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Abstract: This review considers the features of the catalysts with different nanoparticle structures
architecture transformation under the various pre-treatment types. Based on the results of the
publications analysis, it can be concluded that the chemical or electrochemical activation of bimetallic
catalysts has a significant effect on their composition, microstructure, and catalytic activity in the
oxygen reduction reaction. The stage of electrochemical activation is recommended for use as a
mandatory catalyst pre-treatment to obtain highly active de-alloyed materials. The literature is
studied, which covers possible variants of the structural modification under the influence of thermal
treatment under different processing conditions. Additionally, based on the literature data analysis,
recommendations are given for the thermal treatment of catalysts alloyed with various d-metals.

Keywords: pt-based electrocatalysts; bimetallic nanoparticles; alloy structure; core–shell;
intermetallic structure; acid treatment; electrochemical activation; thermal treatment; oxygen
reduction reaction; stability

1. Introduction

To create highly efficient low-temperature fuel cells (FC), it is necessary to improve
the specific characteristics of platinum-containing catalysts, which are the most important
component of FC [1–3]. The use of Pt-based nanoparticles (NPs) with different compositions
and structures deposited on a highly dispersed carbon support makes it possible to reduce
the content of noble metals in the material while increasing the activity and stability of
the catalyst [4–7]. Note that the morphology of bimetallic catalysts is determined by the
shape, composition of the metal component, architecture and size of metal NPs, as well as
their spatial distribution on the support surface. All these factors have a vital impact on the
catalyst’s activity in the oxygen reduction reaction (ORR) and their stability [8,9].

It is well known that platinum doping with some d-metals increases the catalyst
activity due to a number of effects, as follows: (1) a change in the electronic structure
of the metal; (2) a decrease in the interatomic distance in the metal crystal lattice, which
contributes to the dissociative adsorption of oxygen molecules; (3) a change in the surface
oxides’ composition and an increase in the corrosion resistance of the alloy in comparison
to pure Pt [10–13]. Note that bimetallic systems have several disadvantages, and the
main one is the tendency to dissolve the base component of the catalyst during the fuel
cell operation [14,15]. To solve this problem, materials with a special architecture of
bimetallic NPs are obtained: core–shell [4,6,16,17], gradient [18,19], onion structure [20,21],
hollow [4]. In NPs with this structure, the platinum layer is assumed to be on the NP
surface and reliably protects the alloying component from dissolution during catalyst
operation [16,22,23]. There are a few works that show the effect of the platinum shell
thickness on the activity and stability of NPs [24]. In the studies of recent years, it has been
established that when forming a plurality of bimetallic NPs on the carbon surface, it is not
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possible to provide the desired architecture for all NPs [19,25,26]. In addition, the platinum
shell, as a rule, does not provide complete protection of the core component from dissolution
in the electrolyte [27]. To solve this problem, various types of catalyst treatment are used,
which can be divided into acid treatment and heat treatment. Even though there are a
few reviews on the latest advances in the field of platinum-containing catalysts for proton
exchange membrane fuel cells (PEMFC) [4,28] including the composition and structure
of bimetallic NPs [4,6,16], there are very few reviews on catalyst pre-treatment. Note the
presence of a review (2007) on the heat treatment of materials, which does not consider
the effect of heat treatment on the NPs architecture [29]. In most studies, the treatment of
catalysts is considered one of the synthesis stages and is not always described in detail.
At the same time, it is obvious that the treatment conditions have a significant effect on
the size and architecture of platinum-containing NPs and, therefore, on the functional
characteristics of the catalysts. Therefore, the current goal of this work is to systematize and
analyze the latest literature data on various types of pre-treatment of Pt-based materials.
An analysis of the pre-treatment conditions’ influence on the structure and functional
characteristics of Pt-based catalysts will make it possible to formulate recommendations
on the optimal parameters of catalyst treatment to increase their activity and stability,
depending on their composition and structure.

2. De-Alloyed Treatment

It is known that the composition of bimetallic NPs changes during their operation,
resulting in the selective dissolution of the alloying component atoms, firstly from the NPs
surface layer [14,15]. When conducting measurements in an electrochemical cell in the
presence of a substantive amount of a liquid electrolyte, the concentration of cations Mz+

in the solution is low and cannot significantly affect the characteristics of the electrode.
During the catalyst operation in the membrane-electrode assembly (MEA), the transition
of the alloying cations into the electrolyte can lead to the substitution of protons in the
sulfo-groups of proton-conducting polymer to metal [14,15]. Such poisoning of the polymer
will impede the transport of protons and reduce the conductivity of the polymer membrane
in the FC [14]. This determined the direction of many studies related to form bimetallic
NPs, which initially have an uneven structure of core (alloying metal)–shell (Pt) [4,6,16–19].
In several works, it was noted that in bimetallic NPs with a core–shell and a gradient
structure, the positive effect of the core component on the catalytic activity of platinum can
be preserved [4,6,16–19].

Many recent publications have noted that catalysts based on de-alloyed PtM (M = Cu,
Co, Ni) NPs containing a relatively small amount of tightly bound base metal are promising
for use in MEA of fuel cells. It is very problematic to directly synthesize such catalysts that
combine high activity in the ORR and a low content of the alloying component. They can
be, however, obtained by the pre-treatment of PtMx/C (x > 1) materials rich in d-metal in
an acidic medium. In this case, it is important to make sure that, firstly, the preferential
dissolution of the alloying metal atoms will make it possible to form a secondary-formed
Pt shell that protects the internal M atoms from dissolution. Secondly, it is necessary
to determine whether these de-alloyed PtMx−y/C catalysts maintain high stability and
activity in the ORR.

The issues of using de-alloying to obtain functional materials are widely considered
in reviews of recent years [30,31]. However, in this case, bulk composites are studied,
and de-alloyed treatment is used to obtain bulk nanoporous materials, including those
exhibiting catalytic activity.

At the same time, our review considers the use of this process only for objects that
act as a catalyst for fuel cells, and it is not necessarily true that de-alloying leads to
nanoporosity. Let us consider the effect of de-alloyed pretreatment on the characteris-
tics of bimetallic catalysts.

There are two bimetallic catalyst de-alloyed pre-treatments. The first treatment type,
which consists of aging in acids, is called acid treatment (Table 1). The second pre-treatment
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type for obtaining de-alloyed NPs is called electrochemical activation (electrochemical de-
alloying) and is carried out by holding the material in an acidic medium while changing the
potential (Table 2). Each of these approaches allows one to vary the treatment conditions,
thereby influencing the structural and morphological characteristics of the obtained de-
alloyed materials (Figure 1, Tables 1 and 2).
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Figure 1. Schematic representation of treatment types of bimetallic catalysts. The parameters that can
be varied during processing are indicated.

Note that a feature of bimetallic catalysts obtained by synthesis without the use of
additional stabilizing agents is the presence in the final product particles that are differ-
ent in composition, structure (M, PtM, Pt), and size. During acid treatment [32–45] and
electrochemical de-alloying [46–60], bimetallic NPs can undergo various transformations
depending on their composition and structure. Thus, a separately distributed component
in the form of an oxide of an alloying metal completely dissolves upon contact with an acid
(Figure 2a,k).

In a few studies, including those of our team, it was noted that the creation of catalysts
containing bimetallic NPs with a certain idealized structure is a complex and apparently
impossible task (Figure 2b,d) [14,15,32]. During the synthesis of bimetallic catalysts, the
resulting NPs are most often characterized not only by different size, but also by different
composition. Bimetallic particles with different structures (solid solution, core–shell, gradi-
ent) obtained by wet synthesis methods are characterized by the presence of an alloying
component on the surface. During the acid treatment of such bimetallic materials, the NPs
are transformed into secondary structures with the prevailing segregation of platinum
atoms in the surface layer and with the formation of a Pt-skin (Figure 2c,e,f,j–n,p,q). Addi-
tionally, the Pt-shell, as a rule, does not provide complete protection of the component that
makes up the core from dissolution in the electrolyte. In this case, the process of significant
washing out of the alloying component and the formation of void NPs (o) take place.

2.1. Acid Treatment

Bimetallic catalyst pre-treatment by holding in acids is a promising and easily scalable
way to obtain de-alloyed materials. Both materials obtained by chemical reduction in the
liquid phase and catalysts obtained after preliminary annealing with additional reduction
are subjected to acid treatment to ensure the complete alloying of the components [33–35].
With this type of treatment, the composition [36] and concentration of acid [36–38], as well
as time of treatment [18] and atmosphere [39,40], can be varied.

The authors [33,34,38,39,41] note during chemical treatment that the bimetallic parti-
cles average size decreases by 3–70%.



Catalysts 2022, 12, 638 4 of 29

Table 1. Structural and electrochemical characteristics of acid-treated bimetallic catalysts.

Sample Initial
Composition Pt [wt. %] Composition after

Acid Treatment

Treatment Conditions Electrochemical
Characteristics

Ref.

