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Abstract

The surface energy of a catalyst material is important for understanding the fundamental
behavior of nanoparticles and bulk crystals, particularly in terms of activity, selectivity, durability,
and stability. Computational studies of electrocatalysts provide valuable insight into the stability
of electrode surfaces under realistic environments, including solid/liquid interfaces. In this work,
we model the electrode/solid surface using the density functional theory (DFT), and
electrolyte/liquid using the implicit solvation model. Importantly, we examined the surface
energies of low-index facets of Ir and Cu crystals in an aqueous electrolyte as a function of applied
electrode potential. The results show that each surface facet of the neutral surface belongs to an
initial potential which is called the potential of zero charge (PZC). Both Ir and Cu (111) facets
have higher PZC values relative to other studied facets. Ir and Cu (111) facets exhibit the most
stable surfaces with low surface energy profiles within the range of applied potential, while (110)
facets show the lowest stability for electrocatalyst applications. This study shows that the surface
energies are highly sensitive to the applied potential and leads to the change in particle size and

facet ratio under the applied potentials.
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1. Introduction

The demand for energy is continuously growing with the increasing global population. Fossil
fuels, the major source of energy supply for global demand, cause mass CO2 emissions and hence
climate change. So, it is very important to make the shift toward sustainable and efficient energy
sources.! Electrocatalysis has shown a significant advancement in sustainable and efficient energy
production via applications such as fuel cells. Fuel cells produce electricity directly from chemical
energy, promising a clean energy source. The main electrochemical conversions in fuel cell
applications involve the molecules present in the earth's atmosphere such as COz, O, and H20.?
The most prominent reaction schemes involved in this energy transformation are the oxygen
evolution reaction (OER),*® hydrogen evolution reaction (HER),®® oxygen reduction reaction
(ORR),° hydrogen oxidation reaction (HOR), CO. reduction reaction (CO.RR),1%3! water
splitting,3> 33 and the production of environmentally friendly byproducts.®* Recently, renewable
energy materials, such as ethanol,®° has attracted a great attention for ethanol fuel cells, where
ethanol oxidation reaction (EOR) has been extensively studied.?® 4054 As clean energy fuel
hydrogen is mostly produced from natural gas, green production of hydrogen has been active area
of research as well.>>°® To optimize the performance and applications of electrocatalysis, the
performances of the catalyst materials should be studied under different reaction conditions.>-63
Efficient catalyst materials used as electrodes in fuel cells can enhance the electrochemical reaction
that occurs in the electrode-electrolyte interface. During the operation of fuel cells, maintaining
the electrode surface's stability throughout the process is very important.

Surface energy describes the fundamental material properties in terms of stability, selectivity,
shape, growth, and surface structure. Surface energy is the energy required to create a new surface

and it is always a positive quantity.*®® The degree of coordinative unsaturation of the surface
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atoms influences the surface energy of a particular metal, more reactive surfaces possess higher
surface energies. Surface energy is not a fixed quantity, it depends on the surrounding environment
of the material. The experimental determination of this quantity is difficult since it requires
measuring the surface tension at the melting temperature of the metal.®® However theoretical
surface energy determination using computational tools,®”-"° such as density functional theory
(DFT) calculations, is easy, less expensive, and useful in studying the relative stability of surface
facets commonly used in catalysis,’*""® which is critical in the studies’® 8 and applications®® & of
organic small molecules.

McCrum and his co-workers have demonstrated computationally that the surface energies of
the low index facets of Pt are impacted by the aqueous environment as a function of different
applied potentials under different adsorbates.®®> They performed simulations to calculate the
potential dependent-surface energies of Pt (111), Pt (110) and Pt (100) with varying the coverages
of adsorbed hydrogen, hydroxide, and coadsorbed water, and oxygen. They have performed their
surface energy calculations relative to the bare surface energy values taken from literature. Those
bare surface energies taken from literature®® didn’t account for the solvent effect on the crystal
surfaces. McCrum’s work has considered the bare surface energy as a potential independent
quantity. They found that Pt (111) is the most stable as a bare surface compared to the other two
facets, while Pt (100) and Pt (110) become more stable in the presence of strong adsorption of
hydrogen and hydroxide at specific potentials. Their results have shown that potentials above the
0.7 Vrre drives the formation of lower surface energy facets of Pt (110) and Pt (100) on reduction
of surface oxide. In this work we calculated the bare surface energies as a function of applied
potential while considering the solvent effect on bare surfaces to understand the effect of applied

