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Determining the Catalytic Properties of a Material using Relative
Bond Strength

Abstract: Fuel cells are one of the most promising renewable energy sources. However, they are
relatively expensive due to their use of platinum, a precious metal, as the catalyst. Much research has
been conducted with the aim of optimizing fuel cell efficiency, including identifying alternative
catalysts. In this study, we propose a new parameter known as relative bond strength as an indicator
for the catalytic properties of a material. Relative bond strength is calculated based upon the
relationship between bond length and bond strength. The results of this study provide evidence for the
viability of this parameter through computational calculation involving different types of materials
and cluster sizes.

Keywords: fuel cell, catalyst, bond length, bond strength, relative bond strength, DFT, geometry
optimization

Introduction

Fuel cells are one of the many sources of renewable energy available today. They can convert
chemical energy into electrical energy. The reaction consists of hydrogen as a reactant and platinum
as a catalyst.

However, fuel cell energy is very expensive to produce due to the high price of platinum.
Platinum/Palladium are very versatile metals and commonly used as catalysts in petrochemical,
pharmaceutical and fine chemical production . Because of this, many efforts have been made
towards optimizing the production of fuel cell energy with the goal of reducing or replacing platinum
as the conventional catalyst. In Yang, et al.'s 2003 study, for example, the low-cost method of
preparing PtRu/C was explored *. Many recent studies claimed that there is an alternative catalyst for
fuel cells **!. Although there are ways to differentiate between different alternative catalysts, most of
these methods are time consuming and very costly.

In this study, we proposed a new parameter called relative bond strength, which can be used
to determine the viability of a material to serve as a catalyst. To assess its utility, the relative bond
strengths for different materials, including platinum, were calculated. We also investigated the
influence of the size of the catalyst clusters on the value of the relative bond strength. If a significant
correlation between (a) the relative bond strength value and the types of materials, and (b) the relative
bond strength and the size of catalyst clusters can be demonstrated, it can be inferred that this
parameter can be used as an indicator in the search for alternative catalysts, especially in the
exploration of new and unknown material configurations.

Platinum plays an important role as a catalyst in hydrogenation """ The surface reaction of

[12-29]

platinum has been studied extensively in past experiments . These studies provide useful

background information in the search for a cheaper, more reliable catalyst than platinum. This study
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represents a preliminary investigation of potential catalysts, specifically focused to the properties of
bond lengths and bond strengths. Since, Platinum is a very good catalyst. Thus, our research and
calculation mainly refers to platinum as the baseline for the new proposed parameter.

The concept relating bond length and bond strength was not new. In 1973, Brown and
Shannon studied the relation between bond length and bond strength *°'. They found that for most
diatomic molecules, except a few anion-cation pairs, the bonding force is stronger when the bond
length is shorter. In 1976, Shannon discovered an anomaly in the bond-length-bond-strength (BLBS)
relation of anion-cation pairs °'!. The anomaly resulted from not considering several factors such as
the unit cell volume, the coordination number and the oxidation state. The BLBS relation can be

generalised using Badger’s rule, as follows:

k, = AR, — B)™3 (1)

k.: force constant

R.: equilibrium length

A: universal constant

B: a parameter that depends on the specific row in the Periodic Table to which the diatomic molecule

belongs

Cioslowski et al. also tested the relation between bond length and bond strength ®*'. They
found that the formula only gave an estimated value, which may not suitable in certain cases. In
recent studied byKraka et al. in 2016, drawing from both experimental and theoretical results, proved
that Badger’s rule is not an accurate measurement of BLBS relation 1331 however, this violation
occurred in extremely rare cases. Badger’s rule can still be used with a wide range of diatoms, but
there are uncertainties as to whether this method can predict BLBS relations for new and unknown
diatoms or molecules, especially those, which may have better catalytic properties than platinum. An
example of this can be seen in Pompeo et al.’s study, which shows that a strong support in catalyst
will affect the behaviour of the catalyst **. The new structure configuration of the support can be any
kind of molecule and ranging in sizes. Subsequently, this new configuration and support of catalysts
that were previously unknown cannot be confirmed as obeying Badger’s rule. We expect that the
newly proposed parameter will have universal properties due to its simplified measuring process and

its rugged properties in dealing with different kind of molecules and structures.
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Figure 1.1: Total energy required for hydrogen dissociation (H, to 2H).