Acid, Molarity Duration Temperature Features ESA,
m2g−1 (Pt)

Activity in ORR,
A mg−1 (Pt)

PtNi/C Pt25Ni75 28 Pt55Ni45

0.5 M H2SO4 24 h room

0.5 g of catalyst—100 mL
of acid with stirring,

air atmosphere
30 740

[39]

PtNi/C PtNi3 25 Pt34Ni66
0.5 g of catalyst—100 mL
of acid with stirring, N2

28 760

PtCu/C Pt0.3Cu - Pt1.8Cu 1 M HNO3 2 days room - 50 290 [33]

PtCu/C PtCu0.84 14.8 PtCu0.62

1.5 M H2SO4 3 h room -

57.5 200

[34]PtCu/C PtCu2.86 10.12 PtCu0.76 22.8 501

PtCu/C PtCu4.65 7.2 PtCu0.53 46.7 407

Cu@Pt/C Pt78Cu22 - Pt89Cu11 1 M HNO3 2 h room Accompanied by
ultrasonic processing 62.86 230 [23]

Hollow PtNi/C Pt50Ni50 - Pt92Ni8 1 M H2SO4 22 h 20 ◦C - - 500 [42]

Hollow PtCo/C Pt81Co19±5 - Pt81Co4.1±3 1 M H2SO4 24 h room - - 150 (µA cm−2) [43]

PtCu/C PtCu2.20 14 PtCu0.76 1 M HNO3 6 h room - 103 200 [36]

Nanoporous
PtNi/C Pt0.36Ni0.64 - Pt0.79Ni0.21 Conc. HNO3 1 min room

Particles without a
support were processed

under the influence
of ultrasound

85.6 - [41]

PtCu/C PtCu0.67 22.2 PtCu0.36 1 M HNO3 3 h room - 48 332 [45]

PtCu/C Pt19Cu81 6.5 Pt47Cu53 1 M CH3COOH 2 h room
4-fold acid washing with

CO atmosphere for
30 min per stage

91 1870 [40]

PtFe/C - - Pt84Fe16 0.5 M H2SO4 12 h 60 ◦C - 54 159 [35]

PtNi/Pt - 2-15 - 0.01 M HCl 1 h room - 52.65 800 [37]
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Table 2. Structural and electrochemical characteristics of bimetallic catalysts after electrochemical activation.

Sample Initial
Composition Pt [wt. %] Composition after

Activation

Treatment Conditions Electrochemical Characteristics

Ref.
Electrolyte,

Molarity Potential Range Sweep Speed,
mV s−1

The Number
of Cycles ESA, m2 g−1 (Pt) Activity, MA

A mg−1 (Pt)
Activity, SA

mA cm−2

Nanowire
PtCu/C Pt/Cu 0.59 20 Pt/Cu 1.43 0.5 M H2SO4 or

0.1 M HClO4

−0.2 to
0.9 V vs. Ag/AgCl 400 400 63.5 3.15 - [32]

PtCu/C 1:3, Pt25Cu75 22
(Pt79Cu21)

pure surface Pt
(Pt93Cu7)

0.1 M HClO4 0.06 to 1.2 V vs. RHE 1000 200 89 0.52 0.5 [46]

PtCu/CA PtCu 20 - 0.1 M HClO4 0 to 1.1 V vs. RHE 50 300 72.4 0.054 0.075
[52]

PtCu/C PtCu 21 - 0.1 M HClO4 0 to 1.1 V vs. RHE 50 300 46.3 0.113 0.244

PtNi/C Ni:Pt (72:28)
1:3 Pt: Ni

- Ni:Pt
(22:78) 0.1M HClO4

Step 1: 0.05 to
1.2 V vs. RHE 0.5 200

- - 2.6 [53]
Step 2: 0.06 to
1.2 V vs. RHE 100 3

PtNi/C Ni75Pt25 - - 0.1M H2SO4 0.05 to 1.2 V vs. RHE 250 >50 41 1.16 ± 0.035 mA
µgPt−1 2.98 ± 0.12 [54]

PtCu/C Cu3Pt 26 56% Cu 0.1 M HClO4 0.05 to 1.2 V vs. RHE 200 500 23 0.58 2.5

[55]
PtCu/C Cu3Pt 26 80% Cu 0.1 M HClO4

holding the potential
at 1.2 V

(15 min or 2 h)
- - 32 0.77 2.4

PtCo/C Pt37±2Co63±2 - Pt80±2Co20±2 0.1 M HClO4 0.06 to 1.0 V vs. RHE

100 3

45 0.38 0.804

[59]

500 200

100 3

PtCu/C Pt35±2Cu65±2 - Pt65±2Cu35±2 0.1 M HClO4 0.06 to 1.0 V vs. RHE

100 3

47 0.41 0.873500 200

100 3

PtCu/C 0.1 M HClO4 0.05 to 1.35 V vs. RHE 300 [60]



Catalysts 2022, 12, 638 6 of 29

Catalysts 2022, 12, x FOR PEER REVIEW 3 of 31 
 

 

There are two bimetallic catalyst de-alloyed pre-treatments. The first treatment type, 
which consists of aging in acids, is called acid treatment (Table 1). The second pre-treat-
ment type for obtaining de-alloyed NPs is called electrochemical activation (electrochem-
ical de-alloying) and is carried out by holding the material in an acidic medium while 
changing the potential (Table 2). Each of these approaches allows one to vary the treat-
ment conditions, thereby influencing the structural and morphological characteristics of 
the obtained de-alloyed materials (Figure 1, Tables 1 and 2). 

 
Figure 1. Schematic representation of treatment types of bimetallic catalysts. The parameters that 
can be varied during processing are indicated. 

Note that a feature of bimetallic catalysts obtained by synthesis without the use of 
additional stabilizing agents is the presence in the final product particles that are different 
in composition, structure (M, PtM, Pt), and size. During acid treatment [32–45] and elec-
trochemical de-alloying [46–60], bimetallic NPs can undergo various transformations de-
pending on their composition and structure. Thus, a separately distributed component in 
the form of an oxide of an alloying metal completely dissolves upon contact with an acid 
(Figure 2a,k). 

 

Figure 2. Scheme of possible transitions of bimetallic NPs structures under the influence of de-alloyed
pre-treatment: (a) two-phase, (b,l) core-shell, (c) defect core-shell, (d,n) gradient, (e) defect gradient,
(f) disorder alloy, (j) intermetallic, (k) Pt phase, (m) core-shell Pt skin, (o) gradient Pt skeleton,
(p) hollow, (q,r) core(PtM)-shell(Pt) with order PtM alloy (r) or disorder PtM alloy (q). Platinum
atoms are marked in gray; atoms of the alloying component are marked in orange. The top row
represents examples of bimetallic nanoparticles structures in the “as-prepared” state. The bottom
row represents the bimetallic particles structures after de-alloying treatment. The process of atoms of
the alloying component dissolution is shown. The background color of the letters corresponds to the
same structure before and after processing.

In [39], the authors investigated the compositions of NPs of different sizes in one
material. During the study, Gan et al. confirmed that the composition of the “as-prepared”
and acid-treated NPs differed vital only for large NPs bigger than 13 nm. The influence of
the atmosphere on the formation of NP porosity has been proven. When treated in an air
atmosphere, oxygen binds to the platinum atoms, thereby slowing down its diffusion. Thus,
it is leaving the pores open, which favorably affects the leaching of the alloying component.
For large particles, it has been shown that treatment in an air atmosphere led to a thickening
of the platinum shell, while this effect is absent in an oxygen-free atmosphere [39]. The
article concludes that it is necessary to obtain materials based on small NPs (less than
10 nm). In this case, the NPs will be more homogeneous (even) in composition, will retain
more of the alloying component (in the core) and will be more stable.

In [23], the authors obtained a CuPt3 alloy by polyol microwave-assisted synthesis with
co-reduction of precursors on a carbon support. To form a core–shell structure of NPs, the
resulting catalyst is treated in nitric acid. The authors demonstrate the determination of the
NPs surface composition by the X-ray photoelectron spectroscopy (XPS) method, which differs
from the bulk composition (inductively coupled plasma (ICP) and energy-dispersive X-ray
(EDX) analysis), that confirms the formation of the core–shell. In this study, the de-alloyed
catalyst exhibits 1.8 and 3.3 times higher mass activity compared to the “as-prepared” material
and commercial Pt/C samples (HiSPEC 4000, Johnson Mattew), respectively.

In [42,43], the authors synthesized PtNi/C and PtCo/C catalysts with NPs with a
hollow structure. It is noted that the content of the alloying component after acid treatment
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varies from 2 to 8 at. % for the presented materials, despite the d-metal high content in the
initial state.

Hollow PtNi NPs with a core–shell structure were obtained by treatment in 0.01 M
HCl [37]. It was noted that with an increase in the acid concentration by a factor of 10, nickel
is completely leached out, leaving a hollow platinum NP. De-alloyed Pt-Ni is characterized
by a higher mass activity in ORR compared to the as-prepared material, as well as hollow
Pt and a commercial sample.

A systematic study of the acid treatment effect on the structural and functional charac-
teristics of the PtCu/C catalyst is presented in [36]. The authors carried out acid treatment
of the PtCu/C catalyst with various acids, HNO3, H2SO4, and HClO4. As a result of the
study, a positive effect was found to increase the catalysts ORR activity when using 1 M
HNO3 to obtain de-alloyed PtCu/C. The authors attribute the effect of increased activity
in the ORR to the high content of copper in the de-alloyed materials. Increasing the acid
concentration to 5M leads to a decrease in the copper content and, consequently, to a
decrease in the ORR activity. The works [36,44] demonstrate the possibility of successfully
using catalysts in the MEA after treatment in 1 M HNO3.