potential on catalyst surface prior to the occurrence of an electrochemical reaction.
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Mathew et al. has shown the utility of implicit solvation model for studying electrode surfaces
energies as a function of applied potential, with including the effect of electrolyte using VASPsol
simulation.8* Their work has shown the sensitivity of surface energies of different facets of Cu
crystals towards the applied potential and follow different trends. They found that Cu (111) facet
exhibits the lowest surface energy over potential from -2.0 to 3.0 V. Surface energies of Cu facets
have been studied there relative to the (111) surface energy as a function of applied potential. At
negative potentials, (111) facet dominate the crystal shape, with increasing the potential ratio of
(100) to (111) surface energies are getting decreased according to their simulation. When the
applied potential was around -0.56 V, that crystal shape transition occurred. Simulation has
demonstrated further increase in potential has led to an increase in the area of the (100) facets.
Most of catalytic studies use Cu(111) surface,®®" as model catalyst surface to investigate
adsorption and reactions. There are studies on the investigation of Cu(100).8 It would be
interesting to investigate the change of facet and size of catalyst nanoparticles under various
applied potentials.

Studies for surface energy calculations have been performed to investigate the surface energies
of industrially valuable metals.2® Computational studies have conducted to investigate the surface
energy profiles of low-index facets of metals like Al, Pd, Pt, Au, Li, and Ti in terms of the slab
thickness for designing catalyst materials used in nanoscale devices.®>%9! Studies have shown that
the effect of applied potential on stabilization and destabilization of the adsorption species and
intermediate species on electrode surface during the electrocatalytic process.®?

In this work, we performed DFT calculations using the Vienna ab initio simulation package
(VASP) to obtain the surface energies of anode materials, which are used in fuel cells as a function

of applied potential. The solvent effect also plays a major role in electrocatalysis. To account for
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the solvent effect in the calculations we performed the VASPsol calculations which include the
implicit solvation model.® %% The effect from the mobile ions in the electrolyte is included
through the linearized Poisson-Boltzmann equation.?4%® To study the effect of applied potential on
surface energies of catalyst, we used the constant electrode potential model (CEP).®"% This work
will provide benchmark results for future computational studies when other important factors, such
as explicit solvent molecules® %9192 and surface defects, % 19 are included.

Specifically, we performed a theoretical investigation of the surface energy profiles of Ir and
Cu (111), (110), (100) facets by varying applied potential to investigate the anode material stability
for fuel cell applications. The surface energies of Ir and Cu are very important, as these metals are
widely used in heterogeneous electrocatalytic reactions. In this work, the implicit solvation model
provides the ionic environment (electrolyte) and the electrochemical interfacial system under
applied external potential. Hence, we can determine the stable surface facets for each applied
potential. Most of the theoretical calculations predict the surface energies for metals while
neglecting the solvent effect and applied potential effect on the bare metal surfaces. Using the
results of surface energy, we attempted to understand the ratio of different surface facets and size
of nanoparticles at various applied potentials, as both factors, ratio of facets and size of
nanoparticles play important roles in catalysis due to the different electronic properties. %116 Here
we hope to bridge the gap between theoretical calculations and practical situations of
electrocatalysts/electrode stability in terms of surface energy, including electrolyte and applied
potential impact on bare surfaces. This will accelerate the development of electrocatalysts and

enhance the potential of sustainable energy conversion technologies using electrocatalysis.
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2. Computational Method

In this work, all DFT calculations were performed using the Vienna ab initio simulation
package (VASP).!718 The projector augmented wave (PAW) pseudopotentials were used to
describe the ionic interactions of the valence electrons with ionic cores.'*® A plane-wave basis set
was used with a cut-off energy of 400 eV. The generalized gradient approximation Perdew-Bruke-
Ernzerhof (GGA-PBE) functionals were employed to describe the exchange-correlation
interactions.?® We utilized 1x1 Ir (111), (110), (100) and Cu (111), (110), (100) surfaces with
five-layer slab models. The top three layers were relaxed, and the bottom two layers were fixed in
the geometry optimization. The slab was separated by a 15 A to avoid periodic interactions. For Ir
(111), (110), (100) surfaces, 5x5x1,6x5x1,6x6x1 and for Cu (111), (110), (100) surfaces,
9x9x1,7x5%1,7x7x1 Monkhorst-Pack mesh k-space sampling grids*?! were used generated using
VASPKIT*?2 for ionic relaxation respectively. We used these periodic slab models to calculate the
surface energies. Geometry optimization was allowed until the maximum force was less than 0.02

eV/A and the electronic self-consistency cycles were less than 10 eV.

