of catalyst suspension onto the GCDE (PINE Instrument Company,
electrode diameter 5 mm) surface. The nominal loading of Pt on the GCDE
surface was 18 µgPt cm−2. The suspension was prepared by sonication of 4.9 mg
of catalyst in a mixture of 1.33 cm3 Milli-Q water, 0.57 cm3 isopropanol
(Sigma-Aldrich, > 99%) and 41 µL of Nafion solution (5% solution,
Sigma-Aldrich). The ionomer-to-carbon ratio was 0.5.

All electrochemical measurements were conducted using the Autolab
PGSTAT302N potentiostat and NOVA 1.11.2 software. Before electrochemical
measurements, the conditioning step was performed by scanning the working
electrode potential from 0.025 V to 1.4 V at 0.5 Vs−1 and at 1600 rpm for 100
cycles in the corresponding electrolyte solution in an Ar atmosphere.

The ECSA values and Pt NP diameter, dPt, ECSA, were estimated in
0.5 moldm−3 H2SO4 (conc. 95–97%, Sigma-Aldrich, puriss. p.a, ACS reagent)
or 0.1 moldm−3 HClO4 solution saturated with Ar. The potential was scanned
from 0.06 V to 1.00 V at various potential scanning rates from 0.01 to
0.40 Vs−1. The ECSA and dPt, ECSA were determined using the model discussed
in detail by Trasatti et al. [127].

The MOR activity was measured in the solution of 0.5 moldm−3 H2SO4 +
1 moldm−3 CH3OH saturated with Ar. During the cyclic voltammetry
measurements (CV), the potential was scanned from 0.06 V to 1.26 V at
0.05 Vs−1. The CA experiments were performed at fixed potentials of 0.85 V for
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60 min and 0.50 V for 30 min, respectively.
The ORR activity was measured in 0.1 moldm−3 HClO4, which was prepared

from 70% HClO4 (99.999% trace metals basis, redistilled, Sigma-Aldrich) and
Milli-Q water. The RDE measurements were conducted from 0.01 to 1.00 V at
0.02 Vs−1 and 1600 rpm. The background current, which was established for the
electrolyte was saturated with Ar gas. After that, the currents were collected in
the electrolyte saturated with O2. To get the ORR currents, the currents were
corrected with the background currents. During the measurements, the potential
was corrected with the ohmic drop potential. The electrolyte resistance was
estimated from EIS measurements.

The CO stripping measurements were conducted in 0.1 moldm−3 HClO4
solution after the conditioning step. The solution was bubbled with argon gas for
10 min while the working electrode potential was kept at 0.05 volt (400 rpm).
After that, the gas flow was switched to CO gas for 10 min. Finally, the argon gas
was introduced again for another 10 min before the CO oxidation. Five CV
cycles were measured within the range from 0.05 to 1.00 V at the scan rate of 20
mVs−1 (0 rpm) and the argon gas was flowing above the solution [147]. The last
CV cycle was used as the baseline to correct the background charges during the
calculation of ECSA from CO oxidation peaks, ECSACO. The ECSACO was
estimated in the potential range from 0.4 to 1.0 V using the reference charge of
420 µCcm−2

Pt for Pt-based catalyst [148].
In the case of CDC materials, the CV measurements for the ORR were

conducted in the potential range from −0.4 to 1.1 V, and the potential scan rates
used were from 5 to 1000 mVs−1. The RDE measurements (for the ORR) were
measured at 10 mVs−1, and the electrode rotation speed was varied from 0 to
3000 revmin−1. Besides, the EIS measurements were conducted at 0.8 V in
0.1 moldm−3 HClO4 solution saturated with argon. The EIS data were collected
within a frequency, f , region from 0.1 to 10 000 Hz with ∆E = 10 mVrms.

The Pt dissolution experiments were performed using a three-electrode
system in 6 moldm−3 HCl aqueous solution, which was prepared from
concentrated HCl (Sigma-Aldrich, 36.5-38%, Analytical specification Pr. Eur.).
The reference electrode was the Ag|AgCl saturated KCl electrode (Ag|AgCl),
the auxiliary electrode was the carbon fibre electrode, and the working electrode
was the GCDE covered by the catalyst layer. The potentials for dissolution
experiments are reported against the Ag|AgCl electrode. Six cyclic
voltammograms were measured from 0.45 to 0.95 V vs Ag|AgCl at the potential
scan rate of 0.5 mVs−1 to collect the Pt dissolution data [73]. The background
data were collected using the same electrode after the dissolution was conducted.
The apparent Pt dissolution charge values used were corrected with background
charge (for Pt free system) to estimate the Pt content. The dissolution of Pt
follows the reaction Equation 5.3 and the results were reported as the
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concentration of Pt on the electrode surface, cPt [149]:

Pt + 6 Cl– [PtCl6]2– + 4 e–, (5.3)

cPt(µgPt cm−2) =
Qcorr. ×MPt ×106

nFAelectrode
. (5.4)

Where Qcorr. (C), is the charge corresponding to Pt dissolution, F is Faraday
constant (96485 Cmol−1), n is number of electrons transferred (4 e–), MPt is
atomic mass of Pt (195 gmol−1), and Aelectrode is electrode surface area (0.196
cm2).
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6. RESULTS AND DISCUSSIONS
6.1 Structure of Catalysts

6.1.1 Chemical Composition, Structure, and Morphology of C(Cr3C2)
Materials

From the TGA results for C(Cr3C2) materials (Figure 22a), the two step
oxidation in the temperature range from 400 ◦C to 650 ◦C is visible. The first step
of oxidation process takes place at 470 ◦C and is the oxidation of amorphous
carbon. The second oxidation process observed at approximately 530 ◦C caused
by the oxidation of the more graphitized carbon structure [150]. The moisture
content of studied C(Cr3C2) is less than 0.3 wt%. Solid residual of 6.6 wt% is
retained in the case of C(Cr3C2, 800) material after the TGA experiment. The
residual compounds confirmed by energy dispersive X-Ray spectroscopy (EDX)
results (Figure 23) were quartz and chromium compounds. These residual
compounds are insignificant in the case of other C(Cr3C2) based materials
because the chlorination reaction (Equation 4.4) for other C(Cr3C2) was faster
and more completed at higher temperature applied for the synthesis.

From the XRD results (Figure 22b), diffraction peaks at 2θ angles of 26◦,
43◦, 54◦ and 78◦ correspond to hkl planes of C(002), C(100/101), C(004), and
C(110), respectively. There are no diffraction peaks corresponding to the Cr3C2
precursor in the diffractograms [151, 152]. However, the C(Cr3C2, 800) has a
diffraction peak at 2θ angle of 22◦, which can be a residual of CrO(OH) and/or
chromium(III) oxide. The increase of diffraction peaks sharpness of C(002)
plane along with the increase of the chlorination temperature indicates the higher
degree of carbon graphitisation level of carbons synthesised at higher
temperatures.

The graphitisation level and the degree of order of C(Cr3C2) materials were
investigated using Raman spectroscopy and the results are presented in
Figure 22c and Table 9. The graphitisation stage of C(Cr3C2) materials increases
with the chlorination temperature. According to the classification proposed in the
study of Schuepfer et al. [113], the C(Cr3C2, 800) is in stage II nanoparticular
carbon material. The C(Cr3C2, 900) is between the stage II (nanocrystalline
graphite) and III (non-graphitic carbon material). The C(Cr3C2, 1000) and
C(Cr3C2, 1100) materials can be classified into the stage III. The intensity ratio
of D- and G- bands, ID

IG
, indicates the degree of ordered carbon and disordered

carbon [111]. Therefore, the C(Cr3C2, 800) is the most disordered carbon
material and the C(Cr3C2) materials become more ordered when the chlorination
temperature increases. This agrees well with the trend of full width at half
maximum (FWHM) values for the D-band, FWHMD. The C(Cr3C2, 1000) and
C(Cr3C2, 1100) materials are moderately graphitised carbons, and are not highly
oriented pyrolytic graphites because the FWHM values for G-band, FWHMG,
were greater than theorectical value (15 cm−1) of highly oriented pyrolytic
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graphite [111, 153].
The porosity of carbon materials influenced dramatically on the

electrochemical activity of the Pt catalyst materials [28, 30]. Therefore, the
understanding about the porosity of C(Cr3C2) materials was investigated using
the LTNS method. The results of LTNS for C(Cr3C2) materials are compiled in
Table 10 and Figure 22d. The C(Cr3C2) has two regions in the pore-width
distribution (PWD), given in the Figure 22d. The first PWD region is around 1
nm and the second PWD is a broad region from 2 nm to 30 nm. The total pore
volume, Vtotal, and the specific surface area, SDFT, of the C(Cr3C2, 800) material
are dramatically higher than that of other C(Cr3C2) materials. Besides, the
Vmesopores/Vtotal of the C(Cr3C2, 800) is small (0.36) compared to that of the other
C(Cr3C2) materials (> 0.85), which were chlorinated at higher temperature.
Although the carbon graphitization stages and ordering degree of C(Cr3C2, 900),
C(Cr3C2, 1000), C(Cr3C2, 1100) are different, the porosity of these materials is

Figure 22. The physical characterization results for studied C(Cr3C2) materials,
noted in the figure.
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nearly similar (Table 10). Overall, the SDFT and Vtotal for these three materials are
small, and the Vmesopores/Vtotal ratio moderately increases moderately with
increasing chlorination temperature.

The morphology of C(Cr3C2) materials is shown in Figure 23. The C(Cr3C2)
carbon materials have the particles with irregular shape, and the particle width is
from 1 to 10 µm. There are no visible differences in the morphology of C(Cr3C2)
materials. As the chlorination temperature increased, the percentage of carbon
increased and the amount of residual elements decreased according to the EDX
measurement results.

Figure 23. The scanning electron microscopic images and elemental analysis of
C(Cr3C2) materials.

Table 9. Parameters derived from the Raman spectra of the C(Cr3C2) materials.

Material ID
IG

FWHMD
/ cm−1

FWHMG
/ cm−1

SΣD
SΣG

SΣD
S

ΣG+D′

C(Cr3C2, 800) 0.93 125 59 1.90 1.51
C(Cr3C2, 900) 0.44 65 42 0.76 0.71
C(Cr3C2, 1000) 0.16 52 27 0.33 0.30
C(Cr3C2, 1100) 0.10 48 24 0.20 0.20

ID, IG are the intensity of Raman peaks
FWHMD is full width half maximum at Raman D-band peak
FWHMG is full width half maximum at Raman G-band peak
SΣD, SΣG, SΣG+D′ are relative area of Raman peaks
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6.1.2 Chemical Composition, Structure, and Morphology of CeO2/C
Materials

The TGA (results are in Figure 24a) were conducted to estimate the CeO2
content in the CeO2/C materials (Table 11). The oxidation of CeO2/Csolvo
materials starts at much higher temperature compared to the CeO2/Cultr
materials. The oxidation of CeO2/Csolvo-1 and CeO2/Csolvo-2 starts at around
550 ◦C and 650 ◦C, respectively. The increase in CeO2 content (from 13.8 to
19.8 wt%) in this case improved the resistance of CeO2/Csolvo materials against
the oxygen oxidation. The oxidation of CeO2/Cultr materials is very similar and
starts at roughly 350 ◦C although the CeO2 content (approximately 11 wt%) in
the CeO2/Cultr materials is only slightly lower than that of CeO2/Csolvo-1. The
oxidation at much lower temperature indicates that CeO2 and carbon in the
CeO2/Cultr materials have probably more amorphous structure than in the
CeO2/Csolvo materials. Since the calcination of CeO2/Csolvo materials was
performed at 550 ◦C, which enhances the graphitization process and probably the

Table 10. Low-temperature nitrogen sorption results calculated using the SAIEUS
software [107] and built-in function "Carbon-N2-77, 2D-NLDFT Heterogeneous
Surface” based on the nonlocal density functional theory model for nitrogen
sorption at porous carbon.

