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研究成果の概要（和文）：これまで触媒反応の反応機構の解明は、実験的・理論的アプローチの双方から行われ
てきた。これまで多くの知見が理論的手法により得られてきたが、実験において重要となる温度や圧力などの反
応条件を考慮した理論手法の発展は途上であり、実験と理論のギャップを埋める上で重要である。本研究課題
は、このような観点から、温度・圧力・触媒の形状などを考慮した理論的研究を展開し、これらの要因が触媒反
応の活性にどのように影響するかの解明を目的とした。このような課題に対し、第一原理計算と反応速度論を用
いた検討を行ったところ、アンモニア合成反応などにおいて粒子の大きさに対する依存性などを予測することが
できた。

研究成果の概要（英文）：This research subject aims to establish and apply a theoretical methodology 
which is based on ab initio electronic structure theory, but also including temperature and pressure
 effect via thermodynamics and chemical kinetics. As pilot examples, the NH3 synthesis reaction and 
NO + CO reaction was considered, and catalytic activity depending on catalyst state such as particle
 size of nano-cluster was successfully elucidated.

研究分野：理論化学

キーワード： 理論化学　触媒化学　電子状態　反応速度論
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様	 式	 Ｃ－１９、Ｆ－１９－１、Ｚ－１９、ＣＫ－１９（共通）	

１．研究開始当初の背景 
	 触媒は通常では進行しない化学反応の進行
を促進する材料であり、この役割から化成品
合成などが主目的である化学工業において重
要な役割を果たす。触媒が反応の進行をどの
ようにして促進しているのか(反応機構)は、よ
り有効な触媒を探索するうえで指針を与える
ために有用である。このような反応機構の解
明は、実験的・理論的アプローチの双方から
行われてきた。これまで多くの知見が理論的
手法により得られてきたが、実験において重
要となる温度や圧力などの反応条件を考慮し
た理論手法の発展は途上であり、実験と理論
のギャップを埋める上で今後ますますその重
要性が高まるものと考えられる。 
	 本研究課題は、このような観点から、温度・
圧力・触媒の形状などを考慮した理論的研究
を展開し、これらの要因が触媒反応の活性に
どのように影響するかの解明を目指す。 
 
２．研究の目的 
本研究課題では、次の２つの触媒反応を具

体例として検討した。 
① NH3合成反応 
② NO + CO反応 

①は実用的および学術的側面から重要な媒反
応であり、②は自動車触媒において広く検討
されている反応である。これらの反応を題材
として、電子状態計算をベースとした理論計
算において、温度・圧力・触媒の形状などの要
因を考察した検討を行った。 
 
３．研究の方法 
本研究では、第一原理計算と反応速度論を

用いることにより触媒反応の活性予測を行な
った。第一原理計算には平面波基底関数によ
る密度汎関数法を用い、プログラムソフトウ
ェアとして Vienna	 ab	 initio	 simulation	
package	(VASP)を利用した。	
	
４．研究成果	
(1)	Ru,	Rh,	Osナノ粒子による	NH3合成反応	
第一原理計算により求められたRu,	Os,	Rh

のステップ面によるN2解離反応のN2吸着状態
と遷移状態の構造を図１に示す。Ru や Os に
おいては吸着状態と遷移状態のN2結合長変化
が Rhに比べて小さく、活性化エネルギー(Ea)
が小さいことが予測される。実際に算出され
た Eaは、Ru,	 Os,	 Rh に対して 0.39,	 0.41,	
1.20	eV と、予測した通りの結果となった。こ
れらの活性化エネルギーを用いて反応速度論
解析を実行したところ、Ru が最も NH3 生成反
応速度が高く、次いで Os,	Rh となった。これ
は、Os では NH2が活性サイトの占有率が高く
被毒を引き起こしていることが原因であった。	
また、様々なサイズの Ru,	Rh,	Os ナノ粒子
に対して表面エネルギーを計算することから
その形状を理論的に予測した(図 2)。このよ
うなナノ粒子に対して、上記で計算した Eaな
どの速度論的情報から反応速度の粒径依存性