Figure 1. The top view (left) and side view with 5 layers slab (right) of the Cu (111)
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We used the VASPsol, %3 1239 3 software package that introduces solvation into VASP within
a self-consistent continuum model to simulate the implicit water environment. The relative
permittivity of the bulk solvent, the width of the dielectric cavity, and the cutoff charge density
were 78.4, 0.6, and 0.0025. We employed an electrolyte (aqueous solution) that consisted of
monovalent cations and anions, both at a concentration of 1M. At room temperature, the electrolyte
demonstrates a Debye length of Ap = 3.00 A with employing the default values for achieving
effective surface tension and cavity shape function.'®® More details can be found in the recent
review and work on the implicit solvation methods.'?>'?8 Recent development of dealing with
interface is also interesting.129-1%
To apply a constant potential(U) to catalytic models, we adjust the number of electrons in each
system to make the changes in Fermi level and then determine the corresponding potential. The
applied potential is calculated with reference to the standard hydrogen electrode (SHE) from the

Fermi energy in eq. (1).%8%

U= —EF T ¢SHE (1)
e

where er is the Fermi energy and ¢swe is the thermodynamic work function of the SHE. The
theoretically predicted value for the ¢sne is -4.30 eV for PBE functional.®® Here we set the applied
potential from 0.1 V to 1.5 V and calculated the surface energy as a function of applied potential.

Surface energies (Esurf) Were calculated for surface slabs using eqgn. (2) for bare surface and

surface energy after applying a constant potential were calculated using eqn. (3).

Egiap — NEpuik
Esurf == 24 = (2)
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Egiap — NEpy + xU

Esury = 24 (3)

where Esiap and Enuik are the total energy of the slab model and energy per atom in the bulk crystal.
A is the area at the top of the slab, n, x and U denote the total number of atoms in the slab model,
number of electrons added to determine the corresponding potential and applied potential
respectively.
3. Results

DFT calculations were performed to obtain the surface energies of low index facets (111,110,
and 100) of Ir and Pt in an aqueous environment, as a function of applied potential. We selected Ir
and Cu as these metals are widely used as electrode materials in fuel cells and electrocatalysis.
Studies have been performed to find the surface energies of catalytically active metals,®®8° though
few studies have focused on surface energy changes as applied potential. In one of our previous
works, " we performed the DFT calculations to find the surface energies of trimetallic PtPdCu
nanoalloy under the adsorbed O species with applied potentials. Here we determined the surface
energies of Ir and Cu without any adsorbed species to investigate the anode material stability.
Before performing DFT calculations under applied potentials, we calculated surface energies of
Cu(111), Pd(111), Pt(111), and Ir(111). The results are summaried in Table 1 together with the
data in literature.

Table 1: Bare surface energies of (111) Cu, Pd, Pt, and Ir. For comparison with our preliminary results
(present) in surface energy calculation, we have included some theoretical results from the literature.

Metal Bare surface energy / (J/m?)
Present Literature
Cu (111) 1.32 1.29138 1.971%
Pd (111) 1.30 1.31%
Pt (111) 1.50 1.49%
Ir (111) 2.23 2.26'40
8
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As the data in Table 1 has shown, the DFT results obtained in this work and those from
literature are almost similar,5>138140 except for one. Tafreshi et al. have performed calculations
using DFT-D2 method for accounting the dispersion interactions.!® Similar results are seen here
for the bare surface energies for Cu (111), Pd (111), Pt (111), and Ir (111).

3.1 Surface Energies of Ir and Cu Catalysts under Applied Potentials vs SHE
Figure 2 shows the surface energies for low index facets of Ir and Cu as function of applied

potential vs the standard hydrogen electrode (SHE) calculated with the implicit electrolyte model.
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Figure 2. Surface energy as a function of applied
potential on Ir (111), Ir (110), and Ir (100) (top), and
Cu (111), Cu (110), and Cu (100) (bottom). Star
marks define the potential of neutral metal surfaces.
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Both panels in Figure 2 show the same trend for surface energies with the applied potentials.
We applied electrode potentials, by changing the number of electrons and then shifting the Fermi
level of our models in our simulation. The studied potential ranges were 0.1-4.8 V for Ir and 0.1 —
1.5 V for Cu. We selected these potential ranges based on the potentials at neutral surfaces of
metals. (111) surface energies for Ir and Cu show the lowest surface energies, define the most
stable surfaces. For Ir (111) surface it shows negative values for the surface energies up to the
applied potential was 0.8 V. Once we increase the applied potential from 0.8 V onwards, surface
energy increases as the potential increased for Ir (111). In both metals (110) surfaces show the
highest surface energies within the applied potential ranges. According to the results, Ir and Cu
(110) surfaces are generally indicative of the least stable surfaces in an aqueous environment under
the applied potentials. These results depict that when using the Ir and Cu as the electrocatalyst
materials in reaction systems and apply the low potentials (0.1- 0.9 V), crystal stabilizes with the
(111) and (100) surfaces. Hence these two facets will facilitate the effective catalytic reactions.
The applied potential can make structural changes in crystals according to the results. In the case
of both Ir and Cu, increasing the applied potential leads to dissolving the (110) facet so easily
relative to the (111) and (100) facets as higher surface energy profiles. These low-energy surfaces
will provide more productive outcomes during electrocatalysis reactions relative to other facets
with their stability. This surface energy calculation as a function of applied potential without any
catalytic reaction and external species will help to expand the studying scope of efficiency in
electrocatalysis. These results will help in designing nanoparticles for electrocatalysts. These
results may help guide the setup reaction conditions for the electrocatalytic processes, and design
and develop the shape-controlled nanoparticles for electrocatalysis in sustainable energy

production.

