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ABSTRACT

Activity, cost, and durability are the trinity of catalysis research for electrochemical oxygen
reduction reaction (ORR). While studies towards increasing activity and reducing cost of ORR
catalysts have been carried out extensively, much effort is needed in durability investigation of
highly active ORR catalysts. In this work, we examined the stability of a trimetallic PtPdCu
catalyst that has demonstrated high activity and incredible durability during ORR using density
functional theory (DFT) based computations. Specifically, we studied the processes of
dissolution/deposition and diffusion between surface and inner layer of Cu species of PtygPd,oCug
catalysts at electrode potentials up to 1.2 V to understand their role towards stabilizing
Pty0Pd,oCug catalysts. The results show there is a dynamic Cu surface composition range that is
dictated by the interplay of the four processes, dissolution, deposition, diffusion from surface to
inner layer, and diffusion from inner to surface layer of Cu species in the stability and observed

oscillation of lattice constants of Cu-rich PtPdCu nanoalloys.
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Introduction
Research on heterogeneous catalysis has centered on the investigations of three facets of catalysis:
activity, cost, and durability. Although these three aspects of catalysis are closely correlated, the
first phase of catalysis research often focuses on searching for highly active catalysts. Catalysis of
ethanol oxidation is mainly at this stage of research due primarily to the complexity of the
reaction:!3 There are 46 reaction pathways to remove H atom*®¢ and 24 to break C-C bond®?® in
ethanol oxidation. Therefore, the complex reaction network of ethanol oxidation requires
tremendous efforts to investigate the activities of a catalyst. On the other hand, catalysis studies of
oxygen reduction reaction (ORR) have entered well into the second phase of research, i.e. reducing
cost by reducing Pt usage® or searching for Pt free!® or even metal free ORR catalysts.!!> 12
Furthermore, efforts in the third phase of ORR catalysis, i.e. developing highly durable catalysts
with high activity and low cost, have recently increased. Development of the highly active, cost-
effective, and yet very durable Ptyy Pd,yCugo ORR catalysts is the result of such an effort.”
Durability of a catalyst can be affected by many factors, such as carbon corrosion, catalysts
dissolution, and particle sintering.!?- '* For instance, sintering of Pt nanoparticles was found to be
due to Ostwald ripening via the formation of volatile PtO,"> or influence of crystal facets.!®
Sintering can also occur when there are weak interactions between catalysts and their support.!7- 18
In addition to sintering, dissolution is also another important factor related to the stability of
catalysts.!® Experimentally, studies of nanoparticle during catalysis under operando conditions
have provided invaluable information on the stability and transformation of catalysts.?® Time-
resolved dissolution study!® and imagining elemental inhomogeneity of nanoparticles?!' are the
most recent tools to investigate the stability of catalysts. Computationally, progress has been made

in the study of degradation mechanism including using nonmonotonic dynamics theory to describe

Page 2 of 19



Page 3 of 19

Faraday Discussions

the Ostwald ripening in nanoparticle catalysts??> and using DFT based methods to study
dissolution?} and model the correlation between stability of nanoparticles and the size, shape, and
composition.?*

Alloying has been demonstrated as an effective strategy to enhance the stability of catalysts.
For instance, PtNi-based catalysts?® possess significantly enhanced stability for ORR and PdAu/Pt
for methanol oxidation.?® Furthermore, core-shell structure is often utilized to prevent leaching of
non-noble metal from catalysts and therefore enhancing the durability of the catalyst. Examples of
the core-shell catalysts are Cu@Pt,?’ Pt-Co@Pt,?® Ni/PtAu,?® and Cu@PtPd3° that have exhibited
great durability for ORR. The mechanism of utilizing core-shell structure is the formation of a
protective Pt layer to enhance the catalyst durability. While the core-shell structure of
nanoparticles provides good stability, Pt or PtPd content is often needed to be above 50% in order
to form a shell for particles of 5 nm, which limits the efforts to further lowering the Pt usage.
Alternative is to develop base-metal rich but random alloy nanoparticles beyond core-shell
structure with a Pt or PtPd content of lower than 50%. This strategy is based on a different
mechanism than that for the core-shell structure, that is the existence of a stable phase in the
random alloy nanoparticles rather than core-shell structure at certain range of compositions.
Explorations on the range of compositions with less than 50% of Pt or PtPd content of highly active
catalysts would be crucial. Previous work indicated that such a strategy is feasible. For instance,
doping Au clusters can enhance the stability of Pt nanoparticles.3! Introduction of a third metal Mo
to Pt;Ni nanoparticles®? also enhances their stability. Our expedition toward this led to the
discovery of trimetallic PtyoPd,oCugo nanoparticles show high active and durability for ORR.’