(e) r=3.000 A

(d)r=2.000 A

(f)r=3.500 A (g) r=4.000 A

Figure 1.2: Contour plot of hydrogen dissociation from H, into 2H

Before computing the BLBS relation or the relative bond strength, it is wise to check whether
a single atom of "catalyst” can lower the activation energy needed for certain reaction. Figure 1.1, for

example, shows the energy contained in the hydrogen molecule as it dissociates. Each point on the
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graph corresponds to the structures shown in Figure 1.2. As the distance between hydrogen atoms
increase, the energy level also increases. The difference in energy between product and reactant is
around 6 eV, and the reaction is endothermic. This indicates that approximately 6 eV of energy is
needed to dissociate one hydrogen molecule into two hydrogen atoms. This process is vital in fuel cell
production, as the catalyst enhances the dissociation of hydrogen molecules and can thus lower the

energy required for such reactions.

H,— 2H

product = -24.9568 eV

reactant = -30.9540 eV

enthalpy (product - reactant) = 5.9972 eV (endothermic)

PtH, - PtH+ H

product =-751.8559 eV

reactant = -740.5172 eV

enthalpy (product - reactant) = -11.3387 eV (exothermic)

SiH, — SiH + H

product =-133.2011 eV

reactant = -132.2948 eV

enthalpy (product - reactant) = -0.9063 eV (exothermic)

CH,—-CH+H

product =-162.7341 eV

reactant = -176.1156 eV

enthalpy (product - reactant) = 13.3815 eV (endothermic)

TiH,— Ti+ H

product =-1213.3468 eV

reactant = -1207.8180 eV

enthalpy (product - reactant) = -5.5288 eV (exothermic)

Table 1.2: Enthalpy calculations for hydrogen dissociation in the presence of different single

atom ‘catalysts’.

A single atom of an element was introduced as a catalyst into the hydrogen dissociation
reaction. Table 1.2 shows calculations of the difference between the product and reactant for each

element, which produces varying amounts of energy required for hydrogen dissociation. These values

4



90

91

92

93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126

show that platinum is the best catalyst overall, as it lowered the amount of energy required by the
greatest amount. Likewise, carbon is not a good catalyst for hydrogen dissociation as it tends to attract
the hydrogen atom and subsequently form hydrocarbon, which is evident by the higher amount of
energy required (Table 1.2). From these quick calculations, its proven that even with the presence of a
single atom of "catalyst", there is a visible effect on the reaction. Thus, even with diatomic structure,
we believe the "effect of the catalyst" can be detected and measured.

Our work has three main objectives: first, to formulate a new parameter that can help in
determining the catalytic properties of a material; second, to evaluate the viability of this parameter by
applying it to a wide range of potential catalytic materials; and finally, to evaluate the viability of this
parameter by investigating its relationship with different catalyst cluster size.

Regarding the relationship between bond length and bond strength, Oudenhuijzen et al. and
Willenbockel et al. both stated that the bond strength of a molecular bond could be manifested by
bond length ****!. Oudenhuijzen et al. in their work categorized the Pt-H bond length in bulk into two
types: strongly bonded and weakly bonded. The weaker bond has a longer bond length compared to
the stronger bond. This phenomenon can be described as the Goldilocks zone for the catalytic
properties; namely, a good catalyst must have the bond length within the range set by both extremes.
However, itmust be addressed thatacomparison purely on bond length is not acceptable for different
materials. Thus, we introduced our new parameter, which will normalize the value so that a fair
comparison can be made across different materials. Hence, the relative bond strength is proposed.