を検討した。図 3に、Ru,	Rh,	Os での NH3合
成反応速度の粒径依存性を示す。Ruが圧倒的
に大きな反応速度を示しており、実験的な結
果と一致する。この理由は、Ruが N2解離過程
において小さな Eaを持つこと、ステップサイ
トの被毒が Osほど顕著ではないこと、ステッ
プサイトの存在比が十分に大きいことが要因
と結論できる。	
	

	
図１.	Ru,	Os,	Rh における N2解離反応の遷移

状態	

	

	

図 2.	 理論的に予測したナノ粒子の形状。粒

子の直径は、左から順に 2nm,	4nm,	6nm	
	

	
図 3.	 理論的に予測した NH3 合成反応速度と

その粒径依存性	

reaction rate to units of lmol!g-cat" 1!s" 1 since these units are
widely used experimentally. Thus, the reaction rates (see
Table S4, Supporting Information) were plotted with respect to
the particles diameter d (Fig. 6). As shown, the Ru nanoparticles
exhibit considerably higher reaction rates than the Os and Rh
nanoparticles, especially where d = 2.5 and 3.0 nm (i.e., 15.7 and
12.3 lmol g-cat" 1 s" 1, respectively, c.f., 2.08 # 10" 3 lmol g-cat" 1

s" 1 for Os at d = 3.75, and 5.97 # 10" 5 lmol g-cat" 1 s" 1 for Rh at
d = 4.75). Furthermore, the maximum reaction rates were observed
at d = 3–5 nm for each metal species, and the particle sizes corre-
sponding to the maximum reaction rates increased in the order
Ru < Os < Rh. This trend is expected from the results shown in
Fig. 3, which indicates the ratio of step sites with respect to the
whole particle.

Although Nsite is considerably smaller for the step sites in all
metal species, their TOFs are significantly larger than those of the
other metal surfaces. For example, on Ru the rate constant of the
stepped site is $ 105–106 times larger than on the (0 0 0 1) site,
resulting in a 105 times increase in TOF for the former. A similar
trend was observed for Os and Rh (i.e., increases of 104 and 103

times, respectively), which corresponds with the experimental
finding that the NH3 synthesis rate is dominated by a small num-
ber of active sites [54].

Our results therefore predicted that the Rh system is the least
active due to the large Ea values for N2 dissociation. The differenceFig. 5. Geometries of the reactant (left) and transition states (right) for N2

dissociation at step surfaces of Ru, Os, and Rh. NAN bond distances are shown in Å.

Table 4
Activation energies (Eas), rate constants, surface coverages of the atomic and molecular species, and TOFs for NH3 synthesis. Reaction conditions: T = 600 K, total pressure = 1 bar,
NH3 conversion = 1%, and PH2:PN2 = 3:1.

Metal Surface Ea (eV) Rate constant (s" 1) Coverage TOF (mol tsite" 1 s" 1)

hN hH hNH hNH2 hNH3 h*

Ru (0 0 0 1) 1.15 1.52 # 10" 5 7.24 # 10" 1 2.30 # 10" 1 7.16 # 10" 3 5.52 # 10" 8 8.20 # 10" 9 3.92 # 10" 2 5.66 # 10" 9

(1 0 !1 0) 1.43 6.77 # 10" 8 4.57 # 10" 3 7.06 # 10" 1 2.28 # 10" 1 5.74 # 10" 4 1.21 # 10" 6 2.62 # 10" 1 1.12 # 10" 9

(1 0 !1 1) 1.10 4.00 # 10" 5 1.83 # 10" 1 4.88 # 10" 1 3.05 # 10" 1 6.82 # 10" 6 1.58 # 10" 8 2.37 # 10" 2 5.42 # 10" 9