Previously, in [45], we showed that the acid treatment of materials based on NPs with
a “gradient” structure can lead to a decrease in specific activity in the ORR.

Gatalo et al. [40] are among the few researchers to study the behavior of chemically
prepared de-alloyed catalysts without electrochemical activation cycling. The initial Pt-Cu
NPs were obtained by annealing a copper precursor with gelatin on a carbon support and
subsequent galvanic substitution of Cu for Pt. To obtain a de-alloyed structure, the authors
use a 4-fold acid wash to simulate the exchange in the electrolyte during electrochemical
activation. The use of CO makes it possible to block the platinum surface and prevent
copper deposition on it. The unique ex situ activation method of the PtCu/C catalyst
presented in this work makes it possible to achieve the highest mass activity in the ORR
reported in the literature.

The preparation of bimetallic catalysts is possible not only by reducing both precur-
sors, but also by impregnating Pt/C catalysts with a d-metal salt, followed by reduction
and fusion in a hydrogen atmosphere [35]. The authors of the work [35] demonstrated
gradient strain effect in de-alloyed Pt-Fe NPs by computer processing on the real objects
(particle size is 4–5 nm). The PtFe/C catalyst presented in this work is characterized by a
2-fold higher mass activity compared to the commercial analogue of Pt/C (HiSPEC 3000,
Johnson Mattew).

Note that there are several studies using organic compounds in acid treatment, such as
acetic acid [40] and dimethylglyoxime [38]. In contrast to the easy method for the synthesis
of PtNi/C catalysts obtained by the co-reduction of precursors with sodium borohydride
in [42], the authors of [38] prepare Pt-Ni NPs using expensive organometallic precursors
(acetylacetonate) in an organic medium in the presence of stabilizing agents. However, [38]
submitted a unique method of de-alloying. Octahedral NPs are dissolved in an aqueous
solution of dimethylglyoxime, which selectively coordinates nickel from oxide, so the
presence of oxygen has a vital impact. The authors performed an identical experiment in an
oxygen-free atmosphere and did not obtain a de-alloying process. It has been shown that
the alloy has a limiting composition, which is no longer amenable to de-alloying—Pt3Ni.
Articles have also demonstrated the process of forming a concave structure from octahedral
NPs step by step. The authors show that the etching process involves the faces of {100},
{110}, and {111} particles in different sequences, resulting in a concave structure. As the
initial nickel content increased, the NP concavity after etching increased too. The study
also showed that a concave structure can be obtained from cubic NPs. Acid treatment
with concentrated nitric acid was noted to lead to NPs aggregation and concave structure
destruction [38].
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2.2. Electrochemical Activation

The study of the electrochemical characteristics of catalysts for PEMFC always begins
with the stage of electrochemical activation of PtM/C materials in an acidic electrolyte.
During this stage, as well as during the subsequent operation of the catalysts, the composi-
tion and structure of NPs evolve, which determines the features of their electrochemical
behavior [46–50]. It became clear that earlier researchers often obtained an electrocatalyst
of a certain composition/structure, while the functional characteristics were studied for a
catalyst with a changed composition and structure (architecture) of NPs [15,51].

Now, the stage of electrochemical activation is considered to be an obligatory stage of
bimetallic catalysts de-alloying and is the initial stage of all electrochemical measurements
of such materials (Table 2). An analysis of the publications shows that voltametric activation
can be carried out in a different range of potentials [52–54], at different potential sweep
rates (from 50 to 1000 mV/s) [32,46,52], with a different number of cycles from 50 to
500 [32,46,52,54,55]. Some authors indicate that cycling is carried out until the type of
cyclic voltammetry (CV) ceases to change [56–58]. Most often, researchers use activation
in the potential range of 0.06–1.2 V [46,59], but sometimes in a wider range, for example,
from 0.05–1.35 V [60]. It should be noted that most authors recommend a comparison and
detailed study of the de-alloyed PtM/C catalysts behavior after activation cycling. In view
of the above, it is important to understand that the composition and microstructure of such
materials differ from the initial “as prepared” state.

We have studied the structure of materials after chemical and electrochemical treat-
ment (Figure 3). X-ray diffraction patterns of a PtCu3/C sample with a structure of solid
solution demonstrate a shift of the (111) maximum to the region of smaller 2 theta angles af-
ter pre-treatment, which indicate a decrease in the copper content in crystallites (Figure 3a).
In this case, the average crystallite size increases from 1.9 to 2.6 and 3.7 nm during chemical
and electrochemical treatment, respectively.

The results of the transmission electron microscopy (TEM) photographs analysis
showed that for Pt-Cu NPs with a core–shell structure, after treatment in nitric acid, the
average NPs size decreases from 6.2 to 3.2 nm (Figure 3b–d). During electrochemical
activation of the alloy sample in the potential range of 0.04–1.2 V, there is no change in the
average size of spherical NPs; however, a significant fraction of rod-shaped NPs appear, as
noted in our works [61,62] (Figure 3e–g). Thus, after de-alloy treatment, significant changes
are observed in the structure of bimetallic catalysts.

In [46], a stage of electrochemical de-alloying presented as a stage of synthesis elec-
trocatalysts. At the first step, a material with a high copper content is obtained and is
subsequently treated in an acidic medium in a given potential range to remove copper. The
authors believe that the selective electrochemical dissolution of alloying metal is the key
process in the formation of the active catalyst.

Gatalo et al. [51] showed that electrochemical de-alloying leads to a significant change
in the surface structure and morphology of catalyst NPs. At the same time, it was shown
in [52] that the use of electrochemical de-alloying makes it possible to obtain catalysts
with stable composition that remains during further electrochemical measurements. As
a rule, such studies are carried out for catalysts containing large NPs (at least 10 nm). At
the same time, to obtain catalysts, researchers use complex laboratory synthesis methods
using stabilizing agents and low product yields, which are not suitable for technological
use [63,64].

In [15], the authors studied the dissolution of alloying d-metals and platinum during
electrochemical activation of PtM/C (M = Cu, Co, Ni and Fe) catalysts up to different
values of the limiting potential. It has been shown that all metals making up the NPs
dissolve during measurements. The dependences of the Pt dissolution rate on the potential
were studied, at which insignificant anodic and higher cathodic peaks of Pt dissolution
are observed [65–67]. The authors indicate that the mechanism of Pt anodic dissolution is
associated with the appearance of a rough surface structure due to the oxide place-exchange
mechanism [67]. The cathodic dissolution of platinum occurs during the reduction of Pt-
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oxide, which also changes the metal surface and causes its dissolution in defective areas of
nanocrystals [68]. The authors of [15,65] note that, after the dissolution of platinum from
the surface layer of NPs in the case of PtM/C materials, the dissolution of M-atoms again
occurs. That is, during the dissolution of Pt, atoms of the alloying metal are exposed, and
their subsequent oxidation occurs [65].
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Figure 3. X-ray diffraction (XRD) patterns of PtCu/C materials with alloy structure of NPs (a): initial,
after acid treatment and after electrochemical activation. TEM images of PtCu/C catalysts with
core–shell (b–d) and alloy (e–g) structure: initial (b,e) and after acid (c,d) and electrochemical (f,g) de-
alloying, respectively.

In [46], the authors describe a two-stage protocol of electrochemical de-alloying of
bimetallic catalysts. At first, recordings of three CVs at a scan rate of 100 mV/s were
performed, and then longer 200 cycles at scan rate of 1000 mVs−1.

In [59], the authors present a protocol of electrochemical leaching in a three-stage pro-
cess: (1) three slow scans with a scan rate of 100 mVs−1, (2) 200 fast scans with 500 mVs−1,
and finally, (3) three slow scans with 100 mVs−1.
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The de-alloying of the catalysts was performed in two ways: (1) by sweeping the
potential of the electrode from 0.05 to 1.2 V for 500 cycles at a scan rate of 0.2 Vs−1 and
(2) by holding the potential at 1.2 V for 15 min or 2 h in a deaerated electrolyte [55].

As stated in a paper comparing two de-alloying protocols: the rapid dealloying of the
catalysts at 1.2 V and the concomitant formation of highly porous structures for larger NPs
leads to a certain accessibility of the inner part of the catalyst particles for the electrolyte.
This can be attributed to the formation of stable Pt oxide at these high potentials and thus a
reduced mobility of the surface Pt atoms, which are unable to passivate the surface and
block Cu dissolution. In contrast, the potential variation during cycling induces not only Cu
dissolution but also Pt oxide reduction accompanied by dissolution/redeposition and/or an
increased surface mobility of Pt. As a consequence, this enables reordering of the Pt surface,
giving rise to faceting, and prevents further dealloying. Porosity is thus observed only on
larger particles in the case of extended potential cycling after 7000 degradation cycles.

In the course of electrochemical measurements, processes of not only de-alloying, but
also re-alloying, associated with the redeposition of all components of nanoparticles, can
occur, as well as during operation in an FC [69–71]. Such processes can occur even after the
acid pre-treatment of bimetallic catalysts [70].