Regarding our second objective, we hypothesized that different materials will have different
and unique values of relative bond strength. This hypothesis agrees with previous works 7%,
Logically, a good catalyst will attract reactant within a specific range of values of relative bond
strength. Meanwhile, a poor catalyst will attract reactant beyond this range. This is already stated by
Oudenhuijzen et al., in which a good catalyst will have specific Goldilocks zone of bond strengths. In
this work, we shall determine the range of values of relative bond strength for a good catalyst.

Based on our third objective, we hypothesized that a good catalyst should have a stable value
of relative bond strength for different cluster sizes. Allian et al. have studied this stability in 2011 and
their work showed that both large and small Pt clusters have quite similar reactivity °°\. In other
words, a good catalyst should display small variations in the value of the relative bond strength across
different cluster sizes. Nonetheless, even though stability is a good indicator, non-stability can quite
profitable. For instance, a poor catalyst may show large variations in the value of relative bond
strength as the cluster size varies *’. Thus, this variation proves that a non-catalytic material can
become catalytic as their form and structure are altered. Our study showed that there are certain
materials whose values of relative bond strength can be affected by the cluster sizes.

Our research in the surface study of catalysts is computational in nature. Conventional
experimental studies will always promote uncertainty due to alteration of the catalyst surface “'.

Therefore, the choice of computational method in this research intends to minimize this uncertainty.
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The drawbacks of computational methods are compensated by the versatility in configuring the
molecules under investigation.

In this paper, the concept behind the new parameter will be described in the Methodology and
Theory section. The input parameter for our calculations and computational methods used will also be
described in this section. Furthermore, the result and discussion will be in the Result and Discussion
section. The second and third objective will be explained in detail. Finally, this paper will be

concluded in the Conclusion section.
Methodology and theory

In this section, we will describe the theoretical background of the new parameter and the
computational methods employed to obtain it.

The strength of a bond is related to it length. A shorter bond length implies a greater overlap
between electronic orbitals. Therefore, the bond is stronger as to overcome the repulsion force. On the
other hand, a longer bond implies less overlap between electronic orbitals. Consequently, the
repulsion force is less and therefore the strength of the bond 1is weaker.

The length of a bond may be increased or decreased through the technique of geometry
optimization, which is a method to identify the molecular structure having the lowest energy,

therefore being most stable '**'.

b__"
(a)

b- Catalyst X
Geometry

¢ — > __// o  —
—
gf b'__"

(b) (c)

Figure 2.1: The original configuration of structure (a) will be optimized and transformed into
structure (b) or structure (c). Structure (b) shows bigger relative bond strength value

compared to structure (c).
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The value of relative bond strength for a structure is calculated thus:

Original bond length (a) 2)

Relative bond st th =
elative bong streng Optimized bond length (b) or (¢)

Element X Radius (A) Original bond length (A)
Lithium, Li 1.67 2.20
Carbon, C 0.67 1.20
Nitrogen, N 0.56 1.09
Oxygen, O 0.48 1.01
Sodium, Na 1.90 2.43
Silicon, Si 1.11 1.64
Sulphur, S 0.88 1.41
Titanium, Ti 1.56 2.09
Selenium, Se 1.03 1.56
Cadmium, Cd 1.61 2.14
Platinum, Pt 1.77 2.30
Hydrogen, H 0.53 1.06

Table 2.1: Radius and bond length between elements X with a single hydrogen atom.