Step 0.39 3.69 # 101 8.05 # 10" 2 8.30 # 10" 1 2.35 # 10" 2 6.86 # 10" 3 1.53 # 10" 7 5.94 # 10" 2 3.14 # 10" 2

Os (0 0 0 1) 1.95 2.90 # 10" 12 3.99 # 10" 1 3.33 # 10" 1 2.48 # 10" 2 4.57 # 10" 7 7.61 # 10" 7 2.43 # 10" 1 4.11 # 10" 14

(1 0 !1 0) 1.62 1.72 # 10" 9 1.03 # 10" 3 9.09 # 10" 1 1.31 # 10" 2 5.11 # 10" 3 1.30 # 10" 5 7.16 # 10" 2 2.13 # 10" 12

(1 0 !1 1) 1.30 8.36 # 10" 7 5.12 # 10" 3 9.43 # 10" 2 8.85 # 10" 1 1.15 # 10" 3 5.67 # 10" 7 1.46 # 10" 2 4.33 # 10" 11

Step 0.41 2.50 # 101 8.65 # 10" 1 1.04 # 10" 1 5.81 # 10" 3 2.31 # 10" 2 1.78 # 10" 7 1.75 # 10" 3 1.83 # 10" 5

Rh (1 1 1) 2.08 2.35 # 10" 13 1.32 # 10" 5 4.58 # 10" 1 5.14 # 10" 6 4.99 # 10" 9 4.67 # 10" 14 5.42 # 10" 1 1.66 # 10" 14

(1 0 0) 1.61 2.08 # 10" 9 2.63 # 10" 3 5.98 # 10" 1 3.97 # 10" 3 1.49 # 10" 3 1.00 # 10" 7 3.96 # 10" 1 7.88 # 10" 11

Step 1.20 5.78 # 10" 6 1.69 # 10" 4 5.78 # 10" 1 8.67 # 10" 6 3.87 # 10" 4 4.14 # 10" 7 4.21 # 10" 1 2.49 # 10" 7

Fig. 6. Reaction rates for NH3 synthesis on Ru, Os, and Rh particles of different diameters. Inset: expansion at low reaction rates. Reaction conditions: T = 700 K, total pressure
= 100 bar, NH3 conversion = 10%, and PH2:PN2 = 3:1. Curves are shown to guide the eyes.
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preferring the hollow sites on all surfaces examined herein. This
tendency agrees with theoretical studies on Zr(0 0 0 1) and Pd(1
1 1) [18]. Although hollow sites are also favored by the H atom,
in Rh(1 0 0), the bridge site binds H more strongly than the hollow
site, although the difference is small (DEad = 0.04 eV, Table S2). As
expected, adsorption on the step sites tends to be strong, especially
for Os particles, with the N and H atoms binding most strongly on

the step surface. In addition, NH2 species show the largest depen-
dence on the metal facet, since the bridge site on stepped surface
exhibits significantly enhanced NH2 adsorption. NH also favors
the open sites, while the NH2 and NH3 species bind more strongly
on the bridge and atop sites, respectively. When the Ead values on
different metal species are compared, the H and N atoms bind on
Ru and Os with similar Ead values, while their adsorptions on Rh
are relatively weak. This trend was also observed for NH and NH2

species, while the adsorption of NH3 was similar among all three
metal species.

Subsequently, the reaction energies (DE) of all elementary reac-
tions and the activation energies (Ea) of the RDS were calculated for
each metal surface, and the results are displayed as potential
energy diagrams (PEDs) in Fig. 4 (see also Table S3, Supporting
Information). As indicated, in all three metal species, the stepped
surfaces exhibited significantly lower Ea values for the N2 dissoci-
ation step. For example, in Ru, Ea values of 1.15, 1.43, 1.10, and
0.39 eV were calculated for the (0 0 0 1), (1 0 !1 0), (1 0 !1 1), and
stepped surfaces, respectively. Similarly, the Ea of N2 dissociation
on the Os step was 0.41 eV, while that on Rh was 1.20 eV. In addi-
tion, the Ea values on the Ru and Os steps were significantly smaller
than those on the other surfaces. The effect on the Rh step was less
pronounced, with Ea being 58–75% of the values on the other sur-
faces. These results suggest that the N2 dissociation process is slow
with Rh catalysts.