Material SDFT /
m2 g−1

Smesopores /
m2 g−1

V total /
cm3 g−1

Vmesopores /
cm3 g−1

Vmesopores
/V total

PtCeNaOH 279 116 0.41 0.33 0.80
PtCeNa-1 328 124 0.46 0.36 0.78
PtCeNa-2 289 122 0.45 0.36 0.80

PtCesul-1 458 138 0.53 0.39 0.73
PtCesul-2 440 142 0.53 0.39 0.74
PtCesul-3 516 151 0.59 0.42 0.71
PtCesul-4 460 128 0.52 0.36 0.70
PtCesul-5 103 49 0.17 0.15 0.84

PtC(KB)com 386 134 0.51 0.39 0.76
PtC(KB) 508 149 0.59 0.42 0.71
PtC(Cr3C2) 104 47 0.17 0.15 0.85

C(Cr3C2, 800) 1632 278 1.14 0.41 0.36
C(Cr3C2, 900) 213 101 0.34 0.29 0.86
C(Cr3C2, 1000) 273 154 0.65 0.60 0.92
C(Cr3C2, 1100) 227 135 0.72 0.68 0.94
C(KB) 730 202 0.78 0.54 0.70

SDFT – specific surface area from modelling data
Smesopores – surface area of mesopores estimated from modelling data
V total – total pore volumes estimated from modelling data
Vmesopores – volume of mesopores estimated from modelling data
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CeO2 becomes more crystalline. Besides, the sonochemical synthesis for
CeO2/Cultr materials created the surface defects (discussed in subsection 4.2.4)
and were not calcinated. Therefore, the huge difference in the characteristics of
CeO2 NPs obtained from two synthesis methods was predictable.

The extreme difference in material characteristics synthesised by the

Figure 24. The thermogravimetric results (a) and X-ray diffractograms (b) for
selected CeO2/C materials, noted in the figure.

solvothermal synthesis or sonochemical synthesis methods is very well visible in
the Figure 24b. The diffraction peaks of CeO2/Cultr materials are broad, and the
intensity of diffraction peaks is low. The presence of CeO2 phase in the
CeO2/Cultr materials can be deduced from the difractograms, however, the
diffraction peaks corresponding to CeO2 phases rather overlap with each other
and are underdeveloped. The diffraction peaks of carbon planes in the CeO2/Cultr
materials overlap with the diffraction peaks of CeO2 at 2θ angles of 26◦, 43◦, 54◦

and 78◦, which corresponds to the C(002), C(100/101), C(004) and C(110)
respectively. On the other hand, the diffraction peaks of CeO2 phases developed
well in the case of CeO2/Csolvo materials. In this case, the diffraction peaks are
narrow and sharp. The diffraction peaks at 2θ angles of 29◦, 33◦, 47◦, 56◦, 59◦,
69◦, 77◦, 79◦, and 88◦ correspond to the CeO2 (111), (200), (220), (311), (222),
(400), (331), (420), and (422) planes, respectively [141]. The CeO2 crystallite
size dimensions, which is noted as dCeO2, XRD and were estimated from XRD
data, of CeO2/Cultr materials were the same (around 1.2 nm), while the dCeO2, XRD
values of CeO2/Csolvo-1 and CeO2/Csolvo-2 materials are 9.1 and 8.5 nm,
respectively (Table 11). Therefore, the slight change in reaction volume resulted
in the a small difference in the dCeO2, XRD value if concentration of
Ce(NO3)3· 6 H2O and carbon amount were unchanged (the ratio is given in the
footnote of Table 5).

The CeO2 NPs synthesised by the solvothermal synthesis methods are big
enough (1–30 µm) to be observed using SEM method (Figure 25a,b,c). However,
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Table 11. The physical characterization results of studied CeO2/C materials.

Material CeO2 wt%a dCeO2, XRD / nm

CeO2/Csolvo-1 13.8 9.1
CeO2/Csolvo-2 19.8 8.5
CeO2/Cultr-1 10.8 1.2
CeO2/Cultr-2 11.0 1.2
CeO2/Cultr-3 11.3 1.2
aThe absolute values calculated using changes of catalyst mass values.

the CeO2 NPs synthesised by the sonochemical method were rather small and
can be observed only using TEM (Figure 25d). In the solvothermal synthesis
method, the CeO2 particle size, which is noted as dCeO2, microscopy and can be
measured from either SEM or TEM images (Figure 25a,b), is reduced as the
mass ratio of Ce(NO3)3· 6 H2O and carbon increased (see the footnote of
Table 5). The decrease of dCeO2, XRD value estimated from XRD data caused by
different synthesis parameters of CeO2/Csolvo-1 and CeO2/Csolvo-2 agrees well
with CeO2 NPs estimated from SEM and TEM. After the ball-milling treatment,
the flower-shaped CeO2 particles are broken into smaller particles
(approximately 1 µm) with a distorted shape (see Figure 25c). On the other hand,
the CeO2 NPs of CeO2/Cultr-1 material are used to represent the morphology of
all CeO2/Cultr materials as there is no noticeable differences amongst these
materials. The CeO2 particle size of CeO2/Cultr materials is around 3 nm, and it
seems that this results from overlapping of two hexagonal CeO2 crystallites, and
the CeO2 NPs are scattered all over the carbon pattern. In the case of CeO2/Cultr
materials, the lattice fringe of CeO2 NPs has the interplanar spacing of 0.33 nm,
which corresponds to the hkl plane (111) [87]. Other CeO2 planes were not
found. Besides, no CeO2 NPs were observed on Pt CeO2/C materials using
TEM due to the low concentration of CeO2 NPs, scattering across carbon pattern,
and many crystallographic defects.

Although SEM and TEM have not been used to visualise the CeO2 NPs
deposited from Ceultr colloid solution, the dCeO2, XRD value of PtCeH2O2 and
PtCesul-2 materials indicates the similar characteristics of the CeO2 NPs to those
of CeO2/Cultr materials (Table 12). Therefore, the morphology of CeO2 can be
the same. The use of acid solution for the co-precipitation of CeO2 and Pt onto
carbon support seems not to change the morphology of CeO2 NPs. The
co-precipitation of CeMW and Pt colloidal solution onto a support material is
found to have the same morphology as in the case of CeO2/Cultr materials (see
the Figure 26). The Pt CeO2 clusters on the C(Cr3C2, 900) are larger than the
Pt CeO2 cluster on C(KB). The interplanar spacing of the CeO2 synthesised by
the microwave method is 0.33 nm, which also corresponds to the CeO2 (111)
plane [87].

61



Figure 25. The morphology of ceria crystals synthesised by solvothermal
synthesis method (a–c) and the sonochemical synthesis method (d). The scanning
electron microscropy (a–c) and transmission electron microscopy (d) was used to
visuallize ceria particles.

Figure 26. The Pt and CeO2 nanoparticles of the Pt CeO2/C catalysts deposited
onto different carbon materials. The inserts demonstrate the interplanar spacing
of the Pt(111) and CeO2(111) of the PtCesul-5.
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6.1.3 Chemical Composition, Structure, and Morphology of PtC and
Pt CeO2/C Materials

The residual mass of studied materials at the end of the TGA experiments
(Figure 27) was used to estimated the Pt and CeO2 wt% in synthesised materials
and the completion of Pt and CeO2 deposition (Table 12). In the case of
PtCeNaOH and PtCeNa-1 materials, the higher value of residual mass of PtCeNa-1
indicates Pt deposition was more completed when the metal sodium was used
instead of NaOH. The pre-generation of glycolate anions using the reaction of
metallic Na and EG (Equations 6.1 and 6.2) before the EG reduction-deposition
method improves the completion of deposition, thus the glycolate anions is a
good stabilising reagent for (Chapter 4.2.3).

HOC2H4OH + OH– HOC2H4O– + H2O, (6.1)

and
2 HOC2H4OH + 2 Na 2 HOC2H4O– + 2 Na+ + H2↑ . (6.2)

Comparing the residual masses of PtCeNa-1 and PtCeNa-2 materials suggests
that the Pt deposition is even more complete in case of the PtCeNa-2. The
enhancement of the Pt deposition in this case was caused by the longer
ultrasound time (tultrasound given in the Table 7). This can be explained by the
ultrasound effects in the Chapter 4.2.4. The longer duration of refluxing seems
not to improve the Pt deposition but facilitates the growth of Pt NPs. This
conclusion is based on the results of the preliminary study where significantly
larger Pt particles were observed. The deposition of Pt NPs onto the support by
adjusting pH with the acid solution can be considered the optimal parameter to
achieve complete deposition of Pt NPs in the case of ultrasound- and
microwave-assisted methods. In the case of PtC(KB)com, PtC(KB), PtC(Cr3C2)
and PtCechl-1, the residual mass of these materials is close to nominal value.
Therefore, all Pt NPs synthesised were deposited completely onto the carbon
support. The Pt CeO2/C material (PtCechl-1), which was synthesised by the
deposition of Pt NPs onto the CeO2/Csolvo-2 material, have higher residual mass
than other PtCechl materials. The dissolution of more crystalline and bigger CeO2
NPs of PtCechl-1 is kinetically hindered in acidic solutions. On the other hand,
the dissolution of amorphous CeO2 NPs on CeO2/Cultr materials is kinetically
favorable to be dissolved in acidic solution (HCl and H2SO4) [80, 154]. Thus, Pt
NPs were deposited, however, some amorphous CeO2 NPs were dissolved during
the Pt deposition using HCl or H2SO4 solution. This explains the lower residual
mass of the PtCechl-2 to 4 and PtCesul-1 to 3 materials.

To achieve a small CeO2 NPs, which are more crystalline and chemically
stable, the use of H2O2 and H3PO4 for the Pt and CeO2 deposition was tested.
H2O2 can help to oxidize Ce3+ to Ce4+, i.e. facilitating the formation of CeO2
[155]. CeO2 is not so well soluble in H3PO4 as the CeO2 NPs are covered with
insoluble CePO4. The CeO2 NPs with CePO4 layer from CeO2 still have good
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catalytic effects [156, 157]. Another approach to achieve the same goal is to
increase the concentration of Ce3+ in the microwave synthesis methods. As the
microwave treatment can improve slightly the crystallinity of CeO2 compared to
the ultrasound treatment, the higher CeO2 content can be achieved. This explains
high residual mass of the PtCeH2O2, PtCeH3PO4, PtCesul-4 and PtCesul-5 materials
(Table 12).

The thermal stability of selected materials in synthetic air at temperatures is
shown in the Figure 27. The difference in starting temperature of Pt/C and
Pt CeO2/C materials is insignificant (Figure 27) compared to that of CeO2/C
materials (Figure 24).

The residual mass increases slightly for the materials, which were

Figure 27. The thermogravimetric analysis of selected Pt-based materials, noted
in the figure.

post-treated with hydrogen (Figure 27b). This phenomenon can be explained by
removal of some oxides and non-metallic compounds from the catalyst surface in
hydrogen environment at high temperature (from 200 ◦C to 300 ◦C). In the case
of PtCeH3PO4 and PtCeH3PO4_H2 materials (Figure 27b), there is no noticeable
difference in residual mass after the hydrogen post-treatment.

The XRD patterns of the Pt and Pt CeO2/C materials are shown in the
Figure 28. The Pt CeO2/C materials (PtCeNaOH, PtCeNa-1, PtCeNa-2 and
PtCechl-1), which have been synthesised from CeO2/Csolvo materials, inherited
the highly crystalline and large CeO2 NPs from the corresponding CeO2/C
materials. The diffraction peaks for CeO2 phase are well-developed at 2θ angles
of 29◦, 33◦, 47◦, 56◦, 59◦, 69◦, 77◦, 79◦ and 88◦. These diffraction peaks of
CeO2 phase correspond to the hkl (111), (200), (220), (311), (222), (400), (331),
(420), and (422) planes, respectively [141]. Similarly, the small CeO2 NPs of the
PtCechl-2 to 4, PtCeH3PO4, PtCesul-1, which are based on the CeO2/Cultr materials,
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Table 12. The chemico-physical characterization results for Pt and PtCe catalysts.
The concentration of Pt on electrode surface (cPt) values has been calculated from
CV data measured in 6 moldm−3 HCl solution.