The authors of most publications devoted to a structural characteristics detailed study
of de-alloyed catalysts obtained both in the process of electrochemical activation and by
acid treatment note that the investigation of individual NPs is possible at a size of at
least 8–10 nm. Oezaslan et al. note that, in the process of electrochemical activation, NPs
smaller than 5 nm in size are characterized by the presence of a residual core–shell structure
with a defective platinum shell. For NPs with a size of 10–20 nm, the formation of a
structure with several cores of the alloying component and its uneven distribution in the
NP is characteristic in the process of de-alloying. The platinum shell in such materials is
rough. Thanks to the in situ study of individual large NPs (more than 30 nm) subject to
electrochemical activation, it can be argued that a porous structure is formed due to the
removal of the alloying component [59]. In [33], the authors describe the formation of a
porous structure for particles larger than 8 nm.

Thus, according to reviewed publications, various types of de-alloyed treatment of
PtM/C catalysts make it possible to optimize the bimetallic nanoparticles composition and
structure, which leads to an increase in their catalytic activity in ORR or stability.

3. Thermal Treatment

In addition to various types of PtM/C catalyst de-alloyed pre-treatment, which are
detailed in the previous section, heat treatment is used to improve the materials functional
characteristic. It can have a positive effect on the properties of catalysts various types
containing both platinum and bi- and trimetallic platinum-based NPs. The publications
describe many studies aimed at optimizing the heat treatment process. Thus, in the re-
view [29], the main mechanisms of the heat treatment effect on such catalyst properties
as particle size, morphology, metal distribution on the support, alloying degree, forma-
tion of active sites, activity, and stability were considered. The optimum heat treatment
temperature and time to increase the ORR activity and stability depend on the particular
type of catalyst. In general, there are two effects caused by heat treatment: (1) change in
the support surface functional groups and (2) change in the Pt distribution, morphology,
and crystallite growth on the carbon support. Several models are also noted to explain the
mechanisms of sintering and particle growth: (a) the migration and coalescence of particles
and (b) Ostwald ripening. In the first mechanism, the movement of metal particles on the
support surface occurs through the migration of Pt or PtM NPs. The second mechanism
involves the exchange of atoms, with larger particles grow and smaller particles continu-
ously decrees in size. This process is like the Ostwald ripening of dispersed precipitates
in solution. In this case, the degree of NPs enlargement depends on the initial size and
composition of NPs, the nature of their distribution in size and on the surface of the carbon
support, and also the type of support. It is known that heat treatment can cause an increase
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in particle size, a better degree of alloying and a change in the surface morphology of
the catalyst from amorphous to a more ordered state, which has a noticeable effect on the
activity and stability of the catalysts.

There are many parameters that can be varied during the heat treatment process, such
as atmosphere, temperature, and duration. As a rule, heat treatment is carried out in an
inert (N2, Ar or He) or reducing (H2) atmosphere in the temperature range of 80–900 ◦C for
1–4 h [29], but in a few studies, 7 or more hours have been applied [72,73].

3.1. Pt/C Catalysts

Studying the effect of heat treatment on the structure and activity of materials is the
simplest for Pt/C catalysts.

For Pt/C catalysts, thermal treatment leads to an increase in the size of platinum
NPs [74–82] and to a wider size distribution of Pt particles [74,76,77,79,82], which, in some
cases, leads to a significant decrease in the electrochemically active surface area (ESA)
value [78,81–83] and in the catalysts mass activity [74,78,81,82,84]. On the other hand, heat
treatment improves the crystallinity of Pt, which, in turn, leads to an increase in specific
activity. The authors of [76] believe that during heat treatment, Pt particles are formed in
a cubo-octahedron shape with well-defined faces. These opposite trends determine the
existence of an optimal treatment temperature in terms of catalytic activity. That is why it
is so important to determine the optimal temperature, atmosphere and duration of heat
treatment. Thus, the authors of [76] think that heat treatment at a temperature of about
550 ◦C H2/N2 for 9 h improves the crystallinity of the Pt particles surface, which increases
the catalytic activity. The authors of [74] indicate 600 ◦C 5% H2/N2 2 h as the optimal
temperature for increasing the catalytic activity.

Thus, even for simple Pt/C systems, the optimal treatment temperature differs sig-
nificantly for different researchers, which can be associated both with various treatment
conditions, and with different structure of materials before treatment, particle size and size
distribution, type of carbon support, the uniformity of the NPs distribution over the carbon
support surface, the Pt NPs shape, etc.

3.2. PtM/C Catalysts

The study of the heat treatment effect on the structural and functional characteristics
of bi- and trimetallic catalysts has also been developed. Given the complexity of such
systems, many factors have been identified that affect the architecture, activity, and stability
of such catalysts.

Many publications describe a linear correlation between the specific activity of Pt–M
catalysts in the ORR and the average Pt-Pt interatomic distance in bimetallic NPs. The
smaller the average interatomic distance Pt-Pt, the higher the activity of the catalyst in
the ORR. Thermal treatment of the bimetallic catalyst at temperatures above 700 ◦C has
two opposite effects: (1) the formation of a higher quality Pt –M alloy, which reduces the
Pt-Pt distance, affects the d-band center and thus improves the specific activity of Pt and
(2) an increase in the size of the bimetallic NPs, resulting in a reduction in the ESA, which
leads to a decrease in the catalyst mass activity [29]. Many authors note the greater activity
and stability of intermetallic compounds (ordered structure) compared to disordered solid
solutions [73,85,86]. All these factors determine the presence of the optimal treatment
temperature depending on the bimetallic NPs composition. It is important to note that
when choosing heat treatment conditions, it is important to consider the architecture of
bimetallic nanoparticles, such as core–shell (Figure 4a–d), gradient (Figure 4e–h), and
hollow structure.
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During heat treatment, the architecture of bimetallic NPs can be transformed (see
Figure 5). For example, nanoparticles with a special architecture, such as core–shell
(Figure 5b), gradient (Figure 5d), hollow (Figure 5j), or two separate nanoparticles of
different composition (Figure 5f) when heated due to the mutual diffusion of atoms, under
certain conditions, can transform into a disordered alloy (Figure 5l) or an ordered alloy
(Figure 5k). On the other hand, when heated, in some cases, bimetallic nanoparticles with
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an alloy structure (Figure 5a) can transform into core–shell structures due to the segregation
of atoms of one of the metals on the nanoparticles surface (Figure 5m). Thus, the transfor-
mation of the core–shell structure into an alloy was shown at a temperature of about 280 ◦C
for the PtCu NPs with a shell–core structure according to ex situ heating data [87–89].
In addition, when PtCu C materials are heated to temperatures above 300–350 ◦C, the
formation of an ordered structure of PtCu NPs is observed [87,88].
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Figure 5. Scheme of possible transitions in the structures of bimetallic NPs under the heat treatment:
(a,l) disorder alloy, (b,m) core-shell, (c) defect core-shell, (d) gradient, (e)defect gradient, (f,n) two-
phase, (j,o) hollow, (k) intermetallic. Platinum atoms are marked in gray; atoms of the alloying
component are marked in orange. The top row represents examples of bimetallic nanoparticles
structures in the “as-prepared” state. The bottom row represents the bimetallic particles structures
after heat treatment. The background color of the letters corresponds to the same structure before
and after processing.

3.3. PtCo/C Catalysts

PtCo/C catalysts are widely used among bimetallic catalysts due to their high ac-
tivity [90]. It is also known that Toyota uses such catalysts in the production of low-
temperature fuel cells for Mirai car, which confirms the importance of commercializing
such systems [91].

In [92], heat treatment was carried out in an atmosphere of 5% H2/95% N2 at a
temperature of 50, 100, 200, 300, 400 and 500 ◦C for 2 h and cooled to room temperature.
The authors point out that, according to the results of EDX, core–shell-type NPs are initially
formed at a treatment temperature of 300 ◦C. The results of in situ X-ray diffraction show
that heat treatment promotes the formation of a crystal structure and an optimal particle
size distribution of 3–5 nm. The optimal temperature for heat treatment varies in the
range of 300–400 ◦C (see Table 3) [92,93]. Table 3 summarizes some of the heat treatment
conditions, structural characteristics and activity in the ORR for various Pt-based catalysts
described in the publication.
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Table 3. Structural and electrochemical characteristics of bimetallic catalysts after thermal pre-treatment.

