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Abstract: Using the one-atom theory(OA), the atomic states of Ru-electrocatalyst with hcp structure was determined as

222

[Kr](4d,)*"8(4d ) (550" (550" . The potential curve, elasticity and the temperature dependence of linear thermal expansion
coefficient and bulk modulus of hep-Ru were calculated quantitatively. The atomic states of this metal with fcec and bee structure and
liquid state were also studied. According to its atomic states, the relationship between the atomic states and catalytic performance
was explained qualitatively and these supplied Ru-metal and electrocatalyst with complete data for optimum designation in

accordance with metal material systematic sicence.
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1 Introduction

In recent years, because the consumption of
irreplaceable fossil fuels which meet the bulk of power
needs nowadays is non-sustainable and worldwide
attention focus on processes that convert these precious
resources into electricity via efficient, economical and
environmentally sound manner. Proton exchange
membrane fuel celPEMFC) has the characters of no
pollution, no-noise, high efficiency, high power and low
temperature operation, therefore, more and more nations
attach importance to it. The high reliability and friendly
environment make them particularly attractive as a
power sources in space is very in important in reducing
the cost of proton exchange membrane fuel cell stack and
find a new type catalyst which is cheap and made up of
disprecious metal to substitute precious metal as
electrocatalyst. Now, Pt-Ru alloy is still used very widely
and has good CO-tolerance ability[1-5]. In the
framework of the metallic materials systematic science,
there are three parts: pure metal systematic science, alloy
physics and chemistry and alloy statistical thermo-
dynamics. The core of the pure metal systematic science
is the one atom theory(OA)[6—9] of pure metals, and that
of the alloys physics and chemistry and alloys statistical

thermodynamics is the characteristic crystal theory(CC)
[10-13] of alloys. Now, few scientists reveal the
essences of catalytic performance of Ru from atomic
state level. In this paper, we have applied metallic
materials systematic science to calculate the atomic
states, physical properties and catalytic performance of
pure metal Ru and supplied Ru-metal and electrocatalyst
with complete data for optimum designation.

2 Basic atomic states of electrocatalyst Ru

In the OA theory, the atomic states of pure metals is
described by the quasi-electron-occupation(QEO)
number of the one-atom state y, which is made up of
some basic atom states @; as

¥V :ch¢k (1)
k

At the outer shell of Ru atom, there are covalent
electrons n,, near-free electrons ny and no-bond electrons
n,. In each basic atom state, the distribution of electrons
follows the Pauli exclusion principle. The characteristic
properties (lattice constant a and cohesive energy E.) of
the temperature, pseudo-crystals formed by atoms in
each kind of basic atom state of Ru metal can be
obtained by a series of established formulas[8]. Using
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one-atom state self-consistency method and schematic
procedure shown in Fig.1, the lattice constant, cohesive
energy and Debye temperature of experimental value can
be used to further calculate the physical properties. The
results of pure Ru metal are listed in Table 1.
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Fig.1 Schematic procedure for determining atomic states and
properties of hep, fec, bee and liquid pure Ru-metals (‘p’
denotes phase, ‘h” denotes hcp structure, “** denotes experi-
mental value)

3 Determination of atomic state of hcp-Ru

In this research, firstly the two characteristic
properties (lattice constant @ and cohesive energy E,)
were taken as the criterion and perform the three-state
hybridization, Multiple-Properties-Determining-State
method was used in OA theory. Secondly, after a
systematic analysis mainly taking the lattice constant and
cohesive energies into consideration, the three-state
combination of hcp-Ru are determined as: (¢;=0.11,
¢5=0.88, ¢;=0.01), then the atomic states of hcp-Ru can
be determined as: [Kr](4d,)>"8(4d.)**(5s0) 7" (5sp)™ .
The atomic state parameters, bond parameters and
characteristic properties of hcp-Ru crystal are listed in
Table 2, where 7, r,, 3 denote covalent bond lengths, n;,
n,, ny denote covalent electron pair numbers and Ecl s
E, . E; denote covalent bond energies.