Material TGA
wt%

Pt
wt%

CeO2
wt%

cPt
/ µgPt cm−2

PtCeNaOH 29 17a 11a 18c

PtCeNa-1 32 21a 11a 18c

PtCeNa-2 35 24a 10a 18c

PtCechl-1 39 28b 10b 18c

PtCechl-2 23 24b 0.4b 18c

PtCechl-3 21 20c 0.8c 18c

PtCechl-4 22 20c 1.9c 18c

PtCeH2O2 30 20c 10c,e 18c

PtCeH3PO4 31 19b 6.3b,f 18c

PtCesul-1 23 23b 0.3b 14.4±1.4d

PtCesul-2 25 22b 0.3b 13.7±0.5d

PtCesul-3 20 23b 0.3b 14.9±0.2d

PtCesul-4 27 23b 5.1b 14.1±1.7d

PtCesul-5 30 22b 7.4b 14.5±0.3d

PtC(KB)com 28 28 – 18c

PtC(KB) 18 21b – 13.0±0.4d

PtC(Cr3C2) 21 20b – 12.5±2.2d

PtCechl-1_H2 43 33b 12b 18c

PtCechl-2_H2 24 26b 0.42b 18c

PtCeH3PO4_H2 31 19b 6.0b,f 18c

aThe Pt wt% has been estimated from the thermogravimetric analysis (TGA)
results of CeO2 C substrate and final Pt CeO2/C catalyst.
bThe wt% has been estimated from the results of microwave-plasma atomic
emission spectrometry.
cThe wt% has been nominated for Pt, CeO2 wt% is the estimated based on the
TGA results and nominal Pt wt%.
dThe Pt concentration on the electrode surface has been estimated from the
electrochemical Pt dissolution results.
eThis value should refer to the weight percentage of general cerium
compounds, because many cerium phases were found, e.g CeO2, Ce2O3 and
Ce(OH)3.
fThis value should refer to the weight percentage of cerium, because many
cerium phases were found, e.g CeO2 and CePO4.
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result in the broad and low intensity diffraction peaks of CeO2. Therefore, these
diffraction peaks were underdeveloped in corresponding Pt-based catalyst. In the
case of the PtCeH3PO4 material, there are some visible diffraction peaks for

Table 13. The Pt diameters for Pt and PtCe catalysts estimated from various
methods. The electrochemcial active surface area (ECSA) value for Pt
nanoparticles in 0.5 moldm−3 H2SO4 solution saturated with argon has been
calculated from CV data.

Material dPt, XRD /
nm

dPt, microscopy /
nm

dCeO2, XRD /
nm

ECSA
/ m2

Pt g−1
Pt

PtCeNaOH 1.6 3.0±0.7a 11.0 42±1
PtCeNa-1 3.0 4.2±1.4a 11.0 55±3
PtCeNa-2 2.4 4.2±0.9a 10.0 45±2

PtCechl-1 1.5 4.4±3.1b 9.8 72±7
PtCechl-2 1.1 3.8±1.5b 3.0 91±7
PtCechl-3 0.9 2.8±0.8b 3.0 77±4
PtCechl-4 1.4 2.9±1.9b 1.0 72±1
PtCeH2O2 1.7 – 1.0c 23
PtCeH3PO4 1.4 – 2.9d 56±3

PtCesul-1 1.1 3.6±1.5 1.0 88±5
PtCesul-2 1.0 4.1±1.4 0.7 76±12
PtCesul-3 0.9 3.1±0.9 1.0 89±1
PtCesul-4 0.7 3.4±1.1 0.7 87±5
PtCesul-5 0.9 7.2±3.8 5.1 61±3

PtC(KB)com 2.0 5.5±1.3a – 55±7
PtC(KB) 1.4 3.3±1.2 – 82±1
PtC(Cr3C2) 1.5 7.2±3.8 – 71±4

PtCechl-1_H2 2.4 – 9.8 57
PtCechl-2_H2 1.1e – 0.7 65±2
PtCeH3PO4_H2 2.0 – 1.0d 52
aThe Pt particle size was estimated from the scanning electron microscopic
images and the peak of the distribution was around values given in the table.
bThe Pt particle size was estimated from the transmission electron microscopic
images.
cThe presence of other cerium phases such as Ce2O3 (with crystallite size ca.
1.6 nm) and Ce(OH)3 has been observed.
dAnother structural phase was cerium phosphate (CePO4) with the crystallite
size approximately 4.5 nm.
eAnother Pt phase with bigger diameter size (ca. 13.5 nm) has been observed.
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CePO4 phase at 2θ of 20◦, 29◦, 31◦, 53◦, 60◦ and 71◦. As the CeO2, which was
synthesised by ultrasound and microwave methods, tends to be small (Chapter
4.2.4), the Pt CeO2/C materials, which have been co-deposited with Pt and
Ceultr (or CeMW) onto a carbon support, had the similar XRD pattern has
discussed before. Although the C(Cr3C2, 900) carbon material was ball-milled
before the Pt and CeO2 deposition, the PtCesul-5 material still has characteristic
diffraction peaks of the carbon support at 2θ angle of 26◦, which corresponds to
the C(002) plane. The dCeO2, XRD of Pt CeO2/C materials (Table 13) increased
slightly compared to that of a corresponding CeO2/C materials (Table 11).

The diffraction peaks of Pt phase for all materials are visible at 2θ angles of
40◦, 46◦, 68◦, 82◦ and 86◦, which corresponds to the Pt (hkl) planes (111), (200),
(311), (331), (222), respectively in the Figure 28 [158]. The influence of the Pt
deposition method on the characteristics of Pt NPs can be observed. Although
the Pt NPs of PtCeNaOH, PtCeNa-1 and PtCeNa-2 materials were deposited using
the combination of various heating methods, the intensity of diffraction peaks is
higher, and the peaks are sharper if the metallic Na was used instead of NaOH.
Therefore, larger Pt crytallites were synthesised and this agrees well with
dPt, XRD, in the Table 13. Comparison of the PtCeNa-1 and PtCeNa-2 materials
demonstrates that the increase of tultrasound (given in the Table 7) does not
increase the dPt, XRD values. The Pt deposition assisted by adjusting pH value of
reaction mixture resulted in the board and low intensity diffraction peaks of Pt
NPs. The dPt, XRD values for these Pt and Pt CeO2/C materials are smaller than
2.0 nm (Table 13). The use of H2O2 for Pt deposition generated Pt NPs with a
dPt, XRD value (1.7 nm) as small as that by adjusting pH of reaction mixture with
the use of acid solutions, however, the diffraction peaks of Pt NPs are slightly
sharper.

The hydrogen treatment increased the dPt, XRD value, which resulted in the
sharpness of Pt diffraction peaks (Figure 28c). Some Pt crystallites became
dramatically bigger (14 nm) as in the case of PtCechl-2_H2 while the dPt, XRD for
other two materials increased slightly, i.e. from 1.5 to 2.4 nm and from 1.4 to
2.0 nm in the case of PtCechl-1 and PtCeH3PO4 materials, respectively (Table 13).
It is obvious that the hydrogen treatment increases the Pt diameter. The CeO2
diameter (dCeO2, XRD) for big CeO2 particles of the PtCechl-1 is unchanged after
the treatment, however, for smaller CeO2 NPs of the PtCechl-2 and PtCeH3PO4, the
dCeO2, XRD values are reduced from 3.0 to 0.7 nm, and from 2.9 to 1.0 nm,
respectively. The shifts in the dPt, XRD and dCeO2, XRD values can caused different
effects on the MOR activity.

The porosity of the Pt and Pt CeO2/C materials was measured and the data
are presented in the Table 10 and Figure 29. The PWD inherited from the carbon
support. Although C(KB) and C(Cr3C2, 900) have different Vtotal value, the PWD
of both carbon support are similar. Both carbon materials have two regions in the
PWD plot. The first PWD region is around 1 nm and the second PWD region is
from 2 to 20 nm (mesopores) in the Figure 29. After the metal deposition, the

67



Vtotal value was reduced compared to the Vtotal value of the corresponding carbon
support because the carbon amount in the catalyst is lower and the porosity in
mainly caused by the catalyst support. In the case of the C(KB) and
C(Cr3C2, 900) support materials, the relationship of Vtotal and carbon percentage
is established. Therefore the pores of carbon support are not clogged. As the
carbon structure is retained, the Vmesopores/Vtotal does not influenced by the
deposition of Pt and CeO2 NPs

The Raman spectroscopy has been applied to investigate the characteristics

Figure 28. X-ray diffractorgrams of Pt CeO2/C and PtC materials, noted in the
figure.
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of the CeO2 NPs parameters given in the Figure 30. Besides, the Raman spectra
at the region > 1000 cm−1 (Figure 30a) also revealed the carbon structure of the
catalyst materials. The high intensity of D-band (≈ 1358 cm−1) and the position
of G-band at ≈ 1583 cm−1 indicated that both C(KB) and the ball-milled
C(Cr3C2, 900) support materials were amorphous, and probably, belong to the
stage I of the carbon graphitization [111]. However, the spike of 2D-band at
2704 cm−1 in the case of the PtCesul-5 was the typical feature of the stage II for a
nanocrystalline graphite carbon. Obviously, the ball-milling treatment increased
the amorphous carbon for the C(Cr3C2, 900) material, but some of the
nanocrystalline graphite retained. The findings agree well with XRD results as
the PtCesul-5 and PtC(Cr3C2) had a sharp spike at 26◦ of 2θ for C(002) plane. In
the smaller wavenumber region < 1000 cm−1, the CeO2/Csolvo-1 had the F2g
peak at 466 cm−1 overlappling with data for pure CeO2 NPs [116]. However, the

Figure 29. Pore-width distribution of different carbon supports and catalyst
deposited onto these supports, noted in the figure. Insert: the correlation between
the total pore volume and carbon percentatge in the catalyst.
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CeO2 NPs dispersed on a large area of the carbon support material resulted in the
low signal intensity. The F2g peak was blue shifted from 466 to 451 cm−1 after
the deposition of Pt NPs. The broad peaks at around 550 and 690 cm−1 were the
asymmetry and symmetry linkages of Pt O Ce, respectively [114]. The
stretching mode of CeO2 at 550 cm−1 (DCeO2) can be used to compare the
number of oxygen vacancies [19]. The higher value for the intensity ratio of
IDCeO2

/IF2g indicated higher number of oxygen vacancies. Therefore, the number
of oxygen vacancies in the PtCesul-4 and PtCesul-5 materials are the highest. The
F2g peaks for the PtCesul-3 have been observed at 466 cm−1 with weak intensity
due to the low CeO2 content and small CeO2 NPs [19]. There were no
observation for Pt CeO2 vibration feature of the PtCesul-3 material.

The dispersion of Pt NPs on carbon support materials washas been

Figure 30. Raman spectra for selected materials, noted in the figure.

investigated by CV, SEM and TEM methods. The CV data measured in
0.5 moldm−3 H2SO4 solution saturated with argon were used to estimate the
ECSA of Pt from the adsorption and desorption data of protons at the active site
of Pt. Therefore, the ECSA value can be used to compare the dispersion of Pt on
the electrode surface.

Although the dPt, XRD of the PtCeH2O2 was small, the ECSA value was small
(Table 12). This indicated that the exposed surface of Pt to the electrolyte
solution is small and probably, the Pt NPs were agglomerated due to the robust
reduction of concentrated H2O2 solution. The ECSA value for other materials
calculated are from 42 to 91 m2

Pt g−1
Pt given in the Table 12. These values were

shown some improvement of the Pt dispersion, however, the ECSA value ≤
55 m2

Pt g−1
Pt indicate the agglomeration of Pt NPs.