Sample Composition Pt [wt.%]
Type of
Support

Heat-Treatment Conditions Particle Size, nm
Lattice

Constant (A)
ESA,

m2/g(Pt)

Activity, MA
A g−1 at 1600 rpm
E = 0.9 V, Unless
Otherwise Stated

Ref.
Treatment

Temperature T, ◦C Atmosphere Time Period
t (h) XRD TEM

Pt/C Pt 20 Vulcan XC-72R
As-prepared 2.4 - 3.958 56.3 188 (0.75 V)

[80]

900 H2(5.2 mol.%)/Ar 1/12 3.3 - 3.928 31.7 125 (0.75 V)

PtCo/C Pt30Co70 11.7 Vulcan XC-72R
As-prepared 1.2 - 3.920 17.5 186 (0.75 V)

900 H2(5.2 mol.%)/Ar 1/12 25.5 - 3.720 30 84 (0.75 V)

PtCr/C Pt30Cr70 12.3 Vulcan XC-72R
As-prepared 2.7 - 3.923 26.2 158 (0.75 V)

900 H2(5.2 mol.%)/Ar 1/12 12.8 - 3.868 16.1 140 (0.75 V)

PtCoCr/C Pt30Co30Cr40 12.1 Vulcan XC-72R
As-prepared 2.2 - 3.914 17.0 152 (0.75 V)

900 H2(5.2 mol.%)/Ar 1/12 7.3 - 3.774 6.27 111 (0.75 V)

PtCo/C PtCo3 22 HSAC *

650

4 vol.% H2/
96 vol.% Ar, flux
100 mL min−1,

7

1.8 - 3.749 40 ± 4 280 ± 50

[94]
800 2.2 - 3.726 45 ± 4 380 ± 50

900 3.2 - 3.717 37 ± 2 290 ± 40

PtCu/C PtCu3 22 HSAC * 800 3.6 - 3.705 47 ± 2 410 ± 90

PtCo/C Pt3Co 18.2 Vulcan XC-72

As-prepared 2.7 3.0 3.924 49 -

[93]

300

H2 (10%)/N2 (90%) 2

3.4 3.2 3.911 41 -

400 3.8 3.5 3.912 66 -

500 4.3 3.6 3.912 54 -

600 5.8 4.1 3.913 30 -

PtCo@Pt/C PtCo 60 Vulcan XC-72
360 H2/N2 3 5.0 - 3.827 31.1 52.9

[73]
500 H2/N2 16 5.4 - 3.803 28.4 53.6

Pt3Co/C Pt3Co ** Vulcan XC-72
400

H2 2
4.8 ± 1 - 3.873 51.6 *** 160

[95]
700 7.2 ± 1 - 3.841 47.3 *** 520
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Table 3. Cont.

Sample Composition Pt [wt.%]
Type of
Support

Heat-Treatment Conditions Particle Size, nm
Lattice

Constant (A)
ESA,

m2/g(Pt)

Activity, MA
A g−1 at 1600 rpm
E = 0.9 V, Unless
Otherwise Stated

Ref.
Treatment

Temperature T, ◦C Atmosphere Time Period
t (h) XRD TEM

Co@Pt/C Pt3Co 36.3 Vulcan XC-72

As-prepared 2.7 2.4 - - 21.2
[92]

300 H2/N2 (5%/95%),
40 mL s−1 2 3.8 3.0 - - 50.3

Pt3Co/C Pt3Co - Vulcan XC-72

As-prepared 2.2 2.5 ± 0.3 2.24 44 136

[83]200
H2/Ar

3.2 3.0 ± 0.5 2.24 52 129

500 4.1 3.9 ± 1.2 2.24 36 217

PtNi/C 6.79 Vulcan XC-72

As-prepared 31.3 13.3

[96]350 H2/N2 (20%/80%) 6 - - - 18.7 267.6

700 H2/N2 (20%/80%) 2 - - - 21.6 27.5

PtNi/C Pt34Ni66 15 Vulcan XC-72R

As-prepared - 8.4 ± 1.1 3.771 33 1700

[97]300
H2/N2.45 (4%/96%) 1

- 8.3 ± 1.2 3.777 32 2700

500 - 9.4 ± 1.2 3.755 43 700

PtCu/C Pt0.8Cu 21.3 Vulcan XC-72

As-prepared 4.8 3.843 55 ± 5 132

[87]

250

Ar 1

- - 3.847 58 ± 6 116

280 - 5.8 3.829 56 ± 6 151

300 - 5.9 3.798 41 ± 4 225

350 - - 3.777 31 ± 3 43

PtCu/C Pt20Cu80 11 O-CNTS ****

400

H2(5%)/Ar 6

4.3 2.5 3.873 83.2 49.1

[98]500 4.3 2.7 3.882 68.9 60.8

600 4.6 3.7 3.837 50.0 39.4

* High surface area carbon; ** In a typical synthesis, 53.3 mg of H2PtCl6 · 6H2O and 8.2 mg of CoCl2 · 6H2O were. *** Values are calculated based on the results presented in the article
dissolved in deionized water, and 78 mg of Vulcan XC-72; **** Oxygen functionalized carbon nanotubes.
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In [99], heat treatment was carried out in an atmosphere of 5% H2/N2 at 500 ◦C for
1 h after pre-treatment in 0.5 M H2SO4. The catalysts were synthesized using a polyol
reduction method (Pt deposition) followed by the impregnation method (joint mixing of
precursors for 24 h, then heating at 900 ◦C for 1 h). The pre-leaching process reduces the
percentage of metallic Pt on the catalyst surface due to its oxidation by various forms of
oxygen. However, metallic Pt can be restored to its initial conditions by heat treatment. In
addition, the study claims that the maximum catalyst specific power loss of the heat-treated
catalyst after leaching is 9%, while the unheated catalyst loses 28% of the initial maximum
specific power, indicating a heat-treated catalyst with greater stability. The authors attribute
this to a smaller increase in particle size after treatment and a better distribution of particles
over the carbon support.

Heat treatment of Pt-Co catalyst was carried out for 16 h at 500, 550, 600, and 700 ◦C in
an H2/N2 atmosphere [73]. Intermetallic PtCo@Pt core–shell NPs on a carbon support with
a metal content of up to 60% have been synthesized. The results of XRD and high-resolution
TEM clearly show that after heat treatment, the face centered cubic (FCC) structure of the
catalyst was transformed into an ordered face centered tetragonal (FCT) structure (see
Figure 2) [99]. The ordered NPs show improved ORR performance compared to disordered
PtCo/C catalysts and commercial Pt/C catalysts (see Table 3). An increase in the ORR
activity of the ordered PtCo@Pt/C catalyst is presumably associated with a small particle
size, a platinum-rich shell, lattice contraction, and enhanced d-hybridization [95]. The
increased stability can be mainly associated with the ordered structure of the catalyst.
Therefore, it is assumed that, as a result of the mutual diffusion of atoms, a shell of Pt
atoms is formed on the ordered surface of intermetallic particles, which will enhance the
ORR [83,100]. The authors suggest the optimal temperature is 550 ◦C, because at this
temperature, the formation of an ordered structure occurs with the smallest enlargement
of NPs. Additionally, ordered PtCo@Pt/C exhibits SA in the ORR five times higher than
commercial Pt/C (60%, Johnson Mattew).

In [101], the heat treatment of Pt3Co/C catalysts preparations by the impregnation
reduction method was carried out at 700, 800, and 900 ◦C in an atmosphere of 8% H2/Ar
for 5 h. The temperature of 700 ◦C was characterized by the smallest particle size, but also
the lowest degree of alloying. Despite the relatively high ESA for Pt3Co-700, the catalyst
exhibits low activity. As the temperature rises to 900 ◦C, the degree of alloying increases to
the composition Pt3Co. On the other hand, heat treatment leads to significant agglomeration
of the NPs, resulting in a decrease in ESA and low mass activity. Nanoparticles synthesized
at 800 ◦C achieve a sustainable balance between particle size and alloying degree, which
ensures the highest mass activity and high enough stability. Therefore, 800 ◦C is the optimal
temperature for the synthesis of Pt3Co/C. The authors of [94] also consider the temperature
of 800 ◦C for 7 h in a reducing atmosphere to be 4 vol. % H2/96 vol. % Ar, at which the
maximum value of ESA is reached, and the activity in the ORR increases relative to other
samples and commercial Pt/HSAC (see Table 3). Additionally, in [80], a higher specific
activity of PtCo/C is shown when treated at a high temperature of 900 ◦C.

In [102], the thermal stability of Pt3Co NPs was studied by the molecular dynamics
method. There are two types of structures: a chemically disordered alloy and an ordered
intermetallic compound were studied. In addition, model NPs with a shell–core structure
were studied, where the core was Pt3Co coated with a shell of platinum or cobalt two
atomic layers. The results of computer simulation show that ordered Pt3Co intermetallic
NPs demonstrate better thermal stability than disordered alloy particles. In the case of
NPs with a core–shell structure, NPs with a Pt-shell are significantly superior in thermal
stability to NPs with a Co-shell.

