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Hydrogenation reaction, as one of the simplest association reactions on surfaces, is of great
importance both scientifically and technologically. They are essential steps in many industrial
processes in heterogeneous catalysis, such as ammonia synthesBHN-2NH,). Many issues

in hydrogenation reactions remain largely elusive. In this work, the (%H0,1,2) hydrogenation
reactiongN+H—NH, NH+H—NH, and NH,+H—NH3;) on Rh(111) are used as a model system

to study the hydrogenation reactions on metal surfaces in general using density-functional theory. In
addition, C and O hydrogenatid€+H—CH and O-rH—OH) and several oxygenation reactions,

i.e., C+O, N+0O, O+0 reactions, are also calculated in order to provide a further understanding of
the barrier of association reactions. The reaction pathways and the barriers of all these reactions are
determined and reported. For the C, N, NH, and O hydrogenation reactions, it is found that there is
a linear relationship between the barrier and the valency dRRC, N, NH, and Q. Detailed
analyses are carried out to rationalize the barriers of the reactions, which showsi)tfdte
interaction energy between two reactants in the transition state plays an important role in
determining the trend in the barriefs;) there are two major components in the interaction energy:
The bonding competition and the direct Pauli repulsion; &iid the Pauli repulsion effect is
responsible for the linear valency-barrier trend in the C, N, NH, and O hydrogenation reactions. For
the NH,+ H reaction, which is different from other hydrogenation reactions studied, the energy cost
of the NH, activation from the IS to the TS is the main part of the barrier. The potential energy
surface of the NH on metal surfaces is thus crucial to the barrier of NHH reaction. Three
important factors that can affect the barrier of association reactions are gener@iZéd: bonding
competition effectyii) the local charge densities of the reactants along the reaction direction; and
(iii) the potential energy surface of the reactants on the surface. The lowest energy pathway for a
surface association reaction should correspond to the one with the best compromise of these three
factors. © 2003 American Institute of Physic§DOI: 10.1063/1.1602054

I. INTRODUCTION Hydrogenation is a fundamental association reaction in
Association and dissociation reactions on solid Surfacegeterogeneous catalysis. In many industrial processes, such

constitute the two fundamental types of chemical reactions ifS @mmonia synthesis gt 3H,—2NHj;) 101_3131%nd Fischer—
heterogeneous catalysis. In the last several decades, grédPPsch (CG-H;— Hydrocarbons-H,0),™ ™ hydrogena-
efforts have been made in order to understand dissociatiofon reactions are the essential steps to produce the final
reactions:~? In particular, systematic studies on Hissocia-  Products, and in others, such as NO reduction By(2NO

tion on metal surfaces have been carried out theoretically and Hz—N2+H,0), they are used to remove unwanted spe-
a significant insight into the reaction has been obtaitfed. Cies on catalysts to prevent the catalysts being poisoned. Hy-
Now theoretical studies have moved on to large, heavy moldrogenation reactions in heterogeneous catalysis contain nor-
ecules, such as GH CO, N,, and NO and the reaction site mally several continual steps. Taking ammonia synthesis as
has been extended from close-packed surfaces to surface dd example, it is generally accepted that ammonia synthesis
fects, such as monatomic steps and kitisTo date some consists of the following elementary stef¥s™ (i) The dis-
general features of dissociation reactions have beegociations of N and H,; and(ii) the stepwise hydrogenation
obtained*~® However, due to the more complex nature in- reactions, namely, NH—NH, NH+H—NH, and NH,+H
volved in the adsorbed reactants on surfaces, the understang-NH;. In spite of the great industrial importance, stepwise
ing of the association reactions is still limitdd Obviously, a  hydrogenation reactions were less studied, and many issues
systematic study on association reactions is needed and alsemain largely elusive. In this work, we studied NHydro-
timely. genations and other reactions on (RH) and the results
were compared with our previous NHiydrogenations on

17 ; el ; :
dAuthor to whom correspondence should be addressed. Electronic maiRu(oo_oD_' By de_ta'led analyses, insight |_nto the barrier of
p.hu@qub.ac.uk association reactions on metals was obtained.
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Because of their relevance to ammonia synthesis an@BLE |. The most stable adsorption site and the corresponding adsorption

relative simplicity, NH hydrogenation reaction is a good €nergy for N, NH, NH, NHs, and H species on Rhl1). The bond length
. between the species with the surface atom is also listed. The experimental

model system for the StUdy of hydrernatlon reactlpns Ir]/alue on the NH adsorption on R{i11) (Ref. 37, where the comparison is
general. Recently, we have calculated ,NKydrogenation possible, is well consistent with the current calculation result.
reactions on R{@©001) using density-functional theory