In the Figure 31, the Pt NPs deposited using the combination of different
heating methods are dispersed pretty well on the carbon support, however, some
agglomeration was visible too. The dispersion of the Pt NPs deposited using the
HCl solution demonstrated in the Figure 32 was much higher compared to the
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previous case demonstrated in the Figure 31. From the TEM images, the Pt NPs
linear dimension are around 2 to 3 nm. The interplanar spacing of Pt lattice
fringe was 0.23 nm, which corresponds to the the hkl (111) plane structure [119].
The dispersion of Pt NPs deposited using the H2SO4 solution is as well as in the
case of using HCl solution (see Figure 33). In the case of C(KB)-based materials
(Figure 33a–c, f and h), the most particle size distribution (PSD) count is around
2.5 nm, and PSD patterns of the PtCesul materials are similar. The averaged
diameter for these materials ranging from 2.5± 0.9 to 3.3± 1.1 nm. Almost no
agglomerates can be detected. Therefore, the synthesis method for Pt deposition
on C(KB)-based materials was repeatable, even if the synthesis methods for
CeO2 particles were different in each case. The Ce(NO3)3 concentration used
during the CeO2 synthesis is not influenced the Pt deposition if Pt PSD of the
PtCesul-4 catalyst is compared to other PtCesul catalysts on C(KB). In the case of
C(Cr3C2, 900)-based materials (Figure 33e and g), the Pt NPs are slightly
agglomerated due to the lower SDFT value of C(Cr3C2, 900) (around 213 m2 g−1,
see Table 10). However, the diameter of most Pt particles ranges from 2 to 4 nm.
The Pt PSD patterns of PtCesul-5 and PtC(Cr3C2) materials are surprisingly
similar, and the averaged diameter of Pt NPs is around (4.3 ± 2.3) nm. This
confirmed the success of the Pt deposition method on C(Cr3C2, 900)-based
materials. In comparison with commercial Vulcan carbon support, which has a
similar SDFT value (around 243 m2 g−1 [73], the commercial Pt/C(Vulcan) is
extensively agglomerated with diverse particle sizes and most of the Pt particles
distributed from 5 to 7 nm (Figure 33d). The volume to area diameter of Pt [127],
dPt, microscopy, was calculated and given in the Table 13.

The stability of the PtCeNa-1 and PtC(KB)com has been analyzed using the
CV measurement in the solution of 0.5 moldm−3 H2SO4 and 1 moldm−3

CH3OH at the scan rate of 50 mVs−1 for 5000 cycles. There were no big
differences in the stability of the PtCeNa-1 and PtC(KB)com materials
demonstrated in the Figure 34a. The MOR activity remained roughly 60%.
However, the Pt NPs of the PtCeNa-1 material became bigger (Figure 34b), and
some of the Pt was dissolved as the number of Pt NPs was observed slightly less
compared to original PtCeNa-1 material in the Figure 31.

6.2 Oxygen Reduction Reaction

6.2.1 The Oxygen Reduction Reaction on Chromium
Carbide-Derived Carbon Materials

The capacitive behavior of the CDC is illustrated in the Figure 35 using the CV
and EIS measurement data. The gravimetric capacitance values calculated for
four CDC materials in the Figure 35a, agree well with the porosity values for
these materials, which has been discussed in Chapter 6.1.1, i.e. the
C(Cr3C2, 800) material has the highest gravimetric capacitance and for other
C(Cr3C2) the gravimetric capacitance is very similar about two to three times
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lower. The capacitances of series and parallel circuits are noted as Cs
(Equation 6.4) and Cp (Equation 6.3), respectively.

Cp =
−Z′′

2π f |Z| , (6.3)

Cs =− 1
2π f Z′′ , (6.4)

|Z|=
√

Z′2 +Z′′2, (6.5)

where Z′ is the real and Z′′ is the imaginary part of the complex impedance, and
|Z| impedance modulus.

All C(Cr3C2) materials reveal the blocking capacitive behavior as the
corresponding Cp and Cs calculated coincide at f → 0. There is very nice
agreement between the series capacitance Cs at f → 0 and SDFT of C(Cr3C2)
materials, i.e. series capacitance decreases in order C(Cr3C2, 800) ≫
C(Cr3C2, 1000) > C(Cr3C2, 900) ≈ C(Cr3C2, 1100).

The CV method was used to estimate the ORR activity of C(Cr3C2) materials
in oxygen saturated 0.1 moldm−3 HClO4 solution (Figure 36a and b). In the

Figure 31. The Pt NPs distribution images (a–c) for Pt CeO2/C catalysts,
synthesised using the combination of heating methods, obtained from the
scanning electron microscopy (SEM) experiments were shown. The SEM image
for PtCeNa-1 (d) revealed that the Pt NPs retained after an accelerated stability test
in a mixture of 0.5 moldm−3 H2SO4 and 0.1 moldm−3 CH3OH solution.
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Figure 36a, there are two ORR peaks clearly visible during the cathodic potential
scan for all C(Cr3C2) materials. These peaks indicate the corresponding electron
processes of the ORR on the carbon surface. The first ORR peak, Epeak, which
corresponds to the first electron transfer (Equation 4.31), and Epeak is plotted
against the ln(ν) in the Figure 36b to observed the changes of ORR with different
potential scan rates, and indicates that ORR is irreversible on these materials.
The Epeak value shifts towards more negative potentials with the increase of the
synthesis temperature of C(Cr3C2) materials, indicating that the ORR catalytic
activity decreases as the carbon becomes more graphitised.

The RDE results for C(Cr3C2) materials, which were measured in
0.1 moldm−3 HClO4 solution saturated with oxygen, are presented in the
Figure 36c. The Eonset potential value in the Figure 36c can also be used to
compare the ORR activity of the CDC materials. Therefore, the ORR activity
decreases in the order C(Cr3C2, 800) (Eonset = 0.63 V) > C(Cr3C2, 900) (Eonset
= 0.53 V) > C(Cr3C2, 1000) (Eonset = 0.43 V) > C(Cr3C2, 1000) (Eonset = 0.23

Figure 32. The Pt NPs that were deposited onto the catalyst support surface by
using the HCl acid solution for sedimentation was shown under high-resolution
scanning electron microscopy (a,b) and transmission electron microscopy images
(c,d). Insert: Electron diffraction pattern of PtCechl-2 material.
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V). No current density plateau has been formed, which should be reached in the
diffusion-limited regime in the range of potentials applied. The Tafel-like plot
given in the Figure 36d, was used to explain the ORR kinetics at CDC materials.
The Tafel-like curves are not linear. However the slope values in the limited
nearly linear region at low current densities can be used to estimate the kinetics.
The Tafel-like slope values for the C(Cr3C2, 800), C(Cr3C2, 900),
C(Cr3C2, 1000) and C(Cr3C2, 1100) materials (in the nearly linear region) were
181, 220, 253 and 253 mV, respectively. The slope values are higher compared
with the typical slope value for a GCDE was around 140 mV [58]. However,

Figure 33. The dispersion of Pt nanoparticles of Pt CeO2/C and Pt/C materials
deposited using addition of the H2SO4 solution to the Pt colloid solution. The
histogram of the Pt particle diameter estimated by measuring more than 200
particles, is placed under the transmission electron microscopy image of the
corresponding material above. The averaged number diameter of Pt nanoparticles
is given in the histogram of each material.
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Figure 34. The accelerated stability test (AST) results (a) for PtCeNa-1 and
PtC(KB)com materials, and the change in the Pt particle size after the AST test
(b) estimated from the high-resolution scanning electron microscopic images. The
AST was carried out in a solution of 0.5 moldm−3 H2SO4 and 1 moldm−3 CH3OH
by performing the cyclic voltammetry (CV) at 0.05 Vs−1 within the potential
window from 0.06 to 1.10 V, for 5000 cycles. The normalised peak current is
the ratio of CV anodic peak current at the nth cycle to the initially stable anodic
peak current.

these high values are not unusual for a thick electrode in an acidic solution, as
observed in the work of Taleb et al. [57]. The higher Tafel-like slope value
(>220 mV) can be caused by the hydrogen evolution [58], which is a reasonable

Figure 35. (a) Gravimetric capacitance vs potential, and (b) dependence of series
and parallel capacitance of frequency log f at 0.80 V for the chromium carbide-
derived carbon materials in 0.1 moldm−3 HClO4 solution saturated with argon.
Insert in part a: magnification of part a for selected materials.
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explanation in our case as small bubbles on the electrode surface were observed
at most cathodic potentials, even during the electrode activation step in the
0.1 moldm−3 HClO4 solution saturated argon. The higher Tafel-like slope values
indicated that the first electron transfer to O2(ads) (Equation 4.31) was sluggish
and required a large activation energy for the ORR process. Besides, the
curvature of the Tafel-like plots can be caused by diffusion-limited processes in a
thick porous electrode layer.

6.2.2 Influence of Heating Method and Formation of Glycolate-Based
System on Pt-based Catalysts ORR Characteristics

The PtCeNa-1 and PtCechl-1 materials have the same type of CeO2 NPs as similar
EG reduction synthesis procedure was used. However, the influence of heating
methods during the synthesis of Pt NPs can be revealed by comparing these two

Figure 36. Oxygen reduction reaction activity of chromium carbide-derived
carbon materials in 0.1 moldm−3 HClO4 solution saturated oxygen.
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Figure 37. The rotating disk electrode (RDE) data (corrected with background
current density) presented in the plot of oxygen reduction reaction current density
versus the overpotentialfor Pt-based materials synthesised (a) and the Tafel-like
plots constructed based on the corresponding RDE data (b). Insert: The electrode
surface under the view of an optical microscope.

materials. The Tafel-like slope values of PtCeNa-1 and PtCechl-1 materials in both
low current density (lcd) (0.90–1.00 V) and high current density (hcd) (0.75–0.85
V) indicate that the ORR kinetics of these two materials is similar (Table 14 and
Figure 37). However, the SA value of PtCeNa-1 is 1.4 times larger than that for
the PtCechl-1 catalyst. This indicates that PtCeNa-1 has a higher intrinsic ORR
activity than the PtCechl-1 catalyst. The jk values for both materials in hcd agreed
well with the SA value and were typical for a smooth surface Pt/C catalysts [133,
134]. Thus, the PtCeNa-1 material has higher intrinsic ORR activity due to the use
of glycolate anions and the combination of heating methods to synthesise Pt NPs.

6.2.3 Influences of CeO2 on ORR Characteristics of Pt-based
Catatlysts

There is no measurably electrochemical effect of using H2SO4 instead of HCl
solution for the sedimentation of Pt NPs onto carbon support surface from
colloid solution. Therefore, the comparison between the ORR activity for
PtCechl-1 and PtCesul-2 materials is justified. The influence of CeO2 NPs
synthesised by solvothermal, sonochemical and microwave synthesis methods on
the ORR activity can be investigated.

In the study by Lu et al. [19], the ORR activity of the
Pt CeO2/C(nitrogen-doped carbon) enhances as the CeO2 content increases.
However, in case of materials investigated in this work, the PtCechl-1 material
with the highest CeO2 content had lower ORR activity (241 Ag−1

Pt , and
2.9 Am−2

Pt ) compared with that for PtCesul-4 material ((357 ± 72)Ag−1
Pt , and
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(4.0 ± 0.1)Am−2
Pt Table 14). Therefore, the influence of the morphology and

physical properties of CeO2 NPs on the ORR is much stronger than CeO2 content
in catalysts. This phenomenon can be explained by different number of active
sites of CeO2 NPs, which facilitates the oxidation of peroxide to water
(Equation 4.11 – 4.13), especially in the potential region below 0.8 V where the
peroxide pathway may take place. The ORR activity given in the Table 14
increases in the following order of materials: PtCesul-2 (ultrasound method,
polygon shape, dCeO2 ≈ 3 nm) < PtCechl-1 (solvothermal method, flower shape,
dCeO2 ≈ 1 µm) < PtCesul-4 (microwave method, polygon shape, dCeO2 ≈ 3 nm).