The DE values of N2 dissociation indicate that this process is
exothermic on all metal surfaces, being more exothermic on Ru
and Os (i.e., !0.98 to !1.71 eV on Ru, !0.97 to !2.03 eV on Os)
than on Rh (!0.3 to !0.89 eV), while the value of DE can differ
by >1.0 eV in the N2 dissociation step for different metals. Accord-
ing to the linear free energy relationship, a smaller exothermicity
leads to a larger Ea value, as observed here for Rh.

The geometries of the reactant state and the TS during N2 dis-
sociation at the steps are shown in Fig. 5. In the reactant state,
the upper and lower steps hold the N2 molecules in a vertical
configuration, resulting in the upper and lower N atoms being
adsorbed on bridge and threefold hollow sites, respectively. This
configuration is known as the B5 site, as confirmed by previous
experimental and theoretical studies [16,48]. Although the TS
geometry was comparable for the three systems, the NAN bond
length differed in the reactant and TS states in the Ru system
(i.e., 1.28 and 1.74 Å, respectively), representing an elongation
of 0.46 Å. In addition, an NAN elongation of 0.28 Å for the Os sys-
tem indicated a moderate structural change between the reactant
state and the TS. In contrast, the more significant elongation in
the Rh system (i.e., 0.61 Å), indicated a large structural change
upon formation of the TS.

Based on the above results, the observed differences in the N2

dissociation between the three systems from a molecular view-
point indicates that in the Ru and Os systems, the NAN bond is
already weakened upon N2 adsorption on the step site, while in
the Rh system, this weakening is not significant and so a larger
Ea is required to dissociate N2.

In addition to the N2 dissociation step, other reaction steps are
also kinetically important. Unlike N2 dissociation, the DE for H2

dissociation is less dependent on the metal species (DE " !1.0 eV
on Ru and Os, and !0.8 eV on Ru). Similarly, the dependence of
DE on the facet is moderate, although H2 dissociation tends to be
more exothermic on open surfaces. For example, H2 dissociation
on Os is more exothermic at the step sites than on the (0 0 0 1)
facet (DE = !1.20 and !0.81 eV, respectively), although this differ-
ence is smaller than that for N2 dissociation (DE = !2.03 and
!1.45 eV on the step and Os(0 0 0 1) surfaces, respectively). These
results indicate that the metal surfaces and metal species have a
stronger influence on the M-N interactions than on the M-H
interactions.

Fig. 2. Wulff constructions of the Ru, Os, and Rh nanoparticles. The small, medium,
and large particles correspond to diameters of 2, 4, and 6 nm, respectively. The
regions between large surfaces are the step sites.

Fig. 3. Ratio of step sites (in%) vs. all metal atoms present in the particles, plotted
against the diameters of the Ru, Os, and Rh nanoparticles.
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reaction rate to units of lmol!g-cat" 1!s" 1 since these units are
widely used experimentally. Thus, the reaction rates (see
Table S4, Supporting Information) were plotted with respect to
the particles diameter d (Fig. 6). As shown, the Ru nanoparticles
exhibit considerably higher reaction rates than the Os and Rh
nanoparticles, especially where d = 2.5 and 3.0 nm (i.e., 15.7 and
12.3 lmol g-cat" 1 s" 1, respectively, c.f., 2.08 # 10" 3 lmol g-cat" 1

s" 1 for Os at d = 3.75, and 5.97 # 10" 5 lmol g-cat" 1 s" 1 for Rh at
d = 4.75). Furthermore, the maximum reaction rates were observed
at d = 3–5 nm for each metal species, and the particle sizes corre-
sponding to the maximum reaction rates increased in the order
Ru < Os < Rh. This trend is expected from the results shown in
Fig. 3, which indicates the ratio of step sites with respect to the
whole particle.