(DFT),Y” aiming to obtain a comprehensive picture for am- o Bond length

monia synthesis on Ru, a promising alternative to the tradi- Adsorption site @ Eas(eV)
tional Fe catalyst®1*1"We found that the highest barrier N hep 1.930(N-Rh) 4.90

for these reactions is in the NHH— NH, step, which is up NH hep 1.990(N-Rh) 4.39

to 1.28 eV. Even taking into account the effect of surface) b:'gse Zz'fgggszgg o

defects, such as steps, the hydrogenation reaction barrier ig ° fec 1.842(H-Rh) 294

still around 0.8 eV. Our results showed that hydrogenation
barriers are higher than the reported barrier fordissocia- ~ “ExPt. 0.90=0.03 eV (Ref. 3.
tion on Ru, the believed rate-determining step in ammonia

synthesis® The barrier for N dissociation on R{®001) was
determined to be 1.36 eV by DFEY.Later, combined STM
with DFT calculations Dahét al.found that the barrier of N
dissociation on Ru monatomic steps was as low as 0 4leV.
was estimated that Ndissociation on steps is at least 9 or-

ders of magnitude faster than that on terrace Sites. pose of analysis was performed p{2x 2) unit cell with

The high barrier of hydrogenation reactions has moti—3><3><1 k point sampling. Convergence check has been per-
vated the current work and promoted some questions. FirStl¥0rmed by increasing point sampling up to %4x 1 for the
is it in general that the hydrogenation reactions, e.g.H{H

tion. h hiah barri late t it tals? Or is i (2X2) unit cell and X3x1 for the p(2x3) unit cell.
reaction, have nigh barriers on 1ate transition Metals 2 Dris I eyi6y5 work26-32 showed that this calculation setup af-
only true on Ru? Since it is known that only Fe and Ru ar

d catalvsts f ) thesis. the studv of other | ords enough accuracy.
good catalysts tor ammonia Syntnesis, the study ot 0INer1ess 5 qition state§TS9 were searched by constraining the

active metals may provide useful information on ammoniadistance of two reactant®.g., H—NH distancg with the
synthesis. Secondly, if the hydrogenation barriers are genef, . i constrained minimization technicfd€3 The TS is
ally high, what then is the physical origin? Considering that;

. ) - Y identified when(i) the force on the atoms vanish at the
hydrogenation reactions may be the simplest association rpe'nergy is a maximum along the reaction coordinate, but a

actions on metal surfaces, a deeper understanding on hydrRﬁnimum with respect to all remaining degrees of freedom.
genation reactions is of fundamental significance. In this

K lected RALL ; o study th q All the reaction barriers are referenced to the most stable
work, we setecte R )'sur ace o study e'N,[—hy O initial states(ISs), which correspond to the low coverage
genations. Rh is on the right-hand side of Ru in the periodi

Yeacti ditior1/6 layeXML) NH, and 1/6 ML H].
table and is known to be a poorer catalyst for ammonia syn-eaC lon condition1/6 monolaye(ML) NH, an ]

thesis than Ru. It should be mentioned that Rh is widely useﬂI RESULTS
as a NO reduction cataly$t-> The NH, hydrogenation re-
actions studied here are also of importance to the chemistr. NH, and H adsorption on Rh (111)

of NO reduction. We firstly investigated the adsorption properties of H

This paper is organized as follows: Calculation methodsa _ :
. . . tom and NH(x=0,1,2,3) species on Rhll) at a 1/4 ML
are described in Sec. Il. In Sec. lll, calculation results of all Rl ) SP b

. . coverage. Table | lists the calculated chemisorption energies
hydrogenation reactions are presented. We also perform%?

a cut-off energy 340 eV was used. For all the hydrogenation
reactions X2x1 k point sampling forp(2x3) unit cell
within the surface Brillouin zone was used, which is large
enough to avoid lateral interaction between the adsorbates in
adjacent unit cells. Some calculations in Sec. IV for the pur-

. . a0 and the important structural parameters corresponding
the C and O hydrogenation reactions and the results are com- the most stable configuration of the adsorbates on

pared with the N, NH hydrogenation reactions. In Sec. IV’Rh(lll). It shows that on RL11) N, NH, and H prefer the
the result of detailed analyses to understand the high barrieﬁﬁreefold hollow site: N and NH a;e m(’)re stable at the hcp

of the hydrogenation reactions is reported. Implications 1% ollow site, and H slightly favors the fcc hollow site. NH

the barrier of association reactions in general are also disénd NH, prefer less coordinated sites on the surface;,NH
2

cussed. Conclusions are summarized at the end of this PapPelsorbs preferentially on the twofold bridge site, andsheH
more stable on the top site. Table | also shows clearly that as
N is hydrogenated.e., x increases the NH, adsorption en-