10
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3.2 Surface Energies of Ir and Cu Catalysts under Applied Potentials vs PZC

In addition to the surface energy as a function of applied potential vs SHE, we computed the
potential of zero charges (PZC) of all the facets being studied here for the surface energy
calculations. The PZC of the electrode is the potential of neutral metal electrode and it is defined
by the fermi energy measured relative to the reference electrode.®4!% Both theoretical and

experimental determination4!

of PZC values are especially important in nanoparticle designing.
These values for Cu (111), (110), and (100) are 1.314, 0.864, and 1.228 V respectively. The PZC
values for Ir (111), (110), and (100) are 4.366, 2.707, and 4.149 V respectively. The highest
potential at the neutral surface is obtained from (111) facet in both cases. Higher potentials can
cause metal dissolution.'*? In our study, higher potential at Ir (111) neutral surface in an aqueous
environment means that it is more prone to dissolution and will not function as a durable
electrocatalyst. Dissolution is a very important factor when designing nanoparticles. So,
determination of PZC values is very important in this type of study. Mathew et al. also have
performed DFT calculations using VASPsol, and their study found that the highest PZC value
belongs to the Cu (111), next is Cu (111), and the lowest PZC belongs to Cu (100) facet.? It is the
same trend we found in our calculations as well.

Figure 3 shows the surface energy, v, as a function of the applied potential vs PZC. For both
metals, with the increase in PZC, surface energy also increased. The PZC values of Cu show

relatively parallel pattern in surface energy profiles. Ir (100) and Ir (110) surface energies are

overlapped around 1V.
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Figure 3. Surface energy as a function of applied
potential vs. PZC on Ir (111), Ir (110), and Ir (100)
(top), and Cu (111), Cu (110), and Cu (100) (bottom).

The surface energies of the metals can affect the shape of crystals and factors affecting the
surface energy is important catalysis. To illustrate the impact of applied potential on electrode
material implicit solvent calculations provide a significant insight. The applied potential can cause
changes in equilibrium shape of crystals, dissolution of surfaces.

3.3 Facet Ratio and Size of Ir and Cu Catalysts under Applied Potentials vs SHE

Under electrochemical environments, surface structures, such as facet ratio, and size of

catalysts may change depending on reactions taking place, pH, and applied potential. Here we

investigate the critical applied potential vs SHE that may lead to the size and facet ratio changes.
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To understand the facet ratio change, we plot in Figure 4 the ratio of surface energies of Ir and Cu.
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Figure 4. Surface energy ratio to (111) as a
function of applied potential vs. SHE on Ir (top)
and Cu (bottom). Green lines are (110)/(111)
and pink are 100/111.

The dashed lines are at ratio of 1.73 in Figure 4 and it indicates the changes of facets. For Ir
catalysts, once the applied potentials are in the range of <2.5 V vs SHE, 1r(100) is more abundant
than Ir(111). On the other hand, For Cu catalysts, the dominant facet within the range of applied
potentials studied here is (111). In terms of catalyst size change, it takes place for Ir catalysts when
the applied potential is below 1 V (see Figure 1). Cu catalysts are rather stable under the applied

potentials studied here.
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4. Conclusions

DFT calculations were performed to model the implicit solvent environment using the
VASPsol solvation model to find the surface energies of Ir and Cu (111), (110), and (100) facets
as a function of applied potential. We performed the calculations to find the surface energies with
applied potentials as surface energies cause the change the shape of the crystal. The highest PZC
values belong to the Ir (111) and Cu (111) facets, implying that these facets are more prone to
dissolution prior to applying the electrode potentials relative to (110) and (100) facets. For both Ir
and Cu (111) facets have shown the lowest surface energies with promising stable surfaces. The
results imply that surface energies are sensitive to the applied potentials, and hence promising
opportunity to control the shape of nanocrystals with the external potential. These results highlight
the importance of studying the shape of catalyst material used in electrocatalysis with applied
potential in the presence of electrolyte prior to the redox reaction occurring. This computational
electrochemistry simulation will be useful in designing and modelling electrode nanomaterials

using Cu and Ir catalysts.
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