Although Nsite is considerably smaller for the step sites in all
metal species, their TOFs are significantly larger than those of the
other metal surfaces. For example, on Ru the rate constant of the
stepped site is $ 105–106 times larger than on the (0 0 0 1) site,
resulting in a 105 times increase in TOF for the former. A similar
trend was observed for Os and Rh (i.e., increases of 104 and 103

times, respectively), which corresponds with the experimental
finding that the NH3 synthesis rate is dominated by a small num-
ber of active sites [54].

Our results therefore predicted that the Rh system is the least
active due to the large Ea values for N2 dissociation. The differenceFig. 5. Geometries of the reactant (left) and transition states (right) for N2

dissociation at step surfaces of Ru, Os, and Rh. NAN bond distances are shown in Å.

Table 4
Activation energies (Eas), rate constants, surface coverages of the atomic and molecular species, and TOFs for NH3 synthesis. Reaction conditions: T = 600 K, total pressure = 1 bar,
NH3 conversion = 1%, and PH2:PN2 = 3:1.

Metal Surface Ea (eV) Rate constant (s" 1) Coverage TOF (mol tsite" 1 s" 1)

hN hH hNH hNH2 hNH3 h*

Ru (0 0 0 1) 1.15 1.52 # 10" 5 7.24 # 10" 1 2.30 # 10" 1 7.16 # 10" 3 5.52 # 10" 8 8.20 # 10" 9 3.92 # 10" 2 5.66 # 10" 9

(1 0 !1 0) 1.43 6.77 # 10" 8 4.57 # 10" 3 7.06 # 10" 1 2.28 # 10" 1 5.74 # 10" 4 1.21 # 10" 6 2.62 # 10" 1 1.12 # 10" 9

(1 0 !1 1) 1.10 4.00 # 10" 5 1.83 # 10" 1 4.88 # 10" 1 3.05 # 10" 1 6.82 # 10" 6 1.58 # 10" 8 2.37 # 10" 2 5.42 # 10" 9

Step 0.39 3.69 # 101 8.05 # 10" 2 8.30 # 10" 1 2.35 # 10" 2 6.86 # 10" 3 1.53 # 10" 7 5.94 # 10" 2 3.14 # 10" 2

Os (0 0 0 1) 1.95 2.90 # 10" 12 3.99 # 10" 1 3.33 # 10" 1 2.48 # 10" 2 4.57 # 10" 7 7.61 # 10" 7 2.43 # 10" 1 4.11 # 10" 14

(1 0 !1 0) 1.62 1.72 # 10" 9 1.03 # 10" 3 9.09 # 10" 1 1.31 # 10" 2 5.11 # 10" 3 1.30 # 10" 5 7.16 # 10" 2 2.13 # 10" 12

(1 0 !1 1) 1.30 8.36 # 10" 7 5.12 # 10" 3 9.43 # 10" 2 8.85 # 10" 1 1.15 # 10" 3 5.67 # 10" 7 1.46 # 10" 2 4.33 # 10" 11

Step 0.41 2.50 # 101 8.65 # 10" 1 1.04 # 10" 1 5.81 # 10" 3 2.31 # 10" 2 1.78 # 10" 7 1.75 # 10" 3 1.83 # 10" 5

Rh (1 1 1) 2.08 2.35 # 10" 13 1.32 # 10" 5 4.58 # 10" 1 5.14 # 10" 6 4.99 # 10" 9 4.67 # 10" 14 5.42 # 10" 1 1.66 # 10" 14