A generalized gradient approximatidrwas utilized in  ergy decreases gradually. In consistent with the chemisorp-
all the calculations. Electronic wave functions were ex-tion energy, the Rh—NHbond becomes longer as in-
panded in a plane wave basis set and the ionic cores werzeases. Comparing 8,4 of NH, adsorption on R{©001),%’
described by ultrasoft pseudopotent@dhe program used we found that the N adsorption energies on RH1) are
is cAsTER?* The surface is modeled by three layers of generally smaller. In particulaE,q4 of N atom on RIi111) is
Rh(111), while all the layers were fixed in optimized bulk about 0.8 eV smaller than that on ®001). This is consis-
positions. The effect of surface relaxation was checked and tent with the general consensus that as the nustacupancy
was found to be rather small to the barrigiiess than 0.1 eV, increasesthe d orbitals of Rh is more occupied than that of
see Ref. 25 The vacuum region between slabs is 10 A andRu), the covalent bonding ability of the metal surface de-

Il. CALCULATION METHODS
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TABLE Il. Reaction barriers for the N, NH, N} C, and O hydrogenation
reactions. Because there are two TSs, named TS1 andFi&2l) for each
reaction, two corresponding barrierg C* and EIS?) are calculated with
respect to the most stable IS. The unit of the barrier is eV.

E'I;Sl E'aI'SZ

N+H—NH 0.99 122

NH+H—NH, 1.25 1.29

NH,+ H—NH, 1.24 1.32

C+H—CH 0.72 0.98

(o N O+H—OH 1.36 1.36

Y

EXST andE13? is 0.23 eV in Nt-H reaction, and the differ-
FIG. 1. lllustration of the IS, TSs, and FS of thet, NH+H, and NH, ence is Only 0.04 eV in NHH reaction. It ImpIIeS that for
+H reactions on R{i11). For each reaction, the most stable IS, the two TSs he N+H ; h . h " Ived with TS1 i
and the most stable FS are shown. TS1 is more stable than TS2. the reqctlon the reaction pat Way involved wit IS
favored, while for the NH-H reaction both TS1 and TS2
may be accessible during the reaction.
creases. The most stable configuration of the species on the
surface will be taken as the IS for the hydrogenation reac-
tions, which are studied in the following subsection. 2. NHy+ H—NHs

B. NH,+H—NH,,, reactions The NH,+ H is different from the reactions of NH and
NH-+H regarding the TS structure. This is clearly shown in
To map out the most likely reaction pathway for eachrig 1. At the TS1 of NH+H reaction, NH is on a off-top
hydrogenation reaction, we searched all the possible TSs fGjite, and the H atom is near the fcc site. At the TS2, which is
each hydrogenation reaction. We found that there are twygs staple, NKistays near the bridge site and the H atom is
TSs for each hydrogenation reaction. In Fig. 1 we illustratey; the nearby top site. The determingg corresponding to
the IS, TSs, and final statés) for N+H [Fig. 1@)], NH+H  these two TSs are similaE}S! is 1.24 eV andE] %% is 1.32

[Fig. 1(b)] and NH+H [Fig. 1(c)] reactions. For each reac- ey, Similar to the results on R9001), the NH,+ H reaction
tion, two TSs are shown: We label the most stable TS as TSd, Ry111) also has a high barrier, which is almost identical

and the less stable one as TS2. Our results are presentediiinat of NH+H reaction.

the following. The total energy profile for all the NHhydrogenation
1. N+H—NH and NH+H—NH, reactions on R{111) is summarized in Fig. 2, in which the

We will discuss NeH—NH and NH+ Ho NH. together  €NETay profile of N hydrogenation on Ru(000%)is also
) ‘2 109 included for comparison. It shows that the energetics of NH
because the TSs of these two reactions are similar, as shovy]n .
in Figs. 1@ and Xb). At the TSs N or NH stays near the hcp ydrogene_lthn on RH1Y) and RY000 surfaces appear to
" L be very similar. For example, on both surfaces NH is the
hollow site, which is also the most stable IS for N or NH.