It is possible to compare the ORR activities of Pt CeO2/C and PtC catalysts,
the PtC(KB) and PtC(Cr3C2) were synthesised using the same carbon support
and the same synthesis parameters as for the syntheses of the PtCesul-4 and
PtCesul-5, respectively (given in the Table 7). The ORR activity (both MA and
SA) for Pt CeO2/C catalysts on C(KB) (PtCesul-4) and on C(Cr3C2, 900)
(PtCesul-5) was higher than that for PtC(KB) and PtC(Cr3C2), respectively,
demonstrated in Table 14 and Figure 37. At the same time, ECSA is comparable
for these materials. This result agrees well with the results of other studies [19,
46] indicating that the presence of CeO2 enhances the ORR and the performance
of PEMFCs.

Table 14. The oxygen reduction reaction results calculated from rotating disk
electrode data that was measured 0.1 moldm−3 HClO4 solution saturated with
oxygen.

Material MA @0.9
V /
Ag−1

Pt

SA @0.9 V /
Am−2

Pt

Tafel-like
slopea

(1.00–0.90
V) /

mV

Tafel-like
slopea

(0.85–0.75
V) /

mV

PtCeNa-1 230 4.0 59 124
PtCechl-1 241 2.9 61 126
PtCesul-2 199±14 2.0±0.1 70±1 155±24
PtCesul-4 357±72 3.3±0.2 63 ±3 110±6
PtCesul-5 288±1 4.0±0.1 57±1 168±8

PtC(KB) 234±36 2.0±0.2 73±5 133±11
PtC(Cr3C2) 192±16 2.3±0.1 71±1 118±4
aThe linear regression line has the R2 ≈ 0.99
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6.2.4 Influence of Chromium Carbide-Derived Carbon Support on
ORR Characteristics of Pt-based Catatlysts

Although the ORR activity for Pt/C materials is in the same range, the ORR
activity of the PtC(Cr3C2) material was slightly higher than that of the PtC(KB)
material (Table 14). Thus, the C(Cr3C2, 900) support facilitates the ORR on PtC
catalysts.

The comparison of Pt CeO2/C catalyst activities on different carbon support
materials indicates that the MA values of PtCesul-4 and PtCesul-5 materials are in
the same range. However, the SA value and the Tafel-like plot slope value in lcd
region of the PtCesul-5 indicated that this material has higher ORR activity as the
oxygen dissociative pathway seems to be dominant (see Chapter 4.1.3).
Therefore, the ORR kinetics at PtCesul-5 material is faster than that at PtCesul-4.
As the associative pathway is domiant below 0.8 V (Chapter 4.1.3), the ORR
kinetics of PtCesul-4 material is faster than that of PtCesul-5 material, and the
Tafel-like plot slope value in the hcd region is smaller. Thus, the enhancement of
the ORR activity can be also detected for the Pt CeO2/C catalyst if the
C(Cr3C2, 900) support material. The shift of the Tafel-like plot slope value in the
hcd region toward the higher value than 120 mV can be influenced by the
changes in oxide coverage of Pt electrode surface [133].

6.3 Methanol Oxidation Reaction

6.3.1 Manipulation of EG Reduction Methods by Glycolate Anions

In the Chapter 6.1.3, influence of the pre-generation of glycolate anions using
NaOH or Na on the characteristics of the Pt NPs was discussed (see also Chapter
6.1.3). The characteristics of Pt NPs are obviously different for PtCeNaOH and
PtCeNa-1 materials. Especially the ECSA value, which is higher for the PtCeNa-
1 than that for the PtCeNaOH material (Table 12). In the EDL potential region,
the gravimetric capacitance vs electrode potential curves for the PtCeNaOH and
PtCeNa-1 materials overlay, as shown in the Figure 38a. This indicates that these
materials have similar carbon surface area because the capacitance in the EDL
region is mainly influenced by support material. In comparison of the maximum
MOR activity, the iap, CV value ((397± 15)Ag−1

Pt ) of PtCeNa-1 was much higher
than that ((237± 24)Ag−1

Pt ) of PtCeNaOH measured at 0.01 Vs−1 (Figure 38b).
The stability against the MOR intermediate poisoning of the PtCeNa-1 is better
than that of the PtCeNaOH material as the iCA at 0.50 V value for the PtCeNa-1 and
PtCeNaOH materials are 0.67 and 0.44 Ag−1

Pt , respectively (Table 15).
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6.3.2 Influence of Ageing Catalyst Suspension on MOR Activity

The ageing effect of the catalyst suspension was investigated by preparing the
electrode using a two-week aged catalyst suspension. The comparison of the
electrochemical activity of electrodes prepared from fresh and two-week aged

Table 15. Methanol oxidation reduction results at different catalysts.

Material iap, CV /

Ag−1
Pt

iCA at 0.85 V /
Ag−1

Pt

iCA at 0.50 V /
Ag−1

Pt

iCA at 0.5 V
iap, CV

PtCeNaOH –a – 0.44±0.02 –
PtCeNa-1 457±25a 182±8 0.67±0.07 0.40
PtCeNa-2 –a – 0.45±0.03 –

PtCechl-1 403±11 141±8 0.60±0.08 0.34
PtCechl-2 457±11 140±14 0.80±0.02 0.30
PtCechl-3 354±43 105±3 0.63±0.05 0.30
PtCechl-4 446±29 162±5 0.73±0.06 0.36
PtCeH2O2 190 37 0.16 0.2
PtCeH3PO4 477±22 178±3 0.79±0.01 0.37

PtCesul-1 516±30 200±10 0.77±0.09 0.39
PtCesul-2 415±44 188±27 0.58±0.13 0.45
PtCesul-3 419±1 159±3 0.68±0.01 0.38
PtCesul-4 579±39 193±22 0.86±0.09 0.33
PtCesul-5 543±24 201±16 0.76±0.05 0.37

PtC(KB)com 346±45 109±1 0.48±0.13 0.32
PtC(KB) 434±11 135±8 0.66±0.01 0.31
PtC(Cr3C2) 476±19 216±17 0.66±0.01 0.45

PtCechl-1_H2 482 191 0.89 0.39
PtCechl-2_H2 440±5 144±16 0.90±0.08 0.33
PtCeH3PO4_H2 351 122 0.71 0.35

iap, CV is the mass activity for MOR. In this table, this value was measured at
50 mVs−1.
iCA at 0.85 V is the mass activity for MOR, which was measured by
chronoamperometry at the potential 0.85 V
iCA at 0.50 V is the mass activity for MOR, which was measured by
chronoamperometry at the potential 0.50 V
aThe iap, CV values, which were measured in CV measurement at scan rate

10 mVs−1, were 237 ± 24, 397 ± 15 and 323 ± 19 Ag−1
Pt for the PtCeNaOH,

PtCeNa-1 and 2 materials, respectively.
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suspension of the PtCesul-4 material is plotted in the Figure 39.
Although the capacitance vs potential curves in the region of the hydrogen

adsorption and desorption (in the potential region from 0.06 to 0.35 V) are
similar, the difference in the capacitance vs potential curve in the EDL potential
region can be caused by the changes of (surface) structure of carbon support. The
iap, CV, iCA at 0.85 V and iCA at 0.50 V values for electrodes prepared from fresh
catalyst suspension (606 ± 6, 209 ± 2 and 0.92 ± 0.01 Ag−1

Pt , respectively) are
slightly higher than for electrodes prepared from two-week aged catalyst
suspension (516 ± 7, 160 ± 2 and 0.71 ± 0.02 Ag−1

Pt ). Therefore, the MOR
activity is obviously higher for electrodes prepared from fresh catalyst

Figure 38. (a) The gravimetric capacitance vs potential curves for selected
materials, noted in the figure, in a 0.5 moldm−3 H2SO4 electrolyte solution
saturated with argon. The methanol oxidation reaction activity of selected
materials in a mixture of 0.5 moldm−3 H2SO4 and 1 moldm−3 CH3OH is
illustrated using (b) cyclic voltammetry results at the scan rate 50 mVs−1 and
(c) chronoamperometry at 0.5 V vs RHE.
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suspension. As the isopropanol solution was used to prepare the catalyst
suspension, the adsorption of isopropanol at the catalyst surface also generates
COads poisoning over the ageing duration. The lack of Pt sites due to the
occupation of COads results in the drop of MOR activity and gravimetric
capacitance.

6.3.3 Influence of Hydrogen Post-Treatment on MOR Activity of
Catalysts

Three different materials were selected to study the influence of the hydrogen
post-treatment on the MOR activity. It was established that the characteristics of
the Pt NPs changes after the hydrogen post-treatment, which is discussed in
Chapter 6.1.3. In the case of the PtCechl-1 material, for which the solvothermal

Figure 39. Changes in electrochemical behaviour ((a) capacitive behaviour and
(b–d) methanol oxidation reaction activity) of electrodes made from fresh and
two-week aged suspension of PtCesul-4 catalyst.
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synthesis method was used to prepare CeO2 NPs, the MOR activity and stability
against the MOR intermediate is enhanced after the hydrogen post-treatment, i.e.
after the hydrogen post-treatment, the iap, CV, iCA at 0.85 V and iCA at 0.50 V values
increase from 403 ± 11, 141 ± 8 and 0.60 ± 0.08 Ag−1

Pt to 482, 191 and
0.89 Ag−1

Pt , respectively. Thus, the PtCechl-1_H2 material with the synthesis
parameters discussed in the Chapter 5.1.3 has higher than the PtCechl-1 material
(Table 15). According to the iap, CV value, there is no significant difference in the
MOR activity for the PtCechl-2 and PtCechl-2_H2, for which the sonochemical
method was used to prepare the CeO2 NPs (Figure 40). However, the stability in
short-term duration of the PtCechl-2 was improved slightly after the hydrogen
post-treatment as the iCA at 0.50 V value for the PtCechl-2_H2 material
((0.90 ± 0.08)Ag−1

Pt ) was higher than that of the PtCechl-2 material
((0.80± 0.02)Ag−1

Pt ). On the other hand, the hydrogen post-treatment has the
opposite effect on the MOR activity and stability for the PtCeH3PO4 material, for
which phosphoric acid was used to deposit the Pt NPs and CeO2 synthesis was
the same as for material PtCechl-2_H2. The MOR activity and stability of the
PtCeH3PO4 is decreased after the hydrogen post-treatment as all the MOR activity
parameters of the PtCeH3PO4_H2 given in the Table 15 and Figure 40 were lower.
For instances, the iap, CV, iCA at 0.85 V, iCA at 0.50 V drop from 477±22, 178±3 and
0.80 Ag−1

Pt to 351, 122 and 0.71 Ag−1
Pt , respectively.

In the case of PtCechl-1 material, the post-treatment seems to have high the
wt% of metallic Pt and Ce on the catalyst surface as in the case of Pt RuOx/C
synthesised by Wei et al. [159], the wt% of metallic Pt remains high and wt% of
metallic Ru increases after the hydrogen treatment. This reason explained the
increase of the MOR activity of the PtCechl-1 material. In the case of PtCeH3PO4

material, the presence of CeO2 and CePO4 phases in the case of PtCeH3PO4_H2
material was as for the phases in PtCeH3PO4 (see Figure 28). It seems that the
synergistic effect caused by the fluorite structure of this material was eliminated.
The PtCechl-2_H2 material was treated at a lower temperature compared to the
treatment temperature of the PtCechl-1_H2 material to avoid ECSA decrease
caused by the hydrogen post-treatment. However, during the hydrogen
post-treatment at a lower temperature, the formation of metallic Pt of the
PtCechl-2 catalyst was not probably initiated.