After 50,000 cycles of accelerated durability test, mass activity of PtyoPd,oCugy nanoparticles

still remained at 99.8% of the initial activity.® Moreover, random alloy phase of the Pt,oPd,Cugg
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nanoparticles withstands during catalysis as shown from the high resolution high-angle annular
dark-field scanning transmission electron microscopy and electron energy loss spectroscopy
elemental mapping of the catalysts. With the encouraging results, it would be important to fully
understand the mechanism of the high durability of these nanoparticles for future development of
even better catalysts. As such, in this work, we performed density functional theory (DFT) based
computations to study the highly active trimetallic Pty(Pd,oCugy nanoalloys in order to provide a
molecular understanding of their high stability under electrochemical environments. The leading
impetus of this work is to investigate the role of dissolution/deposition and interlayer diffusion of
Cu species in the durability of PtygPd,oCugy nanoparticles.’

Specifically, we performed DFT calculations to obtain energetics related to the dissolution,
deposition, and diffusion processes as shown in Fig. 1 at different electrode potentials. To explore
the effect of surface composition to the stability of the nanoparticles, we fixed the overall
composition of the nanoparticles at 20, 20, and 60 for Pt Pd and Cu, respectively but varied the
surface compositions. Surface energy and free energies of the catalysts with different surface
compositions were obtained. Using the DFT obtained energetics, we performed kinetics
simulations to obtain the rates of these processes. We note that sintering process is not considered
in this work based on the experimental observations, i.e. the size of nanoparticles changed only

slightly from the initial ~5.5 nm to ~5.8 nm after 20,000 cycles.’

R4, RL,
“R3 “R2
electrode electrode electrode

Fig. 1 Schematic description of dissolution (R1), deposition (R2), Cu interlayer diffusions, i.e. diffusion from surface
to inner layers (R3) and diffusion from inner layers to surface (R4) in the PtPdCu nanoparticle under electrochemical
environment. Brown, dark blue, and blue balls denote Cu, Pt, and Pd atoms, respectively. Red smaller balls represent
adsorbed species such as H*, OH", or O under different electrode potentials.

4
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Methodology and computational details

The energetics of the dissolution/deposition and interlayer diffusions of Cu species of Ptyq Pd;oCugg
nanoparticles was obtained from DFT calculations. Experimentally, the nanoparticles are about
5.6 nm, which consists of ~5000 atoms. Furthermore, many low index facets, such as (111), (100),
and (110), are present depending on the electrode potential. In this work, our model catalyst
consists of a periodic slab with the (111) surface of PtPdCu with a composition of 18.75%(Pt),
18.75%(Pd), and 62.5%(Cu) and one of its configurations is shown in Fig. 2. The periodic slab has
five layers with 15 A of vertical vacuum space to eliminate the interaction between the slab and
its periodic images. In the DFT calculations, the top two layers of the model catalysts were allowed

to be fully relaxed without any constraints in the calculations.

Fig. 2 The top view (left) and side view (right) of the model catalyst. Dark blue, blue, and brown balls represent Pt,
Pd, and Cu atoms, respectively.

The exchange-correlation interactions were described using the Perdew-Burke-Ernzerhof

(PBE) functional.? Projected augmented wave (PAW) potentials were used to depict the effective
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core potentials of atoms.* 35 A plane-wave basis set was used with a cutoff energy of 400 eV. A
(2x2x1) Monkhost-Pack grid was used for the Brillouin zone. The convergence in optimization
calculations was reached when the Hellmann-Feynman forces were less than 0.02 eV/A. All the
DFT calculations were carried out using VASP.3% 37 These DFT calculations are very similar to
our previous work on the studies of trimetallic PtVFe catalysts,?® bimetallic catalysts, CuPt/Pd>:
40 and NiPd,*' and pure metal catalysts, Pd*>»43 and Cu.*%

Based on the DFT energetics, we performed kinetics simulations for dissolution, deposition,
and diffusions of Cu species. For all four processes, the rate constant (k) is calculated by the

following general form with the parameters provided in the result and discussion:
k= AeAC/RT (1)

where A, AG, R, and T are the prefactor, activation free energy, gas constant, and temperature,

respectively.