The TS1 differs from the TS2 by the H position: The H atomtmhgs:nzt;b:;f;;ﬁ:”;?:'ateHsvﬁz(\:/frs ftmfsj E:?ﬂ?;iactfr;;ce
is on the off-top site at the TS1, while it is at a nearby fcc P ' 9

hollow site at the TS2. Thus, as shown in Fig. 1, at the TSlthat on RW0001) NH, is particularly unstable, due to a small

N (or NH) and H share bonding with one surface Rh atom decomposition barrier, about 0.6 eV for biHNH+H reac-

and at the TS2 two Rh atoms are shared. It has been sho tion. On RH111), NH, is quite stabilized: The hydrogenation

wh . o
. . S of NH to NH, has a barrier 1.25 eV, and the decomposition
that such a bonding sharing between adsorbates will mduce(é} NH, to NH is still hindered by 1.00 eV.

repulsion between two adsorbates, the so-called bondin
competition effec*~3®This effect was found to play an im-
portant role in determining the height of reaction barriefs.
We will also discuss this effect in Sec. V. TABLE lIl. Important geometrical parameters for the most stable TS of
The barriers E,) for N+H and NH+H reactions were C+H, N+H, NH+H and O+H reactions(R is C, N, NH or Q. At the TSs
determined and Iisated in Table Il. The important structuralthe C. N. NH, and O are all at the hollow sites or(Et) and the H is near
o P TSI - the top site. The R, RH?), and RKE® represent the Rh atoms involved in
parameters of the TS1 are listed in Table H,>" is the  ponding with the TS complex, shown in Fig(at—TS1. The unit of the
barrier corresponding to TS1 ai > corresponding to TS2. distances is A.
As shown in Table I1E1>!is 0.99 eV in N+ H reaction, and
1.25 eV in NH+H reaction. It is noticed that these values on

C+H—-CH N+H—NH NH+H—NH, O+H—OH

Rh(111) are very similar to the barriers on R001) [N+H R—RH;) 1.962 2.017 2.080 2.088
reaction:E,=1.13 eV and NH-H reaction:E,=1.28 eV on R—R% 1.903 1.945 2.026 2.074
Ru(0001}7]. The common feature is that on both Ru and RhE:EHl) i'zgg 1'2‘212 i'gig i'gzg
surfaces, NH-H reaction is more difficult than NH reac- ,_g 1636 1516 1445 1435

tion. Table Il also shows that the energy difference between
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FIG. 2. The overall energy diagram for the Nek=0,1,2) hydrogenation Reaction barrier E (eV)
a

on RH111). For comparison, the previous results on(@01) (Ref. 17 are
also shown. For each metal surface, the state of the separated N and H at

adsorption on the surface is set as the energy zero. ?[—PG. 3. The plot of theE,~valency relationshigdotted ling and theE,

~EJ3 (solid line) relationship for the C, N, NH, and O hydrogenation reac-
tions on RI§111). The term ofE]S is defined in Sec. IV, Eq(1) (see discus-
sion below. The arrows point out the correspondipguxis of the lines.

C. C+H—CH and O+H—OH reactions

To obtain a better understanding of the hydrogenatiorhigh barrier of the NH-H reaction. Below, we will focus on
reactions regarding, in particular, the reason for the high barthe origin of the valency-barrier trend. The BiHH reaction
rier of the NH+H reaction, we also investigatecdt®—CH  will be discussed in the next subsection.
and O+H—OH reaction on Rfl11). Similarly, we have lo- As a starting point, we have analyzed the electronic
cated the ISs and TSs for4#3 and O+H reactions on structure of the C, N, NH, and O adsorption on(Rt)
Rh(111). We found that G-H and O+H reactions are very using the local density of statésDOS) plot*® as shown in
similar to the N-H and NH+H reactions. There are also two Fig. 4. The LDOS of R(R=C, N, NH, and Q on RH111)

TSs in each reaction of €€H and O+H, which are almost was calculated by cutting a small volume with a 0.3 A radius
the same as those depicted in Fi¢g)Tor the N+H reaction.  around the R centeffor NH, it is the N atom. Figure 4
ErST andELS? of the C+H and O+H reactions were calcu- shows that the main difference between different LDOSs lies
lated, and the results are listed Table Il. The important strucat the energy region from7 to —5 eV. This region contains
tural parameters of the TS1 are listed in Table III. mainly the p orbitals of R mixing with the metatl band,