6.3.4 Influences of Heating Method During The Synthesis on MOR
Activity of Catalysts

The PtCechl-2 and PtCechl-3 catalysts were used to compare the influence of
longer refluxing duration on MOR activity (Figure 44). The [PtCl6]2–

concentration in the synthesis solution, cPt(IV), for the PtCechl-3 was two times
lower compared to that for the PtCechl-2 (Table 7). The lower cPt(IV) value
usually results in the smaller dPt, XRD (Table 12). However, the PtCechl-3 has

83



lower ECSA value ((77± 4)m2
Pt g−1

Pt ) compared with the ECSA value calculated
for the PtCechl-2 ((91± 7)m2

Pt g−1
Pt ). This result indicates that the Pt NPs of the

PtCechl-3 material are not dispersed as well as for the PtCechl-2 material.
Therefore, the MOR activity and the tolerance against intermediate poisoning of
PtCechl-2 material in CA measurements are higher than that of the PtCechl-3
material, i.e. the iap, CV, iCA at 0.85 V, and iCA at 0.50 V values of PtCechl-2 material
are 457±11, 140±14 and 0.80±0.02 Ag−1

Pt , respectively, compared to the same
parameters of the PtCechl-3 material (354± 43, 105± 3 and 0.63± 0.05 Ag−1

Pt ,
respectively). This phenomenon is also observed in the case of the PtCechl-4
material. The same cPt(IV) and refluxing duration values for the PtCechl-2 and
PtCechl-4 materials (data in the Table 7) result in the same MOR activity
demonstrated in the Table 15 and Figure 44. Obviously, the longer refluxing

Figure 40. The methanol oxidation reaction activity of selected materials in a
mixture of 0.5 moldm−3 H2SO4 and 1 moldm−3 H2SO4 after the hydrogen post-
treatment. For materials post-treated with hydrogen, H2 is added to the end of the
material name.
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duration results in the Pt NPs agglomeration and the reduction of the
electrochemical activity of the Pt CeO2/C materials.

The longer ultrasound treatment influences both the capacitance in the EDL
potential region and MOR activity. The capacitance value calculated for the
PtCeNa-2 material in the EDL potential region is smaller than for the PtCeNa-1
material (Figure 38). This result indicates that some of the carbon pores are not
accessible to the electrolyte because they are clogged with Pt (or CeO2) NPs.
This might also explain 10% lower ECSA value for PtCeNa-2 material. The
maximum MOR activity of the PtCeNa-1 material is higher than that of the
PtCeNa-2 material as the iap, CV values for the PtCeNa-1 and PtCeNa-2 are
397±15 and 323±19 Ag−1

Pt , respectively. The stability of the PtCeNa-1 material
against the MOR intermediate poisoning is higher than that of the PtCeNa-2
material as demonstrated in Figure 38. This difference may be caused by the
slightly difference in the porosity (Table 10) and higher degree of the Pt
agglomeration of the PtCeNa-2 material.

6.3.5 Influence of the Sedimentation Method on MOR Activity of
Catalysts

If the combination of heating methods was used for the EG reduction synthesis
of Pt NPs, the PtCeNa-1 was the most MOR active material compared to the
PtCeNaOH and PtCeNa-2 catalysts. This comparison was discussed in Chapter
6.3.1. Therefore, the comparison between the PtCeNa-1 and PtCechl-1 materials
is suitable to demonstrate the role of Pt deposition methods on the catalyst
activities. The MOR parameters of the PtCeNa-1 material (457±25, 182±8 and
0.67± 0.07 Ag−1

Pt ) are higher than for the PtCechl-1 material (403± 11, 141± 8
and 0.60± 0.08 Ag−1

Pt ), although the dPt, XRD and ECSA values of the PtCechl-1
material (1.5 nm and (72± 7)Ag−1

Pt , respectively) were more optimal compared
to these parameters of the PtCeNa-1 material (3.0 nm and (55 ± 3)Ag−1

Pt ,
respectively). These catalysts have the same high crystalline flower-shaped CeO2
particles. The only explanation for this phenomenon can be the PtCeNa-1 had a
higher percentage of metallic Pt [42] compared to that of PtCechl-1 material, and
the Pt PSD of the PtCeNa-1 is more uniform with the smaller uncertainty of
dPt, microscopy value ((4.2 ± 1.4) nm) compared to the Pt PSD of PtCechl-1 with
dPt, microscopy value of (4.4±3.1) nm. As the Pt0 is electrochemically more active
than Pt2+ and Pt4+, the higher amount of Pt0 increases the MOR electrocatalytic
activity of the catalyst material [42].

In the case of the PtCeH2O2 material, the heavy agglomeration of Pt NPs due
to the use of H2O2 for the deposition of Pt NPs is the reason for very low MOR
activity and stability of the PtCeH2O2 material, demonstrated in the Figure 41 and
discussed in the Chapter 6.1.3. The PtCesul-1 material is selected to compare
with the PtCeH3PO4 material for these catalysts, as both materials were

85



Figure 41. (a) The capacitive behaviour and (b–d) the methanol oxidation reaction
activity for catalyst materials synthesised using different Pt deposition methods.
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synthesised by the two-step method (see the Table 7). The use of H3PO4 solution
for Pt deposition of the PtCeH3PO4 material instead of using H2SO4 solution
caused the differences in physical characteristics that were discussed in the
Chapter 6.1.3, and the difference in the cNaOH of the sonochemical method for
the CeO2/Cultr-2 and CeO2/Cultr substrates, which were used to synthesise
PtCesul-1 and PtCeH3PO4 materials, respectively, does not affect the characteristics
of the CeO2 NPs, demonstrated in the Table 11. Both PtCeH3PO4 and PtCesul-1
have small dPt, XRD values (1.4 and 1.1 nm, respectively, given in the Table 13),
but some Pt NPs of PtCeH3PO4 is probably blocked by the CePO4. This explained
the smaller ECSA value for the PtCeH3PO4 ((56± 3)m2

Pt g−1
Pt ) compared to that

value of the PtCesul-1 material ((88 ± 5)m2
Pt g−1

Pt ), given in the Table 12.
Although the MOR activity for the PtCeH3PO4 material is high (iap, CV =
(477 ± 22)Ag−1

Pt , iCA at 0.85 V = (178 ± 3)Ag−1
Pt , and iCA at 0.50 V =

(0.79 ± 0.01)Ag−1
Pt ), the slightly higher MOR activity of PtCesul-1 material

(516±30, 200±10 and 77±9 Ag−1
Pt , respectively) is observed.

Thus, the MOR activity and stability against intermediate poisoning of the
studied catalysts decreased in the order of the Pt deposition methods: a
combination of various heating methods > adjusting pH value (HCl = H2SO4 >
H3PO4 > H2O2). The use H2O2 for Pt deposition results in low MOR activity,
although it is possible to deposit all Pt NPs. Probably, the use H2O2 for the
Pt CeO2/C synthesis might work. However, this method requires rigorous
optimization.

6.3.6 Influence of CeO2 on MOR Activity of Catalysts

For the PtCechl-1 and PtC(KB) materials, in which the deposition of Pt NPs was
achieved by adjusting the pH of the reaction solution, there are no significant
differences in the MOR activity and in the stability, as given in the Figure 42 and
in the Table 15. The iap, CV, iCA at 0.85 V, and iCA at 0.50 V values of PtCechl-1
material (403± 11, 141± 8 and 0.60± 0.08 Ag−1

Pt , respectively) are close to the
same parameters of the PtC(KB) (434 ± 11, 135 ± 8 and 0.66 ± 0.01 Ag−1

Pt ,
respectively). This observation is unexpected as the mass percentage of CeO2 in
the PtCechl-1 is high (ca. 10 wt%), and the gravimetric capacitance is the same
for both materials in the EDL potential region. According to the MOR
mechanism discussion in the Chapter 4.1.4, many steps in the MOR require the
OH(ads) formation (Equation 4.51), especially the oxidation of CO(ads) to CO2
(Equation 4.52), which is determining the total activity of catalysts. This step
takes place on the adjacent Pt and CeO2 surfaces. Therefore, with the large
flower-shaped CeO2 particles (ca. 0.8 µm) at the PtCechl-1 surface, the number of
the adjacent surface of Pt and CeO2 NPs is insignificant. The CO(ads) removal
from these catalysts proceeded mainly at the junctions of Pt OH(ads) and
Pt CO(ads) surfaces (Equation 4.50 and 4.45).
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The small CeO2 NPs on the surfaces of PtCesul-2 (CeO2 synthesised by the

Figure 42. (a) The capacitive behaviour, and (b–d) the methanol oxidation
reaction activity for synthesised Pt CeO2/C catalysts with different types of CeO2
nanoparticles.

sonochemical method) and PtCesul-4 (CeO2 synthesised by the microwave
method) catalysts increase the number of adjacent Pt and CeO2 NPs and improve
the MOR activity of these Pt CeO2/C materials. The PtCesul-4 has much higher
MOR activity ((579±39)Ag−1

Pt ) and stability against the intermediate poisoning
at low potential of 0.5 V ((0.86± 0.09)Ag−1

Pt ) compared to that of the PtCechl-1
(403 ± 11 and 0.60 ± 0.08 Ag−1

Pt , respectively) and PtCesul-2 (415 ± 44 and
0.58 ± 0.13 Ag−1

Pt , respectively) materials, as shown in the Figure 42b and c.
However, the MOR mass activity at high MOR rate (at 0.85 V) observed for
PtCesul-2 and PtCesul-4 is the same at the end of the CA measurements
(Figure 42d). The ratio of iCA at 0.85 V and iap, CV values, which is noted as
iCA at 0.85 V/iap, CV and given in the Table 15, indicates the stability for the
catalyst material at the intensively working condition. The higher
iCA at 0.85 V/iap, CV value of the PtCesul-2 material (0.45) revealed that the
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PtCesul-2 was more stable compared to the PtCesul-4 material (0.33). According
to the CeO2 wt% given in the Table 12, the CeO2 wt% of the PtCesul-2 material
(0.3 wt%) is insignificant compared to that of PtCesul-4 material (5.1 wt%). As
the morphology of CeO2 NPs synthesised by sonochemical and microwave
methods is the same (discussed in the subsection 6.1.2), the PtCesul-2 material
with lower CeO2 content has better stability. This phenomenon can also be
observed when comparing the iCA at 0.85 V/iap, CV values of PtCesul-1 andPtCesul-3
materials (0.39 and 0.38) to the iCA at 0.85 V/iap, CV value of PtCesul-4 material
(0.33). To explain the stability of catalysts, the CO stripping was conducted. The
ECSA values measured before and after CO stripping measurements reveal the
ability of catalysts towards CO removal from the Pt surface (Figure 43).
Comparing the PtCesul-1 and the PtCesul-4 materials, the ECSA value of the
PtCesul-1 material reduces lesser (−6%) compared to −18% in the case of the
PtCesul-4 material. However, the ECSA value of PtC(KB) material reduces
significantly (−13%). Thus, in the C(KB) regime, the presence of CeO2 is
necessary to have a good ability towards CO removal from Pt surface. However,
high CeO2 content may result in a worse ability to remove CO.

The influence of the CeO2 content of the Pt CeO2/C materials for the MOR

Figure 43. The electrochemically active surface area of Pt nanoparticles estimated
from cyclic voltammetry data in 0.1 moldm−3 HClO4 before and after the CO
stripping measurements.

activity is visible if the MOR activity of PtCesul-3 and PtCesul-4 materials is
compared, as demonstrated in the Figure 44. The CeO2 NPs for both materials
were synthesised using the microwave radiation method and CeO2 was
co-deposited at the same time with Pt NPs onto the carbon support. Nonetheless,
the higher CeO2 content of PtCesul-4 slightly enhances all the parameters for the
MOR activity such as iap, CV, iCA at 0.50 V, and iCA at 0.85 V values (from 419± 1,
159 ± 3 and 0.68 ± 0.01 Ag−1

Pt , respectively to 579 ± 39, 193 ± 22 and
0.86± 0.09 Ag−1

Pt ). This agreed well with the hypothesis that the number of Pt
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and CeO2 adjacent particles increases along with the CeO2 content. Nevertheless,
too high CeO2 content in the Pt CeO2/C can have lower the MOR [42, 48]

The influence of the CeO2 synthesis and deposition methods on the MOR

Figure 44. (a) The capacitive behaviour and (b–d) the methanol oxidation reaction
data for synthesised catalyst materials with various content of CeO2.

activity is not observed if the PtCesul-1 (two-step method), PtCesul-2
(sonochemical method, and co-precipitation ) and PtCesul-4 (microwave method,
and co-precipitation) catalysts are compared. The MOR activity of these
materials are very similar (as in the Table 15).