Table 2.1 lists the values for the radius obtained from Sanderson's work ! The bond length
is the sum of the radius of element X with the radius of hydrogen. This sum is taken to be the original
bond length as in equation (2). Thus, in process of creating the initial molecules before optimization,
the bond length has been set to the values shown in Table 2.1. The process was performed using

Avogadro, molecule editor software version 1.0.1**

. The results obtained via the geometry
optimization method will be further discussed in the Results section.
After creating the structures, the geometry optimization process will be performed using

Octopus version 5.0.1%

. The species for the elements used is Hartwigsen-Goedecker-Hutter
pseudopotentials. Since, we do not define the shape of our simulation box, by default it will be a
sphere with a predetermined radius 11.00 Aanda grid spacing of 0.175 A. The grid spacing is chosen
based on a compromise between computational time and accuracy. Finally, the geometry optimization
process was performed with a new algorithm, the conjugate gradient algorithm of Broyden-Fletcher-
Goldfarb-Shannon (CG-BFGS) %, Specifically, there is an updated algorithm with a small extension
to the BFGS method used in our calculation known as CG-BFGS2. As stated on the Octopus website,
"The bfgs2 version of this minimizer is the most efficient version available, and is a faithful

implementation of the line minimization scheme described in Fletcher, Practical Methods of

Optimization, Algorithms 2.6.2 and 2.6.4."
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A few remarks need to be stated here, in which the diatomic molecules chosen can be
separated into two categories, open shell system and close shell system. For open shell system, the
extra-unoccupied electron will be treated as dangling electron. This dangling electron deliberately
present to which we believe will affect the calculation. This is proven by a quick calculation for OH
and H,O. The average bond length for OH and H,O are ~1.01A and ~0.95A respectively. However,
this difference will not affect our main objective, which is to prove the feasibility of our new proposed
parameter. On the contrary, this is one of the strength of the new proposed parameter, which it can be
applied to different configurations. Moreover, this dangling electron will be treated the same as the
free electron in platinum metal. Thus, this will be useful to mimic the behavior of the good catalyst,
platinum.

The feasibility of the new parameter of relative bond strength was evaluated by applying it to
different types of materials and by determining its relationship with the cluster size. Both use the
same geometry optimization method, but with differences in the preparation of the initial structure.

To test the universality of relative bond strength as a parameter across different types of
materials, we built the structure for X-H and X,-H using Avogadro. The bond length between X-H is
set to the values stated in Table 2.1. Next, the geometry optimization processwas applied using
Octopus for each of the elements X. The optimized bond length was then measured using Avogadro.
Finally, the relative bond strengths for each configuration were calculated using the original and
optimized bond lengths.

To determine the influence of cluster size upon the relative bond strength, we confined our
investigation to the Pt; cluster. Since bigger clusters have a greater range of potential structural
configurations, we must find the most stable configuration before doing any bond length
measurements. For a Pt; cluster, we found that there are three potential configurations: linear, ring and
L-shaped. We applied the geometry optimization process to each potential configuration and
compared the total energy of each configuration. The configuration having the lowest total energy is
the most stable configuration and this was selected for subsequent bond length measurements. Next,
three copies of the selected configuration were made and each of it was added a single hydrogen
atom. The position of the hydrogen atom is different for each of the copied configurations, in which
each file will have different platinum atom attached with the hydrogen atom (Figure 3.2). After that,
the geometry optimizations processes were applied to each of these structures. Finally, the bond

length was measured and relative bond strength was calculated.

Result and Discussion

Comparing the optimized bond length with their experimental values can validate the geometry

optimization methods applied in this work:
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Diatomic  Optimized Bond Percentage Bond Percentage Bond Percentage
molecule bond length difference length difference length difference
length
H-H 0.77 A 0.74A1" 3.92% 074 A™  377%  074A™ 3.77%
C-H 1L15A  1.09A"" 5329  1.12A"  250%  1.12A" 2.50%
N-H 1.07A  101A¥" 5549  1.03A"  3.60% LO3A™!T  290%

Table 3.1: Comparison between optimized bond lengths with literature values obtained from the
Wired Chemist !, the Computational Chemistry Comparison and Benchmark Data Base !

(CCCBDB) and the Handbook of Chemistry and Physics 84" edition **'.