By comparison of the C and O hydrogenation reactionsmamely thep-d bonding region. In the O LDOS only one
with those of N and NH, we have obtained some useful cluepeak with a high intensity in the low energy area is seen at
for the high barrier of the NHH reaction. As shown in the p-d bonding region. On going from O to C, the-d
Table II, the C-H reaction on Rfl1]) is the easiest reaction bonding peak shifts gradually up in energy and the intensity
with a low barrier of 0.72 eV, while the ©H reaction is the of the peaks becomes smaller. It indicates thatptleebitals
most difficult one with a barrier almost twice larger than thatof the lower valency adsorbate are more localized around the
of C+H reaction. The barriers of NH and NH+H reactions  adsorbate center in these species. It should be mentioned that
lie in between the @H and O+H reactions. Moreover, we the NH LDOS is largely overlapped with that of O, and thus
have identified a good linear relationship between the barrieit is not shown in Fig. 4. Based on the LDOS plots, we may
of C, N, and O hydrogenation reactions and the valency of Cqualitatively understand the valency-barrier trend of Fig. 3 as
N, and O, as plotted in the dotted line of Fig. EJ@ is  follows. Required by Pauli principl& the occupied § state
defined in Sec. IV, see discussion bejolt shows that as the
valency of R(R=C, N, and O decreases, the barrier in-

creases linearly. Conventionally, the NH valency is often )
considered to be 2, the same as that of O atom. From the o ::-m—'v:(l\)l
barrier of the NH+-H reaction, using Fig. 3 we deduced the — l eenC
valency of NH to be about 2.2, which is, as expected, close =
to 2. :s
£
&
8
IV. DISCUSSIONS B
A. Origin of the valency-barrier trend in C, N, NH,
and O hydrogenation reactions _10
As reported above, the hydrogenation reactions of C, N, Energy (eV)

NH, and O possess similar TS structures and the barrier is Ac. 4. Local density of stated DOS) of the C, N, O adsorption on

linear function of the _Valency O_f these species. It is 0bViOUSzy(111). Each LDOS is calculated by cutting a small volume with a 0.3 A
that the valency-barrier trend is the key to understand theadius around the atom center.
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/ \ Ea=Epmis—Eatg=AEA+AEg+AE,, 3)
Energy ®

where AE,=ERX—E,°; AEg=EF-EL°; AEn=EL
—E!S. AEA(AEg) is the energy cost for reactafi{B) mov-
ing from its position in the IS to the TS withol#&(A). The

interaction energy difference is representedAfy;,. Gen-

Eg erally, it is reasonable to omi!> if the coverage is low
B (reactantA andB are well separatedThusAE;,; is mainly
® determined byE Y(AE;~EY).

‘ Using Eq.(3), we decomposed the reaction barriers of C,
’ N, NH, and O hydrogenation into three components and the
results are listed in Table IV. It shows that tBé; plays an
important role in determining, of hydrogenation reactions.
Two main features can be seen cleafly: In the TS1, the
/ change in the first two term@ Eg andAEy, is very small
from one reaction to anotheAEg is very small, which is
FIG. 5. lllustration of the energy decomposition ofAa+ B coadsorption due '['0 the fact that R is at the.same hollow site m- the TS as
system on metal surfaces. The figure is used to help the explanation of eaénat n th_e IS.AEy comes mainly from the_ phemlsorptlon
term in Eq.(1). energy difference of the H atom from the initial fcc hollow
site to the top sitg0.44 e\). Importantly, the third term,
AE;y (i.e., ~E[Y), is increased proportionally with the de-
of H atom must be firstly orthogonal to the occupiped  crease of the R valency. This indicates clearly that it is the
bonding states of R when the adsorbed H atom comes tEﬁ that determines the trend of the hydrogenation barriers.
react with R. As shown in the LDOS, thed bonding states (i) Comparing the barrier decomposition results in the TS1
of the lower valency adsorbate have higher electron densitiesnd the TS2, we can see th‘ﬁﬁ in the TS2 is always larger
localized around the adsorbate, which will induce a largetthan that in the TS1. This is the reason fBf>* being
Pauli repulsion between the coming K &tates and the-d ~ smaller tharE]52
bonding states of the adsorbate. Therefore, the Pauli repul- BecauseE, of the hydrogenation reactions is largely de-

sion for the low valency adsorbate reacting with H is largertermined byEﬁ, it is worth discussing further the physical
and consequently the hydrogenation barrier is higher. meaning ofEIf. As itis shown,EI;? is normally a positive

To obtain a further understanding, we have used the baterm in surface reactions, which indicates the repulsive na-
rier decomposition scheme to analyze the reaction barrigiure of the interaction between two reactants. There are two
quantitatively. The barrier decomposition scheme was intromajor repulsive interactions between reactants on
duced in our previous wofkand has been found to be very surfaces:?%34~36The first one is the indirect bonding com-
useful to provide insight into the chemical reactions on sur-petition effect, which was introduced by Feibelm&rThis
faces. As shown in Fig. 5, for any coadsorption system okffect is caused by the two reactants sharing bonding with
reactantsA and B, such as a TS, the total chemisorption the same surface atoms: When one adsorbate bonds with a
energy,EAS 5, can be written: metal atom, the metal atom becomes inert for further bond-