6.3.7 Influence of Sodium Hydroxide Concentration in Synthesis
Mixture on MOR Activity of Catalysts

The influence of sodium hydroxide concentration, which can be considered as
the concentration of sodium ions and noted as cNa+, in the synthesis mixture
during the EG reduction method has been studied by many researchers [64, 76,
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160]. There is a correlation between the cNa+ and the dPt, XRD values, however,
this influence always depends on the specific synthesis condition. The increase
of cNa+ in the synthesis mixture in the synthesis where microwave radiation or the
refluxing method were used at high temperature (> 160 ◦C) reduces the dPt, XRD
value [64, 143]. However, at relative low temperature (< 140 ◦C), if the cNa+

value is high enough in the synthesis mixture using the refluxing method, there is
no observation for the difference in dPt, XRD value [76]. In the study of Quinson
et al. [76], the cNa+ value was controlled by the NaOH/Pt ratio, and the dPt, XRD
was small and constant if the NaOH/Pt ratio was above ten. If the refluxing
system for the Pt NPs synthesis was used in this study, NaOH/Pt in the synthesis
mixture is higher than 10. Therefore, the cNa+in this study is sufficient to have a
good dispersion of Pt NPs.

In this study, the cNa+ value for the synthesis of the PtCechl-4 material was
three times higher than that for the synthesis of the PtCechl-2 material (Table 7).
However, the physico-chemical characteristics of these two materials are
deviated slightly (data in the Tables 12 and 13), i.e. the dPt, XRD and ECSA
values of the PtCechl-2 and PtCechl-4 catalysts are 1.1 and 1.4 nm, and, 91± 7
and 72 ± 1 m2

Pt g−1
Pt , respectively. Thus, this result is different from the

conclusions made by Quinson et al. [143] because two parameters were
controlled at the same time in this study, and high cNa+ value can affect the
physical characteristics [76]. Nevertheless, the MOR activity and stability to the
MOR intermediate poisoning of the PtCechl-2 and PtCechl-4 materials are in the
same range as shown in the Figure 44 and Table 15, the iap, CV, iCA at 0.85 V, and
iCA at 0.50 V values are 457± 11, 140± 14 and 0.80± 0.02 Ag−1

Pt , respectively for
the PtCechl-2, and are 446± 29, 162± 5 and 0.73± 0.06 Ag−1

Pt . The two times

Figure 45. The CO stripping voltammograms of C(KB)-based (a) and C(Cr3C2)-
based (b) catalysts in 0.1 moldm−3 HClO4 saturated with CO before the stripping
while the argon gas is flowing above the solution (20 mVs−1).
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lower cPt(IV) value (Table 7) for the PtCechl-4 catalyst affects the
physico-chemical characteristics of catalysts. Therefore, the MOR activity is not
influenced by the cPt(IV) and cNa+ values if the PtCechl-4 material is compared
with the PtCechl-2 material (data in Table 12 and 15).

6.3.8 Influence of Chromium Carbide-Derived Carbon Support on
MOR Activity of Catalysts

The influence of carbon support material on the MOR activity was investigated
for both Pt-based and Pt CeO2-based materials and the results are shown in the
Figure 46. In case of PtC materials, there is slight or no significant difference in
iap, CV and iCA at 0.50 V values for the PtC(KB) and PtC(Cr3C2) materials, i.e. the
iap, CV values are 434 ± 11 and 476 ± 19 Ag−1

Pt , and iCA at 0.50 V values are
(0.66 ± 0.01)Ag−1

Pt for the PtC(KB) and PtC(Cr3C2) materials, respectively.
However, the iCA at 0.85 V value for the PtC(Cr3C2) material ((216± 17)Ag−1

Pt ) is
much higher than that for the PtC(KB) material ((135 ± 8)Ag−1

Pt ). The same
phenomenon can be also observed for the PtCesul-4 material (deposited C(KB)
carbon support material) and PtCesul-5 (deposited on the C(Cr3C2, 900) carbon
support material). However, the catalytic differences between two PtCesul
materials (579± 39, 193± 22 and 0.86± 0.09 Ag−1

Pt for the PtCesul-4 material,
and 543± 24, 201± 16 and 0.76± 0.05 Ag−1

Pt for the PtCesul-5 material) were
small compared to that established for PtC materials (Table 15). Thus, the
C(Cr3C2, 900) support material enhanced the MOR activity and the enhancement
effect is stronger without the presence of the CeO2. Besides, the optimal content
of CeO2 in the Pt CeO2/C catalysts established in other studies was varied from
10 to 40 wt% for different investigated reactions [19, 42, 161].

The stable MOR activity of the PtC(Cr3C2) material at high MOR rate
(0.85 V) was even higher than value for the PtCesul-5 catalyst material. The
similar effect has been observed in the study of Huang et al. [162], where the CA
current of Pt/C(reduced graphene oxide) at 0.60 V in the solution of 1 moldm−3

KOH and 1 moldm−3 CH3OH is as stable as in the case of 20 wt%
PtRu/C(commercial) although the CA current is much lower. The possible
reason for this phenomenon was that the active site at the carbon surface can
provide the OH(ads) for CO(ads) oxidation. Unfortunately, in the study of Zhang
and Shen [163], the CA current of Pt CeO2/C(reduced graphene oxide) at
0.85 V in the solution of 1 moldm−3 H2SO4 and 1 moldm−3 CH3OH solutions
drops quite faster within 1200 s. This type of carbon effect has not been observed
on the C(KB) support material because the C(Cr3C2, 900) contains some
nanocrystalline graphite particles and trace amount of chromium while the
C(KB) does not have.

To explain observation from the MOR activity of studied catalysts on both
C(KB) and C(Cr3C2, 900) regimes, the CO stripping results are helpful
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(Figure 45). The CO stripping peak of C(Cr3C2, 900) splits into two peaks at
potential E1 (from 0.715 to 0.730 V) and E2 (at 0.810 V). The CO oxidation
charge under the first peak E1 is 40% and 24% of the total charges for the
PtCesul-5 and PtC(Cr3C2) catalysts, respectively. According to Yuan et al. [164],
in the case of Pt CeO2/C(CNT), the splitting of CO stripping peak can be
caused by the participation of the hydroxyl groups on the CeO2 surface on the
CO oxidation and the water adsorption is more favourable on Pt CeO2 surface,
even at low potentials, e.g. around 0.63 V [164]. This phenomenon has been also
observed for Pt CeO2/C and PtRu catalysts before [164, 165]. However, the
presence of the CO oxidation peak splitting for the PtC(Cr3C2) points out the fact
that, in our case, this is the synergistic influence of C(Cr3C2, 900) support surface
and Pt. The C(Cr3C2, 900) alone is not able to oxidise CO (see Figure 45).
Nevertheless, if activie sites on C(Cr3C2, 900) support are coupled with the Pt
NPs, these sites enhance the CO oxidation on the Pt NPs. As our C(Cr3C2, 900)

Figure 46. The influence of catalyst support (chromium carbide-derived carbon
or carbon black) on methanol oxidation activity of selected catalysts.
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possesses a trace amount of chromium [166], the chromium NPs covered by
carbon layers can be a part of the active site. The CO oxidation activity of the
PtCesul-5 catalyst is slightly higher than that of PtC(Cr3C2) catalyst, as the E1
values are 0.715 and 0.730 V, respectively. Therefore, the CeO2 alone does
contribute to overall CO oxidation activity. The CO oxidation peak potential E2
values of the PtCesul-5 and PtC(Cr3C2) catalysts are smaller than the E2 values of
the PtCesul-1 and PtC(KB) catalysts (see Figure 45). Moreover, the current
density values of the PtCesul-5 and PtC(Cr3C2) catalysts in the potential region
from 0.68 to 0.73 V are higher than that of the PtCesul-4 catalyst. This indicates
the CO oxidation for the C(Cr3C2)-based catalysts start at less positive potentials
and is more aggressive.

6.4 The Best Catalyst Materials

This study focuses on the development of Pt CeO2/C catalyst materials for the
MOR. The comparable type of catalyst materials measured in the comparable
conditions from other studies are compiled into the Table 16. The most important
value for comparing the MOR activity of these materials is MOR mass activity,
iCA, determined from CA measurement. The CA measurement is performed at a
potential corresponding to the MOR peak of the anode sweep in the CV
experiment. This iCA value reflects the stable MOR activity of a catalyst at the
high reaction rate conditions (at 0.85 V) during short time period (1 h).

The comparison in the Table 16 reveals that the MOR activity of Pt CeO2/C
and PtC catalyst materials is in the range as for the best catalyst materials of the
same type. The catalyst materials in the Table 16 are amongst the best Pt-based
catalysts based on the literature. The Pt CeO2/C catalyst material synthesised
by Chen et al. [47] has lower activity because Pt was deposited onto the CeO2 to
form the Pt CeO2 complexes. Later, the Pt CeO2 complexes were mixed with
carbon to deposit them onto the electrode surface for the electrochemical
measurement. As a final result, the MOR activity of this material (iCA = 10
Ag−1

Pt ) is low due to the low electric conductivity of the CeO2 NPs, deposited
onto carbon support.

94



Table 16. The methanol oxidation reaction (MOR) activity of our most active
materials compared to the activity of the best catalysts from other studies.

Material Pt
wt%

Electrolyte ECA/
V vs
RHE

iCA/
Ag−1

Pt

Reference

PtCesul-5 22 1 moldm−3 CH3OH +
0.5 moldm−3 H2SO4

0.85 201±16 this
work

PtC(Cr3C2) 20 1 moldm−3 CH3OH +
0.5 moldm−3 H2SO4

0.85 216±17 this
work

Pt/CeO2 C 20 1 moldm−3 CH3OH +
0.5 moldm−3 H2SO4

0.90 210 [48]

Pt/His CeO2 C 20 1 moldm−3 CH3OH +
0.5 moldm−3 H2SO4

0.90 310 [48]

PtRu/CeO2 C
(CeO2 20 wt%)

6.7 1 moldm−3 CH3OH +
0.5 moldm−3 H2SO4

0.86 210 [43]

Pt CeO2/C 9 1 moldm−3 CH3OH +
0.5 moldm−3 H2SO4

0.85 10 [47]

PtPdCr/C 6 0.5 moldm−3 CH3OH
+ 0.1 moldm−3

HClO4

1.08a 60 [167]

aThe potential value at the anode peak in cyclic voltammetry for the MOR.
iCA is the mass activity for MOR, which is measured by chronoamperometry
at the potential ECA.
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7. SUMMARY
New composite catalysts based on Pt and CeO2 nanoparticles (NPs) deposited on
carbon were developed for the methanol oxidation reaction (MOR) and oxygen
reduction reaction (ORR) in the doctoral thesis.

The optimisation of CeO2 NPs synthesis was performed. CeO2 particles with
various shapes (flower-shaped and polygonal), sizes (from 3 nm to 30 µm) were
synthesised successfully. It was established that the parameters of ultrasound and
microwave radiation method did not influence the physicochemical
characteristics of the synthesised CeO2 NPs.

The ethylene glycol (EG) reduction method was applied for the synthesis and
deposition of Pt NPs. It was found that the generation of glycolate anions in the
reaction mixture before the EG reduction synthesis changed the physical
characteristics of the Pt NPs and enhanced the electrochemical activity of the
Pt CeO2/C catalysts. Three excitation methods were used to induce the
formation of Pt NPs: ultrasonic treatment, microwave synthesis, and heating the
reaction mixture in an oil bath. The duration of ultrasound and microwave
radiation somewhat influenced the properties of the NPs. Longer microwave
treatment tended to cause the agglomeration of Pt NPs on the carbon support
surface, while a longer refluxing duration caused the growth of the Pt NPs. The
initial substrate materials (chromium carbide-derived carbon (CDC) and
commercial Ketjenblack carbon) and chemical concentrations (Na+, OH–,
[PtCl6] –

2 , and glycolate ions) in the reaction mixture affected the
physicochemical characteristics and the electrochemical activity of synthesised
Pt CeO2/C catalysts. Various strategies (combination of different heating
methods, adjusting pH, using stronger reducing reagents) to deposit Pt and CeO2
NPs on the carbon surface were studied. When the optimal synthesis conditions
were used, the average Pt NP diameter was around 3.0 nm, and the Pt NPs were
not agglomerated according to TEM images.