(1 0 0) 1.61 2.08 # 10" 9 2.63 # 10" 3 5.98 # 10" 1 3.97 # 10" 3 1.49 # 10" 3 1.00 # 10" 7 3.96 # 10" 1 7.88 # 10" 11

Step 1.20 5.78 # 10" 6 1.69 # 10" 4 5.78 # 10" 1 8.67 # 10" 6 3.87 # 10" 4 4.14 # 10" 7 4.21 # 10" 1 2.49 # 10" 7

Fig. 6. Reaction rates for NH3 synthesis on Ru, Os, and Rh particles of different diameters. Inset: expansion at low reaction rates. Reaction conditions: T = 700 K, total pressure
= 100 bar, NH3 conversion = 10%, and PH2:PN2 = 3:1. Curves are shown to guide the eyes.
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(2)	Rh クラスターにおける NO	+	CO 反応	
本課題では、自動車触媒として広く用いら

れている Rhによる NO	+	CO 反応を検討した。
Rhクラスターのモデルとして、Rh55と Rh147を
用いた。ここで、NO	+	CO 反応の全反応に対し
て NO 解離、N2生成、N2O 生成の 3 つの素反応
を検討した。Rh147 における反応に伴う構造変
化の例を図 4に示す。計算結果から、Rhクラ
スターの特徴として、Rh表面よりも原子・分
子の吸着エネルギーが非常に大きくなる傾向
が見られた。また、上記４つの素反応におけ
る活性化エネルギーとそこから見積もった反
応速度定数(図 5)から、N2生成が律速段階であ
ることが示された。	
	

	

図 4.	Rh147クラスターにおける N2生成の反応

物、遷移状態、生成物の最適化構造	

	

	

	
図 5.	Rh147における反応速度定数。N2と N2O 生

成では N2生成のほうが順反応の速度定数が大

きく、N2生成が優先的に起こる。また、N2生成

は NO解離より速度定数が小さいため、律速段

階となっている。	
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N atom attacking the NO molecule. Therefore, it is a case of a
“late transition state,” meaning that the TS geometry resembles
the that of the product state. Because of this property, Ea and
ΔE have similar values for many reaction paths in N2O
formation.
The relative energetics and kinetics of N2 and N2O formation

directly affect the selectivity of the overall reaction. On Rh55,
N2O formation by path III has a lower Ea value than the N2
formation reaction. However, the former is highly endothermic
(1.90 eV), indicating that the reverse reaction is faster than the
forward reaction. The other reaction paths are also mostly
endothermic. Therefore, the formed N2O molecules, if any,
easily dissociate into N and NO species. The same tendency for
N2O formation was observed on Rh147. Based on these
considerations, we conclude that N2 rather than N2O is formed
following NO dissociation under the reaction conditions
assumed here, that is, with a low coverage of surface species
on the Rh surface or cluster. This conclusion is also supported
by the rate constants of the elementary reactions, as shown
later.
Rate Constants of the NO Dissociation, N2 Formation,

and N2O Formation Reactions. To compare these three
elementary reactions, their rate constants were calculated using
the Ea values determined from DFT calculations. By assuming
the Langmuir−Hinshelwood reaction mechanism, we can
approximate the pre-exponential factor for the surface reaction
rate constant by kBT/h. The calculated forward and backward
reaction rate constants (the highest values among different
possible paths) are plotted for comparison in Figure 5, and the
numerical values are listed in Table S3 of the Supporting
Information.
As expected from the large endothermicity of N2O

formation, the reverse reaction is faster than the forward
reaction in most cases. The difference between these rate
constants is particularly amplified at lower temperatures. On
both Rh clusters and the Rh(111) surface, the rate constants for
N2O dissociation and N2O desorption have similar orders of
magnitude. This indicates that the two reactions take place
simultaneously. In contrast, the reverse reaction of N2
formation is much slower than the forward reaction. Thus,
the desorption of N2 rather than its decomposition takes place.
Based on the large endothermicity of N2O formation, it can

be concluded that N2 formation is preferred, particularly on
Rh(111). In fact, N2 formation is faster than N2O formation on
Rh(111) at all temperatures. Although the forward formation of
N2O is faster than N2 formation on Rh55 and Rh147 clusters, the

endothermicity of the former process indicates that the
backward reaction, namely, N2O decomposition, is favored.
Throughout the entire temperature range of 300−700 K, the