Thus, the optimum treating temperature and atmosphere directly depends on the
initial structure of the resulting PtCo/C catalyst. Most researchers are of the opinion that
higher treatment temperatures for PtCo/C catalysts (≥700◦C) in a reducing atmosphere
are necessary.
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3.4. PtNi/C Catalysts

PtNi-containing catalysts on a nanotube support were studied in [103]. Heat-treatment
conditions were N2, 30 min, 200 and 400 ◦C. The catalysts were synthesized by the polyol
method using ethylene glycol as a as solvent and reducing agent. The authors note that,
according to XRD results, with an increase in the heat treatment temperature, the Pt
{111} peak for PtNi/FCNTs catalysts shifts towards smaller 2θ angles compared to the
“as prepared” sample, especially for catalysts treated at a temperature of 400 ◦C. This is
explained by the phase separation between Pt and Ni because of the formation of nickel
oxides during the heat treatment. Thus, in this case, there is no additional alloying of
metals and a decrease in the interatomic distance. Except for PtNi (1:1), all bimetallic
samples show almost no features of hydrogen adsorption/desorption in the second CV
(after oxidation of the CO monolayer). However, after heat treatment, the peaks appear
much stronger, which indicates the formation of the surface enriched in platinum. In
addition, for almost all PtNi/FCNT electrocatalysts, despite an increase in the size of NPs,
ESA increases after heat treatment, as in [104]. Since only surface Pt is detected during ESA
measurements and no Ni, these results confirm the assumption of a more Pt-rich surface
after heat treatment at 400 ◦C [105]. XPS indicated a very high Pt:Ni ratio; however, these
values decreased after heat treatment. The nickel-depleted surface with structural changes
and its segregation after heat treatment corresponds to this model. In this way, the authors
prove a PtNi alloy core surrounded by a platinum-enriched shell with some nickel oxides
present on the outside. Heat treatment at 400 ◦C in an N2 atmosphere also led to phase
separation/restructuring of the catalysts [106]. Heat treatment at 200 ◦C increases the mass
activity for most PtNi/FCNT catalysts, but at 400 ◦C, it sharply decreases compared to
the “as prepared” catalyst. However, materials treated at 400 ◦C are more stable after
200 cycles in the range of 0.2–1 V vs. Ag/AgCl. As noted in [96,97], if it is necessary to
maintain a certain shape of the particles, the heat treatment should be performed very
carefully. In [107], the authors indicate that stepwise heating to 800 ◦C in an air atmosphere
transforms the precursor into a disordered nanoalloy PtNi. Then, upon subsequent slow
cooling to 400 ◦C, a partially ordered structure is obtained. A disordered nanoalloy takes
time to restructure. The atoms slowly migrate from their random positions to their energy-
preferred positions in the unit cell, forming an ordered alloy structure. The authors note
the importance of the cooling rate. Thus, to achieve complete ordering, it is necessary to
cool the alloy to room temperature relatively slowly. With rapid cooling, only a disordered
structure is obtained. Thus, not only do the heating rate and holding time during heat
treatment affect the structure of the obtained materials, but so do the conditions for cooling
the samples after treatment.

The authors of [106] describe the influence of the heat treatment atmosphere (vacuum,
air, Ar, N2, and H2) and the treatment temperatures (250, 300, 350, 400 ◦ C for 30 min).
It has been established that the ESA does not change during treatment in a vacuum; it
changes little in air, but the width of the double-layer region increases. In Ar, it sharply
decreases at temperatures above 300 ◦C, and the shape of the CV changes too. These data
are confirmed by the determination of the ESA by CO-stripping. The catalytic activity in a
vacuum gradually decreases; when treated in air, it decreases by 2 times at a temperature
of 350 ◦C (more than in a vacuum). The activity during treatment in an Ar atmosphere
decreases significantly following the ESA, especially at a temperature of 400 ◦C (a sharp
drop in activity at ≥350 ◦C). The heat treatment of the catalyst in argon caused a clear
nickel segregation on the surface along with the formation of a thin carbon layer at ≥350 ◦C,
which covers the catalyst surface, resulting in a decrease in ESA and activity. The formation
of an amorphous carbon layer on metal NPs was proved by subsequent treatment at 280 ◦C,
which led to an increase in ESA.

Catalysts with a trimetallic NPs structure and the effect on its heat treatment are also
of particular interest. For example, in [108], the heat treatment of Pd@Pt–Ni-containing
catalysts was carried out in an H2 atmosphere for 3 h at 80–300 ◦C. When treated at
temperatures from 80 ◦C to 250 ◦C, the Pd core was covered with a Pt–Ni shell layer, and all
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feature reflections on XRD were between the reflections of Pt and Ni. As the temperature
increases, the degree of crystallinity improves, and the diffraction peaks do not shift. When
the temperature rises to 300 ◦C, a peak of reduced nickel from oxide appears. This indicates
Ni segregation, which means the incomplete insertion of Ni atoms into the Pt lattice and
the incomplete formation of the alloy. With an increase from 80 ◦C to 200 ◦C, the size
of the catalyst particles remained almost unchanged. At temperatures above 200 ◦C, the
number of atoms (Pt+Ni) on the NPs surface is much greater than that of Pd. This shows
that a suitable treatment temperature can provide energy for atomic migration, making
Pt-Ni a more uniform coating on the Pd core surface. This contributes to the formation of a
core–shell structure consisting of Pd as the core and Pt+Ni as the shell. A temperature of
300 ◦C is unsuitable for the heat treatment of Pd@Pt-Ni/C, while treatment at 200 ◦C has
the highest mass (0.39 A·mg−1 Pt) and specific activity (0.69 mA·cm−2 Pt).

Thus, heat treatment of Ni-containing catalysts should be carried out with caution at
temperatures > 300 ◦C due to the segregation of Ni, its oxides and Pt at these temperatures.
In addition, as noted above, in the case of PtNi-containing catalysts, the composition of the
atmosphere during treatment plays a very important role.

3.5. PtCu/C Catalysts

Heat treatment at various temperatures (N2, 500, 700, 875 ◦C, 1 h) of PtCu3 materials
obtained by various synthesis methods was carried and led to changes in the crystal
structure of Pt-Cu alloys [86]. Based on the chemical composition (Pt0.25Cu0.75) and the
phase diagram of Pt-Cu systems, there is a high probability that ordered PtCu3 or PtCu
phases are formed during the heat treatment [72,98]. With an increase in the heat treatment
temperature, an alloying process took place, leading to the formation of an ordered PtCu3
phase. In the case of the Pt-Cu/C-IMP sample (impregnation synthesis method), this
process started at 500 ◦C and ended at 700 ◦C. The main structure of the Pt-Cu/C-IMP
sample after heat treatment at 700 ◦C and 875 ◦C is intermetallic PtCu3. An increase in
the treatment temperature of the Pt-Cu/C-SC (impregnation in the presence of sodium
citrate additive) samples led to different patterns. New peaks were observed at ~20.5◦

and ~39.1◦ after treatment at 500 ◦C, which indicates the formation of an ordered trigonal
crystal structure of PtCu at this temperature. There are also reflections related to the PtCu3
phase. The analysis of XRD shows that, in each group of Pt-Cu samples after treatment at a
temperature of 700 ◦C, a well-ordered structure crystal structure was formed [109,110]. The
ordered PtCu3 structure was formed in the Pt-Cu/C-IMP samples, while the mixed ordered
PtCu and PtCu3 phases were formed in the Pt-Cu/C-POL (microwave-assisted polyol
method) and Pt-Cu/C-SC samples. The highest activity was measured for Pt-Cu/C-POL
samples treated at 700 ◦C for 1 h.

The authors of [111] perform heat treatments at higher temperatures than previously
described—800 ◦C, 900 ◦C and 1000 ◦C for 10 h in an atmosphere of N2/H2 (9:1 in volume).
Typical diffraction peaks in heat treated samples are clearly identified as an intermetallic
phase PtCu3 due to the transition of oxidized Cu to metallic. At the same time, the
atomic fraction of Pt on the surface gradually increases with an increase in the heating
temperature. The best performance is shown by PtCu3/C-1000: the methanol oxidation
reaction (MOR) activity of the catalysts is 4.6 times higher than that of the commercial Pt/C
catalyst. The authors explain the high activity of PtCu3/C-1000 by a decrease in the Pt-M
bond length [112]. Moreover, PtCu3/C-1000 also shows better stability, explained by the
Pt-enriched surface, which can effectively prevent Cu dissolution.

The effect of heat treatment PtCu/C catalysts at temperatures of 250, 280, 300, 350 ◦C
(1 h, Ar) was studied in [87]. The catalysts were prepared by the borohydride synthesis
method. According to the EXAFS spectroscopy data of materials, heat treatment at 250 ◦C
leads to the destruction of the core/shell interface [113], and heating of the same duration at
higher temperatures leads to a less or more pronounced destruction of this architecture (the
formation of a solid solution), the aggregation of NPs, and ordering of the alloy structure
(formation of intermerallide). Heat treatment is accompanied by partial carbothermal
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reduction of CuO inclusions to copper atoms, which are part of the NP. At the same
time, after treating the material in the temperature range of 280–300 ◦C, platinum atoms
still preferentially segregate in the surface layer. An example of the rearrangement of an
individual PtCu bimetallic particle under the influence of an electron beam in a microscope
is shown in Figure 6. This determines the optimal nature of the development of the
NPs surface during the electrochemical activation of PtCu_280 and PtCu_300 samples,
its enrichment with platinum, and relatively high catalytic activity. These samples are
also characterized by minimal selective dissolution of copper. Increasing the treatment
temperature to 350 ◦C leads to aggregation and increasing the NPs size, to increasing in the
surface concentration and the rate of selective anodic dissolution of copper, to decreasing
the ESA and mass activity in the ORR. Thus, from the point of view of the catalysts’
maximum activity, the optimum temperature was about 280 ◦C. Additionally, in [84], the
PtCu/C catalyst treated at 350 ◦C shows a 1.3-times increase the ORR activity compared to
the “as-prepared” sample. This temperature is optimal, since already at 450 ◦C, the ORR
activity of the catalyst has declined.
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The growth of NPs at 500 and 800 ◦C (Ar and vacuum) was shown in situ [114]. The
PtCu3/C catalyst was prepared by a double passivation galvanic displacement method.
The authors note that NPs do not change their position up to 500 ◦C but become more
spherical [105]. The size of Pt-Cu NPs also slightly increases, while large acicular CuO
NPs decrease in size, presumably due to the copper enrichment of Pt-Cu NPs. When
the temperature was raised to 800 ◦C, the size of the NPs increased further, the particles
changed their position, and the shapes became more irregular. After heating from 500 ◦C
to 800 ◦C, the authors conclude that, in this particular case, the dominant mechanism of
NP growth is fusion rather than Ostwald ripening, since the NPs physically move and
then sinter. The authors note that when heated in situ to 800 ◦C, a significant drop in the
copper content was observed. This conclusion is in sharp contrast to ex situ observations,
indicating further Cu enrichment upon heating to 800 ◦C. The authors suggest that, in the
present experiment, the rapid and almost complete loss of Cu at 800 ◦C is a consequence of
the microscope operation in a low pressure (high vacuum) medium (1 × 10−5 Pa). It can be
seen from the phase diagram (stability of Cu, Cu2O and CuO as a function of temperature
and oxygen partial pressure) that only the Cu phase is stable in a vacuum at 800 ◦C. The
authors point out that the migration of Cu is due to diffusion (the system needs to achieve
the chemical composition equilibrium). At the same time, the process of individual atoms’
incorporation into the Pt-Cu crystal lattice is presumably due to both the lower enthalpy
and the lower surface energy of the NPs compared to individual atoms. Cu enrichment
in the case of ex situ observation is also responsible for the initial growth of Pt-Cu NPs
at moderate temperatures (up to 500 ◦C); when heated to 800 ◦C, growth occurs mainly
due to coalescence. However, the authors do not evaluate the electrochemical activity of
catalysts, which is an important factor in studying the effect of heat treatment.



