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For electrocatalytic energy hydrogen systems such as fuel cell (FC) and hydrogen compression there is
a demanding requirement for the hydrogen purity. There is a vast opportunity to produce hydrogen
from various sources, including fossil fuels; however, in many cases such hydrogen will contain
various impurities, such as CO. In our previous work we showed that annealing of a catalyst affects its
CO tolerance. Using the same theoretical model for investigating CO tolerance of a catalyst, we
explored how temperature of annealing affects CO poisoning of a platinum whiskerette, a nanoobject
of an extended-surface support, such as 3M nanostructured thin film (NSTF), or other structures
produced by, for example, glancing angle deposition (GLAD) methods, etc. Here we present results of
molecular dynamic (MD) modeling of the whiskerette as a model of extended structure annealed at
temperatures from 400 to 1200 K. We found that CO coverage increases with annealing temperature,
that is, at high temperatures there are more deformations which lead to high CO coverage.
Interestingly, we observed sharp peak of CO coverage at temperature above 1000 K. Obtained results
suggest range of optimal annealing temperatures.
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1. INTRODUCTION
Annealing is an important process which alters physical and chemical properties of material [15]. It can also affect electrochemical characteristics of the material used as a catalyst. For example, PtCu alloy catalyst, annealed at 800 °C and subsequently dealloyed, showed higher activity than those
annealed at 600 °C and 950 °C [6]. It can be explained by annealing-structure-activity connection:
higher annealing temperature results in more compressed alloy structure, that in turn affects its activity
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[7]. In this work we used such connection in a slightly modified form: annealing-(surface structure)activity to investigate effect of annealing on CO tolerance.
CO poisoning of a catalyst is one of the major problems in hydrogen and fuel cell industry [811]. As to our knowledge, relation between annealing and CO poisoning was not investigated so far.
The intermediate link, that connects both processes, can be surface defects. It is known that annealing
creates defects in the material [12]. In particular, it can be used to enhance conductivity and
ferromagnetism in semiconductors [13]. On the other hand, as it was shown [14-17], surface defects
enhance CO adsorption. Combination of two phenomena gives annealing - defects - CO adsorption
relationship that we examine in the article.
Another question, we explored in the work, is what is the optimal annealing temperature. If the
temperature is too high, functional characteristics of material can be reduced: for example, nanoobjects
can agglomerate [18-20]. If it is too low, no desired structural changes happen. There is a need for a
model capable of predicting such favorable temperature, at which annealing occurs without unwanted
side effects. In this work such attempt was made.
The article is a continuation of our previous work [16] in which we studied dependence of CO
tolerance on structural and surface defects, such as contraction and stretching, edges and vertices of
111 and 100 platinum and Pt2Ru slabs. In this modeling we applied those results of quantum-chemical
calculations to investigate influence of annealing temperature on CO tolerance and structural
properties of a platinum whiskerette. It is important to underline that although here we considered a
whiskerette, the proposed model is applied to any other nanoobject.

2. METHODS OF CALCULATIONS
Molecular dynamics (MD) calculations were performed in GULP software package [21], with
NVT ensemble, using Sutton-Chen potentials [22]. Geometrical shape of the whiskerette is described
in details in work of Gancs et al. [23]. It consists of a tilted pillar (base) with the square-truncated
pyramids preserved on top (Fig. 1). The initial platinum whiskerette, before simulation, had sizes of a
base, length × width × height, equal to 25 Å × 25 Å × 53 Å, and a base to top ratio of pyramid equal to
≈3, as described in literature [23]. Overall, the whiskerette consisted of 2271 atoms. The initial crystal
structure was the set up to bulk structure.

Figure 1. Initial platinum whiskerette cut from bulk. For better representation edges are marked in
yellow
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Annealing was performed in the range of temperatures from 400 K to 1200 K with 100 K
interval with the heating and cooling rate of 0.05 K / step, and the step was equal to 1 fs. The
equilibration time (to equilibrate potential and kinetic energy distribution) was 3 ps. The whiskerette
was held 10 ps at the elevated temperature. Calculated CO coverage was averaged over 10 ps at the
fixed temperatures: elevated and room temperature (298 K).
To compute solvent accessible surface area (ASA) we used slightly modified code (to speed up
performance) by Bosco Ho [24] which implements numeric algorithm by Shrake and Rupley [25]. In
particular, calculation time was reduced from quadratic O(n2) to linear O(n) (where n is the number of
atoms) by hashing of atoms into disjoint space cubes to speed up the search for neighboring atoms.
Bottom atoms of the whiskerette were excluded from ASA calculation as not reachable to CO
molecules.

3. RESULTS AND DISCUSSION
3.1. Model description
Realistic description of CO coverage should take into account not only adsorption energy, but
applied temperature and surface area accessible by CO molecule as well, as accessible surface area
proportionally increases chances of molecule to be adsorbed. For this purpose, a theoretical model
must include both temperature and accessible surface. A Boltzmann distribution was used to calculate
probabilities of CO adsorption as a function of the adsorption energy. The last one depends on the
local deformation of catalyst accessible surface and temperature. As a result, probability of CO
molecule adsorption at the i-th atom is given by the formula:
(1)
where Si and Ei are accessible surface area and adsorption energy at temperature T of CO molecule at
the i-th atom respectively, Z is a partition function, and k is the Boltzmann constant.