Results and discussion

Although trimetallic nanoparticles have been used as catalysts*® and for sensing purposes,*’
studies on their stabilities are much lacking due to the complicated nature of the nanoparticles after
a third element is introduced. In an attempt to understand the stability of trimetallic nanoparticles,
in this work, we carried out DFT calculations on model catalysts with different surface
compositions of PtPdCu(111) with a bulk composition of 18.75%(Pt), 18.75%(Pd), and
62.5%(Cu). Based on the DFT results, we then performed kinetics simulations for the dissolution,
deposition, and diffusions from the first layer to the inner layer and from inner layer to the first

layer of Cu species. The results are presented and discussed below.
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Surface energy at various electrode potentials

Nanoparticle dissolution/deposition depends on many physicochemical factors, such as size,
shape, composition.*® As dissolution/deposition are closely related to the stability of nanoparticles,
there are a lot of efforts being devoted to their studies, such as Cu,O anodic dissolution,*
dissolution and deposition of Cu*® and other transition metals,’! and Ni-based nanofilms.>?
Dissolution was also found to be dependent on pH,33- 54 bio condition for Au nanoparticles,> and
morphology.>® The driving force for dissolution/deposition of a nanoparticles at different electrode
potentials can be divided into two parts. One is the direct driving force of the overpotential and the
second is the chemical potential that is directly related to the surface energy of the nanoparticles.
The surface energy changes with the electrode potential as different species can adsorb to the
surface of nanoparticles and the ratio of facets can also be influenced. McCrum et al calculated the
surface energies at different electrode potentials and their DFT results show the effect of electrode
potential on the type and ratio of adsorbed species and the ratio of Pt(111), Pt(100), and Pt(110)
surfaces,’” which indicated that at electrode potentials of 0.2-0.8V, the bare surface energy for
(111) surface can be used. We calculated the surface energy (y) at the electrode potential (U)

ranging from 0.8-1.2V based on the following equation:>’

2|e|lU
V(U) =VYbare — "7 (2)

where Yy, 1S the surface energy of the bare model catalyst surface with a surface area of A. We
note that the electrode potential can also affect on surface energy through surface adsorption
reactions that are neglected in this work, but would be interesting to future studies. The calculated

surface energy of the model catalyst as a function of electrode potential is shown in Fig. 3.
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Fig. 3 Surface energy (y) as a function of electrode potential (U) ranging from 0.2-1.2V. The surface energy is the
same as the bare surface energy from 0.2-0.8V.

While the surface energies shown in Fig. 3 are for bare nanoparticles till 0.8 V and the effect
of the adsorbed O species is added when the potential is above 0.8 V. In the kinetics simulations
in this work, we used the surface energy at 0.9 V, which is the experimental condition.® Also, the
DFT calculations are for (111) surface only. Although the possibilities of other surfaces, i.e. (100)
and (110), have increased at high potentials, (111) is the most dominant facet up to 1.2 V, which
is the range of our concern. Furthermore, adsorbed O species of 0.25 monolayers is considered as
the results show the most significance to the current study.”? Therefore, we ignored the facet
dependence of absorption, such as O, on Cu,®>° and others to simplify the investigation. We also
point out that rate of dissolution/deposition depends on many factors, such as the size and shape
of the catalysts, as well as solution.®® Same size but different shape can create anisotropic character

and therefore affect dissolution.®! Higher potentials also drastically increase the metal dissolution
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rate.®2 All the discussion mentioned above does not include the effect of reactions,® which could
be important.

Composition of alloy nanoparticles does not only affect the surface energy, it also changes
charge distributions of metals® and induce polarization.® % Lattice constant is also affected by
composition and can be used to identify the phase state of nanoparticles.®’” Different quantities,
such as structure factor, coordination number,°® cohesive energy, and excess energy’** were
developed to describe the homogeneity of bimetallic and trimetallic nanoparticles, it is
experimentally difficult to synthesize specific type and too many calculations need to be carried
out to have a holistic representation of the nanoparticles. Adsorbed ligand or solvent molecules on
catalytic activities through influence of structure® and/or site density’ and further increases the
complexity. Nevertheless, three distinct cases can be studied and compared. Two extremes of
segregation: one is Cu core and the second is the Cu skin. These core-shell structures are the best
achievable cases by experiments to simultaneously control atomic arrangements in the bulk and
on the surface.?® Effect of core locations can affect the stability of nanoparticles.”! Inhomogeneity
experiment on PtNi nanoparticles provided valuable information.?! A random selection of
homogeneous alloying can also be studied, especially in the case of dilute alloys.”?> Another
important experiment is the examination of surface composition effect on the stability of

nanoparticles'® and the results inspired this work to look into the effect of surface composition.