Catalysts 2022, 12, 638 20 of 29

The effect of heat treatment on the structure and activity of trimetallic Cu-containing
catalysts is also of interest for research. Thus, the effect of heat treatment in an inert
atmosphere at 300 ◦C on the structure and activity in the methanol oxidation reaction of
the obtained PtCuAu/C materials was studied in [89]. A decrease in the active surface area
and activity in the methanol oxidation reaction after heat treatment was shown.

Thereby, in the case of PtCu/C catalysts, the ordering of the NPs is also important.
There are different variants of intermetallic compounds formed as a result of heat treatment;
therefore, for copper, the initial composition of NPs is important. Additionally, for PtCu-
containing catalysts, a wide range of optimal temperatures is set—from 280 to 1000 ◦C.

3.6. PtCr/C Catalysts

Among the alloying components, Cr is used much less frequently than Cu, Ni, and
Co, but there are a few publications that have presented the greater stability of PtCr/C
materials [115–117]. Therefore, despite the relatively small number of works on the heat
treatment of PtCr/C, these materials will also be considered in the review.

The heat treatment of the Pt3Cr/C catalyst in H2 (reductive) and N2 (inert) atmo-
spheres at 900 ◦C for 2 h was performed in [118]. The Pt3Cr/C catalyst was synthesized by
the borohydride synthesis method. After heat treatment in an H2 atmosphere, according to
XRD data, an additional Cr2O3 phase is formed, while this oxide is not formed during treat-
ment in an N2 atmosphere. Additionally, according to the results of XRD, heat treatment in
both atmosphere causes particle sintering but promotes the alloying of the second metal
into the Pt structure. The ORR activity of the heat-treated catalysts increased by 1.2 times
in comparison with the untreated catalysts. However, the Pt3Cr/C(H2) catalyst exhibits
low stability compared to other Pt3Cr/C catalysts, which is probably due to the presence
of Cr2O3 in the structure. Thus, the authors consider treatment under N2 atmosphere at
900 ◦C to be the optimal conditions for the treatment of this catalyst type.

In [119], the heat treatment of the PtCr/C catalyst was carried out in the range of 500,
700, and 900 ◦C in an N2 atmosphere for 2 h. The PtCr/C catalyst was prepaid by the
seeding/impregnation method using NaBH4. According to XRD results, the peaks of the
Pt with FCC structure shift towards large 2θ angles as the temperature increases, which
indicates the fusion of metal components. An increase in the NPs size due to agglomeration
is also observed, which led to a decrease in the ESA for all heat-treated catalysts except for
PtCr/C-500. The ESA value of PtCr/C-500 increased by a factor of 1.15, which the authors
attribute to the elimination of the catalyst amorphous structure; the activity value increased
compared to the non-treated material. Additionally, the PtCr/C-500 catalyst is more stable
than other PtCr/C samples presented in the paper. The PtCr/C-900 catalyst exhibits a
higher ORR activity compared to other heat-treated catalysts, presumably due to the high
degree of alloying. However, it has poor stability (1.31 times lower than PtCr/C-500) in
acid medium after 1000 cycles. Therefore, the authors consider a temperature of 500 ◦C to
be optimal.

The heat treatment of PtCr/C catalysts in an atmosphere of 10% H2/90% N2 at 700,
900, and 1100 ◦C for 2.5 h was carried out in [120]. With an increase in the treatment
temperature, the degree of the metal components alloying increased too, and as a result
of the stability test, the amount of dissolved Cr ions decreased. The catalysts after heat
treatment at 900 ◦C showed the highest mass activity (an increase by 2.9–3.3 times compared
to the initial values), as well as higher stability compared to other materials.

3.7. Comparison of Catalysts Heat Treatment Alloying with Various D-Metals

When comparing the effect of catalysts heat treatment alloying with various d-metals,
it should be noted that the various methods for preparing catalysts and various approaches
to assessing their structure and activity are used in publications. Therefore, in our opinion,
the most effective way to compare the influence of alloying components is to analyze
publications where the effect of heat treatment on the structure and functional properties of
PtM/C (where M=Cu, Co, Cr, Ni, Fe, Pd, Au) catalysts is studied in one work.
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The authors of [80] note the high specific activity of PtCo- and PtCr-containing cat-
alysts after heat treatment for 5 min at 900 ◦C in an H2/Ar flow (5.2 mol.% H2). The
catalysts were synthesized by the borohydride synthesis method. The relative order of
specific activity in the ORR of heat-treated catalysts was PtCo/C-900 > PtCoCr/C-900 >
PtCr/C-900 > Pt/C-900 > Pt/C, while mass activities were Pt/C > PtCr/C-900 > Pt/C-900
> PtCoCr/C-900 > PtCo/C-900 (see Table 3). This trend can be explained by the ESA values,
which showed that a Pt-Cr alloy resulted in a Pt-rich catalyst surface than a Pt-Co alloy. The
authors point out that, in the PtCoCr/C-900 catalyst, intermediate properties (ESA, mass
and specific activity in the ORR) are established between the PtCo/C-900 and PtCr/C-900
catalysts, which suggests the electrochemical properties of the PtCoCr/C-900 catalysts can
be controlled by varying the amounts of Co and Cr.

The effect of heat treatment in the temperature ranges from 650 ◦C to 900 ◦C for 7 h
in a reducing atmosphere containing 4 vol. % H2/96 vol. % Ar was investigated in [94].
The de-alloyed PtCo3 electrocatalyst (800 ◦C/7 h) shows 3 times higher mass activity and
4–5 times higher specific activity in calculation than 28.2 wt.% Pt/C. The de-alloyed Pt–Co
catalysts (800 ◦C/7 h) demonstrate the most favorable balance between mass and specific
activity. The research results indicate that an increase in the treatment temperature causes
an increase in the particle size at a given heat treatment time but does not cause additional
incorporation of Co into the alloy and, consequently, a decrease in the lattice parameter of
the alloy [121]. In the case of Pt and Cu, it shifted towards higher 2θ angles compared to
the angles of pure Pt, which indicated a decrease in the lattice parameter and the formation
of a copper-rich Pt-alloy, as in [84], where the activity in the ORR is placed in the following
order: Pt-Cu/C (350 ◦C) > Pt-Fe/C (350 ◦C) > Pt-Ni/C (350 ◦C) > Pt-Co/C (250 ◦C) >
Pt/C (350 ◦C). Voltammetry dissolution of a less noble metal can also lead to an increase in
surface roughness. An increase in the total surface area of the particles can also contribute
to an increase in mass activity. Thus, the authors note the possibility of increasing the ORR
activity caused by surface roughness.

In [81], two different heat treatment conditions were used: (1) to create a completely
ordered structure, the NPs were subjected to heat treatment at 500 ◦C for 1 h in H2/Ar
atmosphere; (2) for the segregation of Pt atoms on their surface to further increase the ORR
activity, heat treatment was carried out at 150 ◦C for 1 h in CO atmosphere (99.9%). After
heat treatment at 500 ◦C H2/Ar, the NPs strongly agglomerated, and their size increased
significantly. In the case of PtAu/C-500, ESA decreased by a factor of 5; in the case of
PtPd/C-500, by a factor of 1.6; the ORR activity also decreased by a factor of 9 and 1.6,
respectively. Due to heat treatment at 150 ◦C in CO atmosphere, structural modifications
occurred for PtAu/C NPs, leading to an increase in the fraction of Pt {111} and an increase
in the atomic fraction of Pt on their surface. There is also an increase in ESA and ORR
activity of the PtAu/C-CO catalyst by a factor of 1.3. In the case of the PtPd/C samples,
the surface and bulk compositions were almost the same in all cases, which means that
there was no change in the surface composition upon heat treatment. For PtPd/C NPs,
heat treatment in CO atmosphere reduces the d-band center of Pt, which facilitates the
mechanism of the MOR. The PtPd/C-CO sample exhibits an increased activity in the ORR
(1.3 times higher than the initial one).