Figure 2. CO adsorption on deformed 111 and 100 platinum slabs. Negative and positive abscissa
values represent contraction and stretching respectively.
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To compare CO coverages of the whiskerette at different elevated temperatures, we used a
room temperature value (298 K) in the formula (1). In this way, CO coverage of heated whiskerette
can be considered as CO coverage of the whiskerette instantly cooled down to room temperature with
the structure at the elevated temperature. Such approach, based on Boltzmann distribution, explicitly
takes into account results of quantum-chemical calculations. Thus, it combines scale of molecular
dynamics with precision of quantum chemistry.
Quantum-chemical calculations, that correlate surface defects with CO adsorption energy (Fig.
2), were taken from our previous work [16]. Figure 2 shows that adsorption curve depending on lattice
deformation (contraction-stretching: negative and positive abscissa values represent contraction and
stretching respectively) at 111 slab is decaying, while at 100 slab it is oscillating around -1.8 eV. In
both cases at contraction more than -0.3/-0.2 Å surface reconstruction occurs: platinum aggregates to
the surface, and surface degrades. At other type of defects, edge and vertex, CO adsorption energies
are -1.9 eV and -2 eV respectively. Thus CO adsorption energy increases along the row of adsorption
surface sites at 111 slab, 100 slab, edge, vertex.
To compute probability of CO adsorption, according to formula (1), the following calculation
scheme was used (Fig. 3). Firstly, accessible surface area and averaged distance were computed. Then
value of surface area defines type of the surface: it increases along the row of plane, edge, vertex.
Averaged distance determines deformation: how stretched or contracted is local surface. Both surface
area and deformation allow to calculate adsorption energy, which, in turn, with ASA give the CO
adsorption probability Pi at i-th atom. Summation over all atoms of the whiskerette gives total
probability of CO adsorption PT.

Figure 3. CO adsorption on deformed 111 and 100 platinum slabs. Negative and positive abscissa
values represent contraction and stretching respectively.

One possible extension of our model is to combine it with the theoretical model that
statistically predicts growth of metallic whiskers [26]. Such approach would allow to simulate effect of
annealing on whiskerette growth and whiskerette catalytic activity, taking into account distribution of
whiskerettes by their parameters (such as size, density etc.).
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3.2. Model application to whiskerette annealing
Figure 4 presents results of MD simulations of the whiskerette annealing at temperatures from
400 K to 1200 K. It is seen that starting from around 500 K CO coverage increases with annealing
temperature. The found initiation temperature is slightly lower than experimentally observed 300 C /
573 K [27]. That can be attributed to smaller size of the modeled whiskerette: whiskerette diameter is
25 Å in our modeling vs 50 Å in the experiment.

Figure 4. CO coverage probability density of the whiskerette depending on temperature of annealing.
Blue curve represents coverage at annealed temperature, and green one represents coverage
after cooling down to room temperature.
In the light of the proposed annealing - defects - CO adsorption relationship, such steep
dependence means that at high temperatures there are more deformations which lead to high CO
coverage. Indeed, Figure 5 illustrates distribution of surface type of the whiskerette at 1200 K: as it is
seen, lot of defects as vertices and edges appear on the plane surface at high temperature. This
observation is in line with experimental data: annealing eliminates or reduces growth of tin whiskers
[28]. In a point of fact, for whiskers growth regular crystal structure of metal at micro-level is required
[26], but our calculations show that annealing disturbs regularity of the crystal lattice [16].

Figure 5. Map of the whiskerette surface at 1200 K. Red color represents plane sites, blue and green
represent for edge-like and vertex-like sites respectively. Type of the surface is determined by
accessible area as described in section Model description.

Int. J. Electrochem. Sci., Vol. 11, 2016

4203

After cooling down to room temperature CO coverage does not return to the initial value (Fig.
4). One can say that the system has memory (in a sense of preserving structural changes). Moreover,
annealing above 1000 K greatly increases CO coverage (decreases CO tolerance) at room temperature.
It creates a window of annealing temperatures from 500 K to about 1000 K where annealing does not
lead to a significant leap of CO coverage.
In the experimental work by Vliet et al. [27], it was shown that annealing transforms corrugated
surface of a whisker, consisting of closely-packed whiskerettes, to the smooth homogeneous surface
structure. In contrast, in our model we considered an isolated whiskerette. Therefore, our model does
not describe collective transformation of whiskerettes and their interaction caused by heat treatment.

4. CONCLUSIONS
New model was developed to describe effect of annealing (or heat treatment in general) on CO
tolerance (or catalytic and structural properties in general) of whiskerettes. Also it is widely applicable
to any other nanoobjects.
We found that heating enhances CO adsorption by increasing number of surface defects. When
cooled down, CO coverage does not return to the initial unaffected value, it becomes slightly larger.
Moreover, annealing above 1000 K drastically boosts CO coverage, suggesting there is a window of
“opportunities”: annealing below 500 K does not lead to structural changes, whereas annealing above
1000 K leads to undesired raise of CO adsorption.
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