Dissolution and deposition of Cu species at various electrode potential

Dissolution of Cu atoms from the trimetallic nanoparticles is anodic reaction, i.e.
Cu—>Cu?*+2e¢, and the rate constant was calculated using eq.(1), which is standard Butler-Volmer
equation’? with A= 1.28x10* cm/s. Anodic transfer factor of Cu is 0.29 for the surface.”* We note

that effective method of extracting kinetic parameters using differential Tafel plots was also
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described.” For convenience, we used standard Cu potential in trimetallic alloy as that found in
CuAu.”® For deposition, we calculated the activation energy as a function of electrode potential

and plotted in Fig. 4.

1.6 . . . .
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Fig. 4 Free energy difference (AG) as a function of electrode potential (U).
The free energy change, AG, is calculated®® using

AG=28(U — %) + 22 (3)

where B, ¢°, Q, and d denote the transfer factor, standard potential, atomic molar volume of Cu,
and the radius of the nanoparticle, respectively. The adsorbed species also facilitate the formation
of oxide and may also affect deposition.”” The electrode potential affect the deposition process and
therefore the morphology of nanoparticles. For instance, Ag nanoparticles will grow polyhedron
at low potential but dendrite at high potential and nanosphere at extremely high potential.”® Metal
deposition also depends on size, curvature/film’® and can be affected differently from the

dissolution.

10
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Diffusions of Cu atoms between the surface and the second layer of model catalyst

Diffusion of metal atoms in ternary alloys has been studied due to their importance in the
properties of alloys. Anusavice and DeHoff used tracers, Cu®’, Ni®, and Zn®, to study the inter-
diffusion of Cu rich alloys of CuNiZn.®® Diffusion in solid®' and solid-state electrolytes of LiPS3?
has received great attentions due to their role in many applications. Diffusion of a Cu atom in a
nanoparticle such as the model catalyst can take place in two types: self-diffusion®® and inter-
diffusion. As self-diffusion does not change composition and is therefore not considered here.
Inter-diffusion, in particular, diffusion between the surface layer the inner layer species, causes the
change of surface composition and affect the stability of the nanoparticles. Inter-diffusion is often
evaluated using diffusion couple technique.®* The Boltzmann-Matano method is mostly used to
determine the inter-diffusion coefficient as a function of concentration.®’

In this work, we studied the effect of diffusion of Cu atoms between the surface layer and the
inner layers in the stability of Pt;oPd,oCugy nanoalloys. Particle size is not only important in
catalytic performance,® it also affects the properties of nanoparticles®’ and the stability of
nanoparticles. There are magic sizes on pure metal nanoparticles, such as Ir.%® However, in this
work, we considered the bulk (111) surface as a representative of the experimental nanoparticles.>”
8 Future work will include the size effect. Specifically, we performed DFT calculations of the
model catalysts shown in Figure 2 with varying surface Cu compositions while we fixed the overall
compositions. Specifically, we kept the total number of Cu, Pt, Pd atoms the same in the top two
layers while varying the number of Cu atoms in the first layer. For instance, each layer of the
model catalysts in Figure 2 consists of 3 Pt, 3 Pd, and 10 Cu, which corresponds to a surface Cu
composition of 62.5%. In the surface Cu composition of 50%, there are 4 Pt, 3 Pd, and 8 Cu in the

first layer and 2 Pt, 2 Pd, and 12 Cu in the second layer. As for the location of the different types

11
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of atoms, we randomly chose one configuration in the calculation. The energy difference among
different configurations are small based on our results on 4 randomly constructed catalyst models
(One shown in Figure 2 and the other three in Figure S1 of the supporting information). The energy

differences due to the surface composition are depicted in Fig. 5.

AE (eV/atom)
: (=]
8

-0.10 1 1 1 1 1
30 40 50 60 70 80 90

Surface Cu composition (%)

Fig. 5 Energy difference of the model catalyst as a function of surface Cu composition. The solid line represents
data from relaxed structures and the dashed line from unrelaxed structures.