We acknowledged that most of the diatomic molecules studied do not occur naturally, except
for the hydrogen molecule. This means that direct comparison with experimental data is not possible
for most of them. Thus, the experimental values used for comparison are average values from
different types of diatomic molecule. However, we believed that these values could still be used to
gauge whether our calculation is on the right track.

Our geometry optimization method produced reasonable estimates of bond length values. The
percentage difference between the optimized bond lengths with the literature values is less than 6%.
The differences may due to open shell system. This has been elaborated in Methodology and Theory
section. Thus, with this computational result, we believe that our geometry optimization method is

acceptable. Subsequently, it’s also valid for the other types of molecule.
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Relative Bond Strength for Catalyst X and X2 o,@
3.50
u RBS (X)

< 3.00 —
% & RBS (X2)
£250 L
)
=
£ 2.00 -
=) o N
2 £y o I3 F9 5 bl ' o
= 150 o & M QS SN &8 o 6\': ~ -H
= ~ NSNS NV N 1.39
%} Q
A 1.00 HE—mh— _— = — —

0.50 -

0.00 -

Cd C Li Na %Ei 0 Se S Si Ti
atalyst

Figure 3.1: Relative bond strength for single atom (blue) and double atom (red)
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A minimum criterion for an element to qualify as a catalyst is for it to have a relative bond
strength value greater than the relative bond strength value for hydrogen molecule, which is 1.39. The
stronger bond created between the elemental atom and the hydrogen atom will split the hydrogen
molecule. Figure 3.1 shows that most of the elements have a lower relative bond strength value
compared to the hydrogen molecule, except for platinum and titanium. We can therefore conclude that
both platinum and titanium have catalytic properties. This conclusion is supported by the fact that
both elements are commonly used as catalysts.

We found that increasing the number of atoms — for instance, from single to double — will
cause the relative bond strength value to fluctuate. Such fluctuations are problematic if it becomes
smaller compared to the relative bond strength value for the H, molecule. For example, the relative
bond strength value for a single atom of titanium is greater than the relative bond strength value for a
hydrogen molecule. However, the relative bond strength value for a titanium molecule becomes less
than the relative bond strength value for the hydrogen. This fluctuation may result from the extra
stability gained when titanium forms a molecule. On the other hand, the platinum atom displays
smaller fluctuation in the relative bond strength value when it forms a molecule. Thus, we concluded
that the element platinum has more stability in term of catalytic properties while changing in size.

From these findings, it can be observed that two major factors play important role in
influencing catalytic properties. First, the relative bond strength value of an element must be greater
than the relative bond strength value for the hydrogen molecule. Second, the fluctuation in the relative
bond strength values for an element as the cluster size increases reflects its stability. Therefore, a
promising candidate for a good catalyst should have a relative bond strength value greater than 1.39
and its value should not fluctuate too largely as the cluster size increases.

Next, more complex molecular configurations are explored by studying a catalyst molecule
containing three atoms. A platinum triatomic molecule was chosen and the influence of cluster size on
the relative bond strength value for platinum was investigated. Three possible molecular
configurations were chosen: linear, L.-shaped and ring. All three configurations have been optimized

and the total energies obtained for each molecular configuration are as follows:
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Energy (eV)

Molecular configurations
Linear -2117.9038
L-shaped -2132.1489
Ring -2136.8178

Table 3.2: Total energies for different configurations of a triatomic system.

Based on Table 3.2, the total energies for each configuration are not significantly different.
However, the ring structure, having the lowest total energy, was found to be the most stable compared
to the others. Therefore, ring structure was chosen for further computational analysis.

Before we proceed, there is a few remarks must be made. Energy calculations using
computational methods is not very precise for some molecules °. In his book, Concise Physical
Chemistry, Roger stated: Results from some computational kinetic studies are roughly comparable to
measured values, but this is a difficult field because computed activation enthalpies are very sensitive
to the estimated structure of the activated complex and the rate constant is an exponential function of
an H.' A discovery made by Miswan et al. in 2017 adds weight to this statement "', The results of
energy calculation can be divided into two groups: in the range of hundreds and in the range of
thousands. However, it still can be used to determine the most stable structure. This is because the
trends for both are almost identical.