ETS _ TS, gTS_ETS ) in_g with th_e second species. The second compone.nt is the

ATBT—A B Tint direct Pauli repulsion between two reactaltShe Pauli re-
whereE3(ELY) is the chemisorption energy @f(B) at the  pulsion effect is of short range and is dominant when two
TS withoutB(A), EL? is the energy term required to make adsorbates are very close, e.g., within 2.5 A. It should be
up the overalE,S 5, which is a quantitative measure of the mentioned thaE [y may contain other components, but they
interaction betweerA and B in the coadsorption system. are believed to be rather smail.

Similarly, for the IS we write: Since both the bonding competition effect and the direct

ElS _pIS, EIS_gls @) Pauli r_epulsion_effect contribute EJL? an intere_sting ques-

AtB— AT B Tint tion arises: Which effect is responsible for the linear valency-
Then the reaction barridg, is barrier relationship? We have used the following method to

TABLE IV. The barrier decomposition of theeH, N+H, NH+H, and O+H reactions. Each term is defined
in Eqg. (3) and discussed in the text.

TS1 TS2
AEg AEy Ers ES? AEg AEy Ele ErS?
C+H—CH 0.02 0.44 0.26 0.72 0.04 0.14 0.79 0.98
N+H—NH 0.05 0.45 0.49 0.99 0.09 0.16 0.96 1.22
NH+H—NH, 0.11 0.46 0.67 1.25 0.14 0.15 1.00 1.29
O+H—OH 0.08 0.43 0.84 1.36 0.21 0.01 1.14 1.36
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estimate the magnitude of the bonding competition effect okffect for other association reactions, we have performed
a R+H coadsorption system without the interference of thethree oxygenation reactions: #©—CO, N+0O—NO, and
direct Pauli repulsion effectii) Both R and H were opti- O+ 0—0, on RH111). The reaction barriers have been de-
mized at a hcp hollow site in a separgi€2x2) unit cell  termined to be 1.59, 2.17, and 2.51 eV fotO, N+0O, and

and their chemisorption energies were calculated, naiBgly O+O reactions, respectively. It is clear that the valency-
and E,; and (ii) the total chemisorption energ¥g,y of  barrier trend is still present in the series of oxygenation re-
R+H coadsorption were calculated, in which R is at a hcpactions: The lower the valency of reactants, the higher the
hollow site and H at a neighboring hcp sitepf2x2) unit  oxygenation barrier. These results show again that the direct
cell (they will share two surface atoms in such a unit cell Pauli repulsion effect between reactants plays an important
and both were fixed at the structuii¢. Then we define role in determining the barrier of surface association reac-

tions.
Ein=ErTEn—Egrsn, (4)

as the interaction energy. Because of the large separation @f origin of the barrier in NH ,+H reaction