In [122], heat treatment was carried out in the range from 30 to 800 ◦C in an H2 at-
mosphere. It has been established that, at 100 ◦C, PdCu nanoparticles are characterized
by an FCC-structure. At temperatures of 200 ◦C and 400 ◦C, PdCu nanoparticles phase
segregation into a mixture of FCC with a disordered structure and a BCC with ordered
structure are seen. The catalyst after heat treatment at 100 ◦C exhibits the highest mass
activity (4 times higher than that of the other studied catalysts and 8 times higher than com-
mercial Pd/C). With an increase in the treatment temperature, the mass activity decreases
significantly. On the contrary, the value of specific activity at temperatures above 400 ◦C
increases. The authors indicate that the surface with the FCC structure (100) contributes to
an easier breaking of the O–O bond due to structural effects, and it significantly increases
the activity in ORR.
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In [123], heat treatment was performed at 250, 300, and 350 ◦C for 1 h in Ar atmosphere.
The catalysts were synthesized by wet synthesis using NaBH4 as a reducing agent. In the
case of heat treatment of Cu-containing catalysts, a significant enlargement of NPs (by a
factor of 5–5.6) occurs; for PtCo- and PtNi- containing catalysts, by a factor of 2. In the case
of Pt1.0Co/C and Pt2.7Ni/C catalysts, the mass activity in the ORR increased by a factor of
2–2.5 after heat treatment at 350 ◦C.

The heat treatment at 900 ◦C for 2 h in an N2 atmosphere was carried out in [124].
The catalysts were prepared by the borohydride synthesis method. The degree of alloying
was arranged in the order H-PtCo/C > H-PtCr/C > PtCo/C > PtCr/C > H-PtPd/C >
PtPd/C. The H-PtCr/C and H-PtCo/C catalysts showed higher corrosion resistance than
the PtCr/C and PtCo/C catalysts, while the H-PtPd/C catalyst showed lower corrosion
resistance than the PtPd/C catalyst. The authors attribute the low stability of the H-PtPd/C
catalyst to its well-ordered state. It was considered the H -PtCo/C catalyst to be the most
suitable catalyst for FC.

In [125], the heat treatment of a trimetallic Pt-Co-Ni/C system was carried out at
500, 600 and 700 ◦C for 2 h in a H2 atmosphere. The authors point out that in the Pt-Co-
Ni alloy, the ordered intermetallic phase PtCo rather than PtNi predominates, while the
Co/Ni atomic ratio and treatment temperature are the key to increasing the proportion
of the PtCoxNi1−x/C intermetallic phase. For PtCoxNi1−x/C catalysts, PtCo0.5Ni0.5/C
showed a significant increase in activity and stability in the electrooxidation of formic
acid, which is explained by the optimal geometric and electronic structure, as well as
the ordered structure. Meanwhile, PtCo0.5Ni0.5/C-700 is more active and stable than
PtCo0.5Ni0.5/C-500 and PtCo0.5Ni0.5/C-600 due to the increased degree of ordering. In
addition, ordered PtCoxNi1−x/C intermetallic catalysts show a notable improvement in
stability compared to an ordered intermetallic PtCo/C electrocatalyst. This is explained by
the presence of Ni in the ordered catalysts PtCoxNi1−x/C very likely prevents Co leaching
in the acid solution to maintain the ordered structure.

Thus, catalysts heat-treated at temperatures of 600 ◦C and above, in which Co is the
alloying component, are most widely used. However, there is a small number of works
describing heat treatment at a lower temperature of PtCo-containing catalysts, which also
showed high performance. However, as previously stated, the optimal conditions for
PtNi/C catalysts are not optimal for PtCo/C catalysts. In this case, comparing them with
each other has some inaccuracy. The choice of optimal heat treatment conditions directly
depends on the nature of the alloying component.

4. Combination of Various Types of Pre-Treatment

In several publications, there are several treatment types for the obtained samples. A
combination of acid treatment and subsequent heat treatment is often used, due to which
nanoparticles with a core–shell structure with a thin platinum shell are formed [81,99,126,127].
It has been shown that the defective surface of NPs formed after acid treatment is ordered
during heat treatment, resulting in a significant increase in catalytic activity [127]. For exam-
ple, for PtNi/C catalyst acid treatment in acetic acid, after synthesis, a platinum-enriched
surface on octahedral Pt-Ni NPs is formed [127]. During subsequent heat treatment at
300 ◦C, a Pt-enriched surface is first formed, and then, at high temperatures of 500 ◦C, the
formation of a Ni-rich surface is observed. The sample after acid treatment followed by heat
treatment at 300 ◦C showed a higher activity in the ORR (by a factor of 1.3) than the sample
after acid treatment. The sample after acid treatment followed by heat treatment at 500 ◦C,
which showed the least ORR activity, remained stable after 4000 cycles, that was probably
due to a change in the octahedral shape to a more spherical one. Additionally, in [99],
for PtCo/C catalysts, due to the combination of acid and heat treatment, the maximum
power density increases by 30% compared to the untreated sample. The maximum power
density loss of the acid+heat-treated catalyst is 9%, while the PtCo/CN catalyst loses 28%
of initial maximum power density. Additionally, some sources describe a combination of
heat treatment followed by acid [96,128], where acid treatment is used to remove residual
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base metal atoms on the platinum shell. It is worth noting the importance of choosing the
right processing conditions, since a high temperature can lead not to the improvement
of the platinum shell, but to the formation of solid solution NPs and, due to the mutual
diffusion of atoms, to a significant increase in the NPs size, and, consequently, to a decrease
in the ESA.

In our opinion, a very successful and significant achievement implemented within the
framework of the “alloy/de-alloy” approach is the work of scientists from the Argonne
National Research Laboratory, USA, in which framework Pt3Ni NPs with high catalytic
activity in the ORR were obtained from the original octahedral PtNi3 NPs [129,130]. Initially,
the authors obtained NPs of the PtNi3 alloy. The formed nanocrystals had the shape of
classical polyhedra, the edges of which are enriched with Ni atoms. Then, alternating
certain methods of heat and acid treatment, the researchers dissolved the “excess” nickel
from the NPs body, from which only the framework remained. The former edges of the
crystals forming this framework had a Pt3Ni composition, in which the platinum atoms
were segregated mainly on the surface of the nanoframework particles and protected the
“internal” nickel atoms from dissolution in the electrolyte. The edges of nanocrystals contain
much more active centers per unit surface than the faces. As a result, the electrocatalytic
mass activity of actually hollow framework NPs in the ORR was about three times higher
than that activity of ordinary platinum NPs. The stability of such NPs, according to the
authors of [131], also turned out to be very high. However, according to an authoritative
review (article) [132], the commercial use of such catalysts seems to be problematic, due to
the complexity of scaling the multi-stage process.

5. Conclusions

Based on the results of the publications analysis, it can be concluded that the chemical
or electrochemical activation of bimetallic catalysts has a significant effect on their composi-
tion, microstructure, and catalytic activity in the ORR. At the same time, there is no clear
understanding of the corrosion conditions influence on the composition and architecture
of bimetallic NPs smaller than 5 nm. Studies devoted to establishing the effect of the
electrochemical activation conditions on the subsequent behavior of bimetallic catalysts
and, in particular, on their activity in the ORR, are fragmentary. The review found that the
optimal conditions for acid treatment, in terms of increasing activity in the ORR, is exposure
to dilute nitric acid. Note that the electrochemical activation of bimetallic platinum-based
catalysts has a greater effect on the ORR activity, compared with treatment in various acids.
The stage of electrochemical activation is recommended for use as a mandatory catalyst
pre-treatment to obtain highly active de-alloyed materials. Nevertheless, the problems of
scaling up the electrochemical treatment of catalysts for commercial applications of such
materials remain unresolved.

The analysis of publications data on the heat treatment of platinum-containing cat-
alysts showed that the choice of optimal heat treatment conditions directly depends on
the alloying component nature. Thus, higher temperatures (≥700 ◦C) are preferred for
treating PtCo/C catalysts, in contrast to PtNi/C materials, for which it is not recommended
to use treatment temperatures above 300 ◦C due to the metal segregation. At that time, for
PtCu/C catalysts, there are very big disagreements in the publications about the optimal
treatment temperature, which depends on the bimetallic nanoparticles composition.

One of the promising types of catalysts pre-treatment is a combination of acid and
heat treatment, which can significantly increase the activity of materials.
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Abbreviations

FC Fuel cells
PEMFC Proton exchange membrane fuel cells
MEA Membrane-electrode assembly
CV Cyclic voltammogram
ESA Electrochemically active surface area
ORR Oxygen reduction reaction
RHE Reversible hydrogen electrode
ICP Inductively Coupled Plasma
EDX Energy dispersive X-ray
HAADF STEM High-angle annular dark-field scanning transmission electron microscopy
XRD X-ray diffraction
XPS X-ray photoelectron spectroscopy
TEM Transmission electron microscopy
FCC Face centered cubic
FCT Face centered tetragonal
BCC Body-centered cubic
HSAC High surface area carbon
EXAFS Extended X-ray absorption fine structure
FCNTs Functionalized multi-walled carbon nanotubes
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