The ring configuration was copied and a hydrogen atom was attached to different platinum
atoms in the ring configuration to give rise to three possible cases, as shown in Figure 3.2(b), 3.2(c)
and 3.2(d). However, the structures shown is the structures after geometry optimization. Thus, it

differs from the original configuration as in Figure 3.2(a).

11
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Figure 3.2: The ring configuration (a) and the three different cases (b), (c) and (d) after

optimization, depending on the location to which the hydrogen atom was attached to the ring

structure.

Each of the three structures (b), (c) and (d) were optimized and the bond length values for

each case are shown in Table 3.3 below:

Structures 3.2 (a) 3.2 (b) 3.2 (¢) 3.2(d)
Ptl-Pt2 2.465 A 4.050 A 2.657 A 3.168 A
Pt2-Pt3 2.459 A 4511 A 2.586 A 3.052 A
Pt3-Ptl 2.455 A 3.823 A 2.467 A 3.047 A

Table 3.3: The bond lengths between the platinum atoms for each structure in Figure 3.2
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The case in Figure 3.2(b) shows a deformation in the original ring structure, implying that this
case is unstable. Therefore, we expect the relative bond strength value between the hydrogen atom the

and first platinum atom to be less than the H, line.

Relative Bond Strength for Ptn (n=1,2,3)
1.700
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Figure 3.3: A graph of relative bond strength values for different configurations of Pt-H

molecule.

From Figure 3.3, we can see that the relative bond strength value for most of the Pt-H is
greater than relative bond strength value for the hydrogen molecule. This shows that the relative bond
strength between platinum and hydrogen is stable even for larger molecules. A good catalyst must be
stable whilst undergoing reaction this criterion is coherent with the result of Allian et al. in 2011.

The last three bars (Pt; atoms 1, 2 and 3) show the effect of the position of hydrogen atom in
ring-structured Pt; cluster. The configuration in which the hydrogen atom was attached to the first
platinum atom in Pt; ring structure has the lowest relative bond strength value. Meanwhile, the other
two configurations show an opposite result, i.e. the relative bond strength values are greater than the
value for a hydrogen molecule. Therefore, we infer that the “transition point” between the reactive
and non-reactive behaviors of the catalyst will be influenced by the cluster size.

Oudenhuijzen et al. (2001) previously studied the strong and weak attraction of a hydrogen
molecule, specifically that there is a “mixed” behavior in the transition point between reactive and

non-reactive behaviors for a single catalyst. The similarities between their previous work and our
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present work indicate that the new parameter — relative bond strength — can be reliably used for a

larger cluster sizes to predict the potential reactivity of a catalyst.

Conclusion

In this research, we prove that the new proposed parameter, which is relative bond strength,
can be used to determine the catalytic behavior of a material. This parameter has been proposed to fill
the gap in the search of alternative catalyst especially for fuel cell. With this parameter, a new
information and perspective can be obtained regarding catalytic behavior. Subsequently, reduce the
time it took to test the viability of the "new catalyst".

This parameter has been tested for a various type of elements, which act as the alternative
catalyst. We found that, the minimum values for relative bond strength is 1.39. This is also validating
by differing the size of the cluster, in which the minimum values still hold. However, our work cannot
found the maximum values for the relative bond strength. Thus, the Goldilocks zone cannot be stated.
We also found that the new parameter can be used for various type and size of materials. This
ruggedness will be useful in testing a new and unknown catalyst or even with the catalyst's support.

The next step to extend this research and to further test this new parameter is to find the
maximum value for relative bond strength. Besides that, a much more complex catalyst can be tested
to further validate this new parameter.

In conclusion, we can conclude that our objective is achieved, in which relative bond strength

can be used as an indicator for catalytic properties.
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