R and H in this case, i.e., the distance between R and H

being around 2.7 A, theE,,, measures mainly the bonding According to the valency—b.arrier trend, it i; expected
competition effect. The;, for C, N, and O are found to be that the barrier of I_\II§|+H reaction should be hlghgr than
very close: for C, 0.21 eV: for N, 0.22 eV for O, 0.18 eV. that of NH+H_reapt|on. However, on Rh11) the barrier of
This indicates that the bonding competition effect between RYH2+H reaction is 0.01 eV lower than that of the Nt
and H is not so sensitive to the R valency. Thus, this implied®action, and on R000Y it is also 0.03 eV lower. Naturally,
that the direct Pauli repulsion effect may be responsible foP"€ may ask why Nkt H reaction is special.
the valency-barrier trend. The small magnitude of the bond- _TO answer this question, We_Compare_d theZMHH_ re-
ing competition effect between R and H is interesting, Con_f'icnon with the other hydrogenation reactions. Two interest-
sidering that the bonding competition effect is large for otheriNd features were observed) At the IS, NH, adsorbs at the
multivalency pairs on metals as reported in our previous patwefold bridge site, while C, N, NH, and O adsorb on three-
per. For example, we showed th&j, for a C—O pair on fold hoI_Iow sngs;(n) at thg TS1, NH moves to a top site to
Rh(111) is 0.45 eV, and it is even higher to be 0.63 eV onf€act with H[Fig. 1(c)], while C, N, NH, and O all stay at the
Pd111).7 In fact, considering that the valency of H atom is hollow sites to regct with H. The§e two features |r_1d|.cate that
only one, and the H atom does not covalently bond with théh® NF:+ H reaction possesses its own characteristics, being
surface so strongly compared to other multivalency adsordifferent frorr_1 the other hydrogenation reac.tlons discussed in
bates, we suggest that the bonding competition of other adh€ 1ast section. We decomposed the barrier obiNH re-
sorbates with the H atom may always be small. action _using Eq.(3). Indee_:d, the_ barrier decomposition
Indeed, our further calculations show that the directdn@lysis reveals the following distinct features of NH
Pauli repulsion effect is strongly affected by the reactant varaction: Firstly, the energy cost for NHo be activated
lency. We performed a similar calculation using the samdrom the IS to the TSAEy,,, was found to be 0.72 eV,
method as described in the last paragraph except that the $ignificantly higher tham\Eg (R=C, N, NH, and Q of the
now is put at its optimized top site, rather than the neighborR-+H reactionsAEg is small because C, N, NH, and O are
ing hcp site. In such structure the distance between R and gll on the hollow sites in both ISs and TSs in the reactions. In
is around 1.6 A, which is within the range of the direct Paulicontrast, in the NbHH reaction NH is activated from the
repulsion. The calculatef,,, for R—H pairs using Eq4) are  bridge site(1S) to the off-top site(TS), which costs a signifi-
as follows: C—H, 0.28 eV; N—H, 0.54 eV, O—H, 0.78 eV. cant amount of energy because of the corrugated potential
These values agree very well with tie> of TS1 in Table energy surface of NHon RH(111). AEyy, is, in fact, the
IV. Moreover, there is also a linear relationship betwé&gp  major component of the barrier of the N H reaction. Sec-
and the R valency. This indicates that the direct Pauli repulendly, E]Y was calculated to be 0.42 eV, being smaller than
sion effect is responsible for the valency-barrier trend. Theséhat for the NH+-H reaction(0.67 e\j even though the va-
guantitative analyses are consistent with our qualitative unlency of NH, is supposed to be lower than that of NH. This
derstanding described above using LDOS: The higher thes because at the TS NHs less coordinated on the surface
local charge densities of adsorbates, the larger the Pauli reompared to the C, N, NH, and O. The low coordination of
pulsion between the adsorbates and hence the higher the b&H, on the surface changes the electronic distribution of
rier. The valency-barrier trend is basically a result of theNH, and thus varies effectively the valency of NHAs a
Pauli repulsion effect. The high barrier of the Nl reac-  result, the incurred Pauli repulsion between N&hd H is
tion is the consequence of the low valency of NH. reduced. Michaelides and Hu have studied the bonding varia-
It should be mentioned that the barrier decompositiortion of O atom adsorption on @Ail1) as the O goes from a
results in Table IV also shO\EIf in the TS2 being larger hollow site to a bridge site and to a top site: it was shown
than that in the TS1. This may be due to the fact that in théhat during the site-shifting the local charge densities on the
TS2 two surface atoms are shared by the reactants, while i@ are gradually reducedi.This is expected to be quite gen-
the TS1 only one surface atom is shared. Consequently, TS&al for other electronegative adsorbates on metal surfaces.
is less stable than the TS1. As we discussed above, the small charge densities on the
The valency-barrier trend may not be limited in the hy-adsorbate will incur small Pauli repulsion in the reaction and
drogenation reactions. To check the validity of the valencythus leads to a small barrier.
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A unigue feature of N+ H reaction is that its barrier is actant are determined by the bonding of the reactant with its
strongly related to the potential energy surface of,Ntid  ligands. Quite often, the valency of reactants is a good mea-
not significantly affected by the Pauli repulsion between re-sure of the local charge densitiésg. 4). As we have shown
actants. For the d metals, such as Ru and Rh, we haveabove, for a series of reactions, such as hydrogenation reac-
found that the potential energy surface of Nid very cor-  tions (C+H, N+H, NH+H, O+H), and oxygenation reac-
rugated and hence the hydrogenation barriers are consgens (C+0O, N+0O, and O-O) on metals, the lower the va-
quently high, which is not the case on Pt. Because ftie 5lency, the higher the barrier. The local charge densities of
orbitals of Pt are much more extended, the potential energgeactants are also related to the bonding of the reactants with
surface of many adsorbates on Pt is normally quite flat. Inthe surface. When a reactant sits at a lower coordination site,
deed, the barrier of Ngi-H barrier on P{l11) is only 0.7  such as a top site, it is more active to react with others owing
eV, as reported by previous DFT calculaticAdeing much  to the reduction of Pauli repulsion.
smaller than those on R2001) and RK111). It should be (i) The potential energy surface of the reactant on the
mentioned that the barriers for the NHH reaction are quite surface. In the reactions that the reactants vary the adsorption
similar on P¢111), Ru0001), and RK111) (the barrier of site from the IS to the TS, the potential energy surface of the
NH+H reaction on RtL11) was reported to be 1.3 &%), reactants may be an important factor to determine the barrier
which can be readily understood by considering that the barheight. The NH+H and OHt+H reactions on metal surfaces
rier of NH+H reaction is to a large extent determined by theare typical examples of this type of reactions.
valency of NH and not so sensitive to the metal surfaces. The It should be emphasized that an association reaction on
reaction of OH-H—H,O on metals is another example, in the metal surface usually possesses several different reaction
which the potential energy surface of reactants largely detepathways and thus different TSs and barriers, as shown in
mines the reaction barrier. Similar to the MHH reaction, this work. The three factors discussed above may simulta-
in the OH+H reaction the OH needs to be activated fromneously exist in the pathways and the lowest energy pathway
one site(normally bridge sitgat the IS to another site at the should correspond to the best compromise of the three fac-
TS (normally top site.>%8 Again, on P¢111) the potential tors. For instance, if one of these factors is very large in a
energy of OH is very flat and thus the barrier of the ®H  pathway, the pathway is not likely to be the one with the
reaction on Rl11) is very small (0.2 eV),>® whereas on lowest energy: The reaction may “intelligently” avoid this
Ru(000Y), the potential energy surface of OH is corrugatedfactor and adopt a lower energy pathway, in which all three
and the barrier of OHH reaction is quite high, being about components may be quite even distributed, as shown in
1leV. Table IV.