Cy 2

4 Atomic states of fcc-Ru, bee-Ru

4.1 Lattice constant and cohesive energy of fcc-Ru,
bcee-Ru

Under the isopiestic condition, the Gibbs energy
of pure metal is a function of the capacity of heat c,(7)
and volume V(7):

T T
G(T)=E, +j0 ¢, (1)dT +pj0 V(THdT -

T (e, (@Y @

The relative Gibbs energy is presented by a
polynomial of temperature 7' in SGTE database[16]:

G=a+bl +cTInT +) dT" 3)

According to the cohesive energies of hcp-Ru and
the G'(T) data of hcp-Ru supplied in SGTE database, the
cohesive energies of fcc-Ru, bec-Ru can be obtained
approximately as following: E.(fcc-Ru)=637.50 kJ/mol,
E (bce-Ru)=623.50 kJ/mol.

By OA theory and schematic procedure in Fig.1, the
lattice constants of fcc-Ru, bec-Ru can be obtained
approximately as follows: a(fcc-Ru)=0.379 01 nm,
a(bee-Ru)=0.300 82 nm.

4.2 Atomic states of fcc-Ru, bee-Ru

Similar to determining the atomic states of hcp-Ru,
atomic states of fcc-Ru, bee-Ru can be determined by the
Multiple-Properties-Determining-State method as
afoe-Ru)=[Krl(4d,) ' (4do)* (55 > (530
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wa(bec-Ru)=[Kr](4d,)* “(4do)** (5s9)'*°(5sp)**

4.3 Atomic state of liquid-Ru

Similar to the case of fcc-Ru bee-Ru, the cohesive
energies of L-Ru can be determined through SGTE
database: F (I.-Ru)=632.80 kJ/mol.

Supposing Ru still has hep structure after melted,
according to their densities[11] before and after melted
and the lattice constants of solid hep-Ru (p,=12.36 g/cm’,
p=10.99 g/em®), the lattice constants of L-Ru can be
obtained: a(L-Ru)=0.279 47 nm. By the way, it has been
confirmed by modern X-ray experiments that liquid

Table 1 Basic atomic states and corresponding pseudo crystal characteristic properties of Ru metal

Lattic constant, a/nm

Cohesive energy, E./(kJ-mol ")

Number Atomic state

hep bee fce hep bee fce
¥ (4d)'(4d ) (5s)°(3s)? 00247 57 0.281 20 0.353 62 666.24 658.17 641.47
W, (4d)'(4d)(5s)°(3s)”  0.237 16 0.269 31 0.338 77 117237 115596 1 146.87
v (4d)'4d,) (5so)'(3sp)' 024184 027165 0.345 45 926.05 913.65 902.21
Wy (4d)*(4d)'(5s)°(3se  0.30124 0.34221 0.430 28 300.30 297.22 283.40
Vs (4d)'A4d,) (5so)*(3sp)° 027477 031230 0.392 45 643.64 635.74 629.77
Vs (4d)*(4d,) ' (5so)'(3sp)' 0.285 69 0.32078 0.412 68 458.41 459.19 439.25
W (4d )’ (4d)'(5s)°(3sp'  0.245 83 0.274 12 0.354 66 49735 500.77 476.63
Vs (4d)*(4d,) ' (5so)'(3sp)° 023399 0.265 69 0.334 25 802.99 791.62 785.49
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metals really have the short distance ordering similar to
crystals.

Now, similar to the case above, it 1s not difficult to
determine the atomic states of L-Ru: w,(L-Ru)=[Kr]
(4dn)4.00 (4dc)2.00 (Ssc)l'SZ(SSf)OAg.