N2 formation rate constant is smaller than that of NO
dissociation for Rh(111) and the Rh clusters. This implies that
N2 formation is a strong candidate for the rate-determining step
in the overall reaction. According to the rate constants, the Rh
activity toward N2 formation can be ordered as follows:
Rh(111) (6.88 s−1) > Rh147 (1.83 s

−1) > Rh55 (2.37 × 10−4 s−1).
This order can be understood from the fact that smaller clusters
have larger Ea values for N2 formation, as discussed in the
previous section.

■ CONCLUSIONS
Key elementary reaction steps in the NOx reduction, namely,
NO dissociation, N2 formation, and N2O formation, were
investigated on the Rh(111) surface and on Rh55 and Rh147
clusters (with diameters of 1−2 nm) using the DFT method.
For the adsorption processes, our results suggest that NO, N,
and O bind more strongly to the Rh clusters than to Rh(111).
The more open types of Rh sites (i.e., corner and edge Rh
atoms as opposed to terrace Rh atoms) are favored for
adsorption. Rh55 displays stronger adsorption than Rh147. The
adsorption energies of NO, N2, N, and O on the most favorable
sites on Rh147 are greater than those on Rh(111) by an average
of 0.38 eV, whereas those on Rh55 are greater than those on
Rh(111) by 0.60 eV. In particular, the strong binding of N
atoms on the Rh55 cluster implies that small-sized Rh clusters
are more easily poisoned by N atoms.
The energetics of the three elementary steps were also

examined. The activation energy for NO dissociation is lower
on the Rh clusters than on Rh(111), being 0.63, 0.68, and 1.25
eV for Rh55, Rh147, and Rh(111), respectively. Therefore, NO
dissociates more easily on smaller Rh clusters than on the Rh
surface. The N2O formation reaction was found to be
thermodynamically unfavorable in all Rh systems, because
this process is highly endothermic and the corresponding
activation energies on the Rh clusters are also significantly high
(1.92 and 1.69 eV for Rh55 and Rh147, respectively). The N2
formation reaction also has high activation energies, but it is
exothermic on Rh147 and Rh(111). These results indicate that
N2 formation is favored over N2O formation.
According to the calculated energetics and rate constants,

N2O dissociation is faster than its formation because the latter
is highly endothermic. Also, because N2O adsorbs only weakly
on Rh(111) and Rh clusters, it can easily desorb, as the

Figure 5. Reaction rate constants for elementary steps (NO adsorption/dissociation, N2 formation/desorption, and N2O formation/desorption) on
Rh55, Rh147, and Rh(111). Both forward and reverse rate constants are shown.
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activity toward N2 formation can be ordered as follows:
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−1) > Rh55 (2.37 × 10−4 s−1).
This order can be understood from the fact that smaller clusters
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adsorption. Rh55 displays stronger adsorption than Rh147. The
adsorption energies of NO, N2, N, and O on the most favorable
sites on Rh147 are greater than those on Rh(111) by an average
of 0.38 eV, whereas those on Rh55 are greater than those on
Rh(111) by 0.60 eV. In particular, the strong binding of N
atoms on the Rh55 cluster implies that small-sized Rh clusters
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thermodynamically unfavorable in all Rh systems, because
this process is highly endothermic and the corresponding
activation energies on the Rh clusters are also significantly high
(1.92 and 1.69 eV for Rh55 and Rh147, respectively). The N2
formation reaction also has high activation energies, but it is
exothermic on Rh147 and Rh(111). These results indicate that
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