C. General implication for the association reactions V. CONCLUSIONS

on metal surfaces This work represents one of the first systematic studies

Because hydrogenation reactions are prototypical ass@f hydrogenation reactions on surfaces, an important type of
ciation reactions on surfaces, our results should have soneatalytic reactions. We calculated the reactions of
implications on the barrier of association reactions in genC+H—CH, N+H—NH, NH+H—NH,, NH,+H—NH;,
eral. To a large extent, three important factors can affect th©+H—OH reactions on Rfi11) aiming to address hydro-
barrier of association reactions. genation processes in general. In additiont @—CO,

(i) The bonding competition effect. The bonding com- N+O—NO, and OF O— O, on the same surface were also
petition energy cost is induced whenever two reactants bonstudied to further understand the barrier of surface associa-
with the same surface atoms in the reaction. It was recentljion reactions. The following results on the reactions were
found that the bonding competition effect is important in obtained.
understanding the high catalytic activity of surface (i) The reaction of G-H, N+H, NH+H, and O+H re-
defects>’*®For instance, @ O—CO on Ru was observed to action achieve similar TSs on Rt.1). There are two TSs for
occur at a much lower temperature with the presence of sueach reaction. At the most stable TS, C, N, NH, O stay at the
face step8! From DFT calculations, it was found that on initial hollow sites to react with H atom. The barriers of the
steps two reactants can react without sharing surface atom;+H, N+H, NH+H, and O+H reactions are 0.72, 1.00,
while on flat surfaces they have to share bonding with ondl.25, and 1.32, respectively, which shows the barrier being a
surface atont.’*® For the hydrogenation reaction studied linear function of the valency: The lower the valency of the
here, we found that the bonding competition effect is notreactant, the higher the barrier. It was also found that the
significant due to the intrinsic small bonding ability of H valency-barrier trend is also present in the series of oxygen-
atom. Nevertheless, the TSs with two surface atoms beingtion reactions studied, i.e.,#©, N+O, and O+O: The
shared by reactante.g., TS2 of N-H reaction are still less  barriers of them are determined to be 1.57, 2.17, and 2.51 eV,
stable compared to the TSs with only one surface atom beingespectively.
shared(e.g., TS1 of N-H reaction. (i) The NH,+H reaction also has two TSs, but the TSs

(i) The local charge densities of reactants in the reacare different from those in the C, N, NH, and O hydrogena-
tion direction. As discussed above, the higher the location reactions. In the lower energy pathway, Nifhoves
charge densities in the reactants along the reaction directidinom its initial bridge site to a top site to achieve the TS. The
would result in a larger Pauli repulsion and consequenthbarrier of NH,+ H reaction is calculated to be 1.24 eV, simi-
leads to a higher barrier. The local charge densities of a rdar to the barrier of NH-H reaction.
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