5 Interpretation catalytic performance of Ru
from atomic state level

According to solid energy-level theory, we delineate
d-state of transition metal to adopt the concept called as
d-orbital vacancy. It is advantageous to catalytic reaction.
Generally, the more the d-orbital vacancy is, the more
advantageous the catalytic reaction is. When Ru atoms
get together, 1 s electrons transform into d electrons, the
number of d-electrons decreases, so the d-orbital
vacancies increases. In the PtRu alloys, Ru atom
substitutes Pt atom in fce structure to form PtRu solid
solution mixture because their bond radius and volume
are almost the same, d electrons of Pt transfer to Ru
atoms due to the effect related to the -electron
withdrawing properties of Ru[19], therefore the d-orbital
vacancies of Pt increase and lead to chemiadsorb
substances, and then electrocatalyst has high catalytic
activity. We think that under the metal material
systematic science instruction, to realize the optimum
designation electrocatalyst PtRu, ., to obtain basic
information of characteristic atom sequences and
corresponding characteristic crystal sequences, then
according to objective information, formulate
designation plan about catalyst alloy of gradient,
structure and state and prepare a new alloy catalyst, it
will lead to optimum value d-orbital vacancy of Pt and
the inhibition of carbon monoxide. In a large scale to
adsorb substances in catalyst surface, then catalyst has
best catalytic properties.

6 Quantitative calculations of physical pro-
perties of hcp-Ru

As a whole, one of the critical parts of the OA
theory is the determination of atomic states, the other is
the qualitative explanations and quantitative calculations
of various physical properties based on the atomic states
obtained above. The object of researching atomic states
is to perform these kinds of explanations and calculations,
and to understand the change rules of various physical
properties in essence and control them effectively. On the
other hand, these kinds of qualitative explanations and
calculations can also be used to judge whether the atomic
states we obtain are proper. The potential curves,
elasticity and the changes of linear thermal expansion
with temperature of Ru with hep structure will be
calculated.

According to MAI potential function, theoretical
potential curves of hcp-Ru can be obtained as shown in
Fig. 2.
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Fig.2 Theoretical potential curves of hep-Ru

6.1 Elasticity

According to the elasticity calculating formula in
OA theory, bulk modulus B=322.8 GPa is very close to
experimental value 320.8 GPa, elastic modulus ¥ =
320.59 GPa, modulus of rigidity x#=120.45 GPa and
Poisson’s ratio 6=0.330 8 of hcp-Ru can be obtained.
And Bulk modulus as a function of temperature for
hep-Ru can also be obtained as shown in Fig.3.

6.2 Linear thermal expansion coefficient as function

of temperature for hcp-Ru

According to the expression between linear thermal
expansion coefficient and temperature in OA theory, the
change curves of linear thermal expansion coefficient as
a function of temperature of hcp-Ru can be obtained as
shown in Fig.4. The constants in Grineisen equation are,
respectively, n=1.3, j=8.6, K=1.43, 0=302.20 kJ/mol.
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Fig.3 Bulk modulus as function of temperature for hep-Ru



906 PENG Hong-jian, et al/Trans. Nonferrous Met. Soc. China 16(2006)

10+ =— Experimental valuesl!5]

a/10-6K-!

1 000 1400
T'K

Fig.4 Linear thermal expansion coefficient as function of
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temperature for hep-Ru
7 Conclusions

1) When Ru atoms get together, 1s electrons
transform into d electrons. So, the atomic states of
hep-Ru can be described as follows: [Kr](4d,)*"%(4d,)***
(5s0)"7(5s¢)"*. Based on the atomic states of hep-Ru, the
relationship between the difference of the physical
properties of hcp-Ru and their atomic states was
explained qualitatively; the lattice constant, cohesive
energy, potential curve, elasticity and change curves of
linear thermal expansion coefficient as a function of
temperature are calculated quantitatively, and the
theoretical values and experimental values are in good
accordance.

2) Atomic states of fcc-Ru, bee-Ru and L-Ru are as
follows: ¥, (fce-Ru) = [Kr] (4d,)’7°(4do)**(5s0)" -
(sz)0.44> Wﬂ(bCC-Ru):[KI'](4dn)4'00(4dc)2'22(5SC)I'SG(SSf)O'ZZ;
v, (L-Ru)=[Kr](4dn)4'00(4dc)2'00 (SSc)l'SZ(SSf)O'48.

3) According to atomic states, we initially interpret
the relationship between atomic states of Ru and its
catalytic performance.
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