The CDC support materials were found to be suitable for developing highly
active catalysts for proton exchange membrane fuel cell applications. The
chromium CDCs had a micro-mesoporous structure, and the synthesis
temperature of CDCs significantly influenced the carbon crystallographic
structure, including the graphitisation ratio and micropore and mesopore volume
values. When the C(Cr3C2, 900) material was used as catalyst support, the MOR
as well as ORR activity of the Pt CeO2/C and Pt/C catalysts were enhanced.
The most promising catalyst was PtC(Cr3C2), which achieved outstanding MOR
activity. The MOR activity at 0.85 V vs reversible hydrogen electrode (RHE) of
the Pt/C catalyst on the C(Cr3C2) support was as good as the MOR activity of the
best Pt CeO2/C on commercial Ketjenblack carbon.

It was found that hydrogen post-treatment after the EG reduction synthesis
altered the physical properties of Pt CeO2/C catalysts. The hydrogen
post-treatment improved the MOR activity and stability of some Pt CeO2/C
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materials. The increased metallic Pt content in the catalyst likely caused the
improvement. On the other hand, the MOR activity of the PtCeH3PO4 catalyst,
which was the Pt-based catalyst containing both CeO2 and CePO4 NPs,
decreased significantly after the hydrogen post-treatment. This was an expected
result because the hydrogen post-treatment broke the fluorite structure of the
PtCeH3PO4 material. Therefore, the synergistic effects of cerium compounds
coupled with Pt were eliminated.

The synthesis of the Pt CeO2/C catalysts was successful. The synergistic
effect of CeO2 coupled with Pt was observed as an improvement in the catalytic
activity for both MOR and ORR. Many catalysts achieved comparably high
MOR and ORR activity; however, the PtCesul-5 material was the best catalyst for
both MOR and ORR. In the ORR, MA and SA values calculated for the best
catalyst, PtCesul-5, at 0.90 V were (288 ± 1)Ag−1

Pt and (4.0 ± 0.1)Am−2
Pt ,

respectively. In the MOR, the iCA at 0.85 V vs RHE was as high as
(201± 16)Ag−1

Pt and this result is in the range of top materials with very high
MOR activity.

97



8. REFERENCES
[1] D. Howell, S. Boyd, B. Cunningham, S. Gillard, L. Slezak Enabling Fast

Charging: A Technology Gap Assessment U.S. Department of Energy
2017.

[2] P. Mishra, E. Miller, S. Santhanagopalan, K. Bennion, A. Meintz,
Energies 15 (2022) 3788. DOI: 10.3390/en15103788.

[3] M. M. Whiston, I. L. Azevedo, S. Litster, K. S. Whitefoot, C. Samaras,
J. F. Whitacre, Proc. Natl. Acad. Sci. 116 (2019) 4899–4904. DOI:
10.1073/pnas.1804221116.

[4] H. R. Corti, E. R. Gonzalez, Direct Alcohol Fuel Cells, Springer
Netherlands, Dordrecht, 2014. 370 pp. DOI:
10.1007/978-94-007-7708-8.

[5] G. Kerangueven, C. Coutanceau, E. Sibert, J. .-. Léger, C. Lamy, J. Power
Sources 157 (2006) 318–324. DOI: 10.1016/j.jpowsour.2005.07.080.

[6] K. Yamada, K. Yasuda, H. Tanaka, Y. Miyazaki, T. Kobayashi, Journal
of Power Sources 122 (2003) 132–137. DOI:
10.1016/S0378-7753(03)00440-3.

[7] K. Asazawa, K. Yamada, H. Tanaka, A. Oka, M. Taniguchi, T. Kobayashi,
Angewandte Chemie International Edition 46 (2007) 8024–8027. DOI:
10.1002/anie.200701334.

[8] Y. Wang, K. S. Chen, J. Mishler, S. C. Cho, X. C. Adroher, Appl. Energy
88 (2011) 981–1007. DOI: 10.1016/j.apenergy.2010.09.030.

[9] O. Siddiqui, I. Dincer, Therm. Sci. Eng. Prog. 5 (2018) 568–578. DOI:
10.1016/j.tsep.2018.02.011.

[10] A. Serov, C. Kwak, Appl. Catal. B: Environ. 98 (2010) 1–9. DOI:
10.1016/j.apcatb.2010.05.005.

[11] T. Li, P. B. Balbuena, J. Phys. Chem. B 105 (2001) 9943–9952. DOI:
10.1021/jp0118219.

[12] J. Huang, M. Eikerling, Curr. Opin. Electrochem. 13 (2019) 157–165.
DOI: 10.1016/j.coelec.2019.01.004.

[13] E. Yeager, J. Mol. Catal. 38 (1986) 5–25. DOI:
10.1016/0304-5102(86)87045-6.
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9. SISUKOKKUVÕTE (SUMMARY IN ESTONIAN)
Süsinikule sadestatud Pt CeO2 katalüsaatorite väljatöötamine

prootonvahetusmembraan kütuseelementidele

Kuna Euroopa on üleminekul säästvale ja rohelisele energiale, on vesinik
lõimitud energiasüsteemi jaoks ülioluline. Vastavalt Euroopa Liidu (EL)
energiasüsteemide lõimimise strateegiale (COM/2020/299) peab integratsioon
hõlmama erinevaid energiakandjaid, nagu elekter, soojus, külm, gaasilised,
tahked ja vedelkütused, kusjuures vesinik on dekarboniseeritud Euroopa
energiasüsteemi alustalaks. Lisaks eeldab ELi vesinikualane strateegia
(COM/2020/301), et lõppkasutaja nõudluse suurendamisel tuleb ammoniaagi ja
metanooli tootmiseks kasutada vahetult vesinikku. Kuigi praegu on
transpordisektori põhifookuses vesinikul töötavad kütuseelemendid ja
vesinikutanklad, otsib EL kahtlemata alternatiivseid rohelisi kütuseid, mis on
sünteesitud vesiniku baasil, nagu ammoniaak, metanool ja muud vedelad
sünteetilised kütused. Selles valguses on oluline ka
otsemetanool-kütuseelementide (DMFC) alane arendustöö. Metanooli
kasutamisel transpordi sektoris on mõned eelised. ühe liitri metanooli
energiasisaldus on 27 korda kõrgem kui vesiniku energiasisaldus rõhul 70 baari
ning seetõttu võtab metanooli sisaldav kütusepaak oluliselt vähem ruumi. Ka
võib metanooli pidada oluliselt kasutajasõbralikumaks kütuseks, sest seda on
lihtsam hoiustada ja transportida kui vesinikku. Samas on hetkel jätkuvalt
probleem DMFC anoodkatalüsaatori madal kasutegur ja ajaline stabiilsus.

Doktoritöös töötati välja metanooli oksüdeerimisreaktsiooni (MOR) ja
hapniku redutseerimise reaktsiooni (ORR) uued süsinikule sadestatud Pt ja CeO2
nanosakestel põhinevad komposiitkatalüsaatorid.

Selleks optimeeriti CeO2 nanoosakeste sünteesi. Edukalt sünteesiti erineva
kuju: lillekujulised ja hulknurksed, suuruse: 3,0 nm kuni 30 µm ja struktuuriga:
kristallilised ja amorfsed CeO2 osakesed. Leiti, et ultraheli ja mikrolainete
rakendamisel põhinevate meetodite parameetrid ei mõjutanud olulisel määral
sünteesitud CeO2 nanoosakeste füsiko-keemilisi omadusi.

Pt nanoosakeste sünteesiks ja sadestamiseks kasutati etüleenglükooli
redutseerimismeetodit. Kusjuures etüleenglükool oli nii reaktsioonikeskkond kui
ka redutseerija. Leiti, et glükolaat-anioonide tekitamine reaktsioonisegus enne
etüleenglükooliga redutseerimist muutis Pt nanoosakeste füüsikalisi omadusi ja
suurendas Pt CeO2/C katalüsaatorite elektrokeemilist aktiivsust. Sünteesis
kasutati Pt nanoosakeste tekke esilekutsumiseks kolme ergastusmeetodit:
reaktsioonisegu ultrahelitöötlus, süntees mikrolaineahjus ning reaktsioonisegu
kuumutamine õlivannil. Ultrahelitöötluse ja mikrolainete kiirguse kestvus
mõjutas ainult mõnevõrra Pt nanoosakeste omadusi. Pikem mikrolainetöötlus
põhjustas Pt nanoosakeste aglomeerumist süsiniku osakeste pinnal, samas kui
pikem reaktsioonisegu kuumutamine õlivannil põhjustas Pt nanoosakeste kasvu.
Katalüsaatori kandja (kommertsiaalne süsiniktahm Ketjenblack või
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kroomkarbiidist sünteesitud süsinik) ja reagentide (naatrium-, hüdroksiid-,
heksakloroplatinaat- ja glükolaatioonid) kontsentratsioonid reaktsioonisegus
mõjutasid sünteesitud Pt CeO2/C komplekskatalüsaatori füüsikalisi omadusi ja
elektrokeemilist aktiivsust. Pt ja CeO2 nanoosakeste sadestamiseks
süsinikkandaje pinnale kasutati mitmesuguseid strateegiaid: erinevate
erastusmeetodite kombineerimine, pH järsk muutmine ja tugevamate
redutseerivate reagentide kasutamine. Optimaalsete sünteesitingimuste
rakendamisel oli Pt nanoosakeste keskmine läbimõõt umbes 3,0 nm ja Pt
nanoosakesed ei olnud transmissioonelektronmikroskoopia piltide järgi
aglomeerunud.

Leiti, et karbiidset päritolu süsinikalusmaterjalid on sobilikud rakendamiseks
prootovahetusmembraaniga kütuseelementides. Kroomkarbiidset päritolu
süsinikel oli mikro-mesopoorne struktuur ning karbiidset päritolu süsiniku
sünteesitemperatuur mõjutas märkimisväärselt süsiniku kristallograafilist
struktuuri sealhulgas grafitiseerumisastet ning mikro- ja mesopooride ruumala.
Kui kroom(II)karbiidist temperatuuril 900 ◦C sünteesitud süsinikku C(Cr3C2)
kasutati katalüsaatori alusmaterjalina, siis suurenesid nii Pt CeO2 kui ka Pt
katalüsaatorite MOR ja ORR aktiivsuse. Kõige paljutõotavam katalüsaator oli
alusmaterjalile C(Cr3C2) sadestatud Pt katalüsaator, mis saavutas väga kõrge
MOR aktiivsuse. Alusmaterjalile C(Cr3C2) sadestatud Pt katalüsaatori MOR
aktiivsus potentsiaalil 0,85 V (pöörduva vesinikelektroodi suhtes) oli sama hea
kui kommertsiaalsele süsiniktahmale Ketjenblack sadestatud Pt CeO2
katalüsaatoril.

Vesiniku järeltöötlus pärast EG redutseerimissünteesi muutis Pt CeO2/C
katalüsaatorite füüsilisi omadusi. Vesiniku järeltöötlus parandas teatud
Pt CeO2/C materjalide MOR aktiivsust ja ajalist stabiilsust. See võis olla
põhjustatud metallise Pt osakaalu suurenemisest katalüsaatoris. Teisalt vähenes
PtCeH3PO4 katalüüsitori MOR aktiivsus pärast vesiniku järeltöötlust
märkimisväärselt. PtCeH3PO4 katalüsaator oli Pt-põhine katalüsaator ning sisaldas
nii CeO2 kui ka CePO4 nanoosakesi. Elektrokeemilise aktiivsuse vähenemine oli
oodatud tulemus, kuna vesiniku järeltöötlus lõhkus PtCeH3PO4 materjali fluoriitse
struktuuri. Seega kadus ka Pt nanososkeste ja tseriumühendite kontaktist tingitud
sünergistlik efekt.
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