The DFT results shown in Fig. 5 show clearly that the nanoparticle becomes more stable with
the decrease of Cu composition in the nanoparticles. This is consistent with the experimental
observations that surface Cu composition is decreased after 20,000 cycles.’ The near linearity of
the dependence also indicates that other processes or factors that favor Cu composition play a role,
such as entropy effect. Although the difference indicates the energy difference between the Cu
atoms occupy surface sites or inner layer sites, it adds to the activation energy to the Cu diffusion
from the inner layer to the surface layer. In addition to surface composition, surface defects of
nanoparticles can affect diffusion and deposition process as the adsorption of species in solvent

will be changed, thus affecting the diffusion as well as deposition of Cu?".°% °! Therefore, more

12
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sampling of configurations is needed in the future studies to fully capture the effect of size, shape,
and chemical ordering®? or even the support catalysts.”? Inclusion of adsorbed species® and special
adsorption configurations on a catalyst cluster?® will also be interesting and important. In this work,
we performed 16 DFT calculations to investigate the site dependence of O adsorption and the
results are shown in Figures S2-S4 of supporting information. We also performed DFT
calculations of 2 O, 3 O, and 4 O adsorption and the results are shown in Figure S5 of supporting
information. These results illustrate that the adsorbed O species will stabilize the presence of Cu

atoms.

Rates of dissolution, deposition, and diffusion of Cu species
To understand the roles of dissolution, deposition, and diffusion of Cu species, which is shown

below, we performed kinetics calculations.
Cus— Cu?™ +2e~: Ratel=k{[Cu],, (RI)
Cu’* +2e~ - Cuy: Rate2=ky[Cu®’T], (R2)
Cug — Cu;: Rate 3 = k3[Cu],, (R3)
Cu; » Cuy: Rate 4 = ky[Cu];, (R4)

where subscript s and i denotes the composition of surface layer or the inner layer. The
concentration of Cu?* was set to be very low, 10-1> M. The four rate constants were calculated using
eq.(1) and the values are provided in Table S1 of supporting information. Use the DFT energetics,
we calculated the four rates as a function of Cu surface composition and the results are shown in

Fig.6.

13
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Fig. 6 Reaction rates (arbitrary unit) as a function of surface composition at U=0.9V (vs RHE) and T=298K. Black,
red, green, blue lines denote the dissolution (R1), deposition (R2), diffusion from surface to the inner layer (R3), and
diffusion from the inner layer to the surface (R4), respectively.

Three observations can be made from the trends in Fig. 6. First, the Cu surface composition
affects the rates differently. While dissolution and deposition are less dependent on the surface
composition, diffusion are drastically dependent on the surface composition. Diffusion of Cu
atoms from surface to the inner layer (green line) increases with increasing Cu surface
composition, it is opposite for the diffusion from inner to surface layer. Second, at the initial Cu
surface composition of 62.5%, dissolution/deposition processes are dominant. Interestingly, the
diffusion from inner to the surface layer is slightly slower than the diffusion in opposition direction.
Third, when the Cu surface composition is lower than 55%, diffusion becomes favorable. There is
a dynamic Cu surface composition range that is determined by the interplay of the four processes.

Furthermore, the dynamic Cu composition range of 50-60% corresponds to an oscillation of
lattice constants between 3.76 to 3.80 A of the nanoparticles, which was observed experimentally.®
This indicates that the lattice constant oscillations shown experimentally could be due to the

dynamic equilibrium achieved among dissolution of Cu species, diffusion of Cu atoms from inner

14
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layer to surface layer, and deposition of Cu species. We also note that the limited random
trimetallic models at one size (5.0 nm nanoparticle shown in Figure S6 of supporting information)
are chosen in the current studies. Built upon the current results, future work is needed to consider
the effects of shape, size,’® chemical ordering,®’ adsorbed species at various compositions,”® and
utilization of neural network method”®-1%! to incorporate the representations.

Conclusions

To understand the stability of experimentally observed highly active and durable ternary catalysts,
PtPdCu nanoparticles, in this work, we carried out density functional theory (DFT) based
computations to investigate the processes of dissolution, deposition, and diffusion between surface
and inner layer of PtyoPd,oCug catalysts at electrode potentials up to 1.2 V. The kinetics results
based on the DFT results show there is a dynamic Cu surface composition range that is determined
by the interplay of the four processes, dissolution, deposition, diffusion from surface to inner layer,
and diffusion from inner to surface layer of Cu species in the stability of the Cu-rich PtPdCu
nanoalloys. Furthermore, this dynamic Cu surface composition range may be responsible to the
experimentally observed oscillation of lattice constants of the Cu-rich PtPdCu nanoalloys. The
methodology developed in this work can be used to study the stability of other binary or ternary
nanoparticles and the results will provide benchmark for future in-depth studies of Cu-rich

nanoalloys.
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