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Surface-Nitrogen Removal in a Steady-State NO- H, Reaction on Pd(110)
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Surface-nitrogen removal steps were analyzed in the course of a catalyzedHN@eaction on Pd(110) by
angle-resolved mass spectroscopy combined with cross-correlation time-of-flight techniques. Four removal
steps, i.e., (i) the associative process of nitrogen atoms, 2N(&).(g), (ii) the decomposition of the
intermediate, NO(a} N(a) — N,O(a)— N(g) + O(a), (iii) its desorption, MO(a)— N.O(g), and (iv) the
desorption as ammonia, N(&) 3H(a)— NHs(g), are operative in a comparable order. Above 600 K, process

(i) is predominant, whereas the others largely contribute below 600 K. Process (iv) becomes signifigant at H

pressures above a critical value, about half the NO pressure. Hydrogen was a stronger reagent than CO toward

NO reduction and relatively enhanced the N(a) associative process.

I. Introduction structure was later confirmed by density functional theory
. . (DFT) calculations and near-edge X-ray absorption fine structure

The NO reduction by CO, 5 and hydrocarbon on rhodium (NEXAFS) and scanning tunneling microscopy (STM) WHTKS

and palladium surfaces has received much attention because o This peculiar N desorption is useful to analyze the pathway

Its importance In contro_lhng automoblle exhaust §as.this of the removal of surface nitrogen because the associative

catalytic rgductlon, BD is concqmltantly produced as one of desorption of N(a) emits Nsharply along the surface norn¥df

the ur;dtta)lslred byﬁroductfsf.zﬁtl Ilts;lf Emharmfu':. and hatlﬁ & Furthermore, the angular distribution is always related to the

remarkable greennouse eflect. in the 2 reaction, anotner product desorption step whenever any step becomes rate-deter-

undesired product, N&tis formed. Therefore, it is necessary | ining 17,18 The angular and velocity distributions of desorbing

to improve the selectivity to N'n. these catallytlc. Processes, products in the NO decomposition have been analyzed with

however, knowledge of the reaction mechanism is still limited, several relaxation methods, such as modulated molecular

e_specially regarding _the steps for the removal of surface |\, a0 1nq AR-TPRE-1120-22 Steady-state conditions, how-
nitrogen. The?’e are difficult to analyze becaus_e of the_preser!ceever, could not be established for the reaction, and then simple
of several r§p|d pathways after the slow NO dI.SSOCIa'[IO.n. This phenomena were not differentiated from kinetic behavior under
paper contains the first confirmation that theQNintermediate

N X ) : steady-state conditior¥$? In the present work, AR product
decomposition is the final step of the main pathway in a steady- desorption measurements were successfully performed for a
state NO+ le rgactlon on Pd(llQ). ' steady-state NG- H, reaction.

Many publications have dealt with the NOH, reaction on
Pt, Rh, and PtRh alloy syrfaceé.‘8 However, most of them | Experiments
have focused on the nonlinear behavior of surface reactions, in
which the removal of surface nitrogen was tacitly assumed to  The apparatus has three separately pumped chaAfB3éihe
be rapid enough not to play a rate-limiting role. Ikai et al. found reaction chamber is equipped with reverse-view low-energy
that, in the course of heating in their angle-resolved (AR) electron diffraction (LEED) and X-ray photoelectron spectros-
temperature-programmed reaction (TPR) of NO andHCO copy (XPS) optics, an ion gun, and a quadrupole mass spec-
on Pd(110), the Npeak at 490 K involved desorption collimated ~trometer (QMS) for angle-integrated (Al) measurements. The
at 38 off normal toward the [001] direction and desorbing N chopper house, which has a large pumping rate of abodts
in the other peak at around 600 K collimated at the surface for a high angle resolutioff,has a narrow slit facing the reaction
normal, whereas the off-normal peak at 490 K was absent in chamber and a cross-correlation random chopper blade. Another
the subsequent cooliffgrurthermore, they confirmed that the QMS was used in the analyzer connected through a narrow tube
reaction betweettN(a) and'SNO(a) emitted the produdtN1sN for AR product desorption and time-of-flight analyses. The
in an inclined way, while the associative nitrogen desorption distance from the ionizer to the chopper blade was 377 mm,
collimated along the surface normal. The authors argued thatand the time resolution was selected at.i0
the inclined N desorption originated in the desorption-mediated ~ **NO was introduced through a doser with a small orifice
reaction without the formation of the intermediatgdN On the ~ (diameter 0.1 mm) about 2 cm from a sample crystal whije D
other hand, our previous study revealed that desorbinfydih or CO was backfilled. The produ€iNy, °NDj3, D,0, and**N,O
N,O dissociation, NO decomposition, and a steady-statetNO  Signals were monitored in both Al and AR forms. Hereafter,
CO reaction on Pd(110) commonly showed identical angular these are simply described as, WDs, D,O, and NO in the
and velocity distribution§-12 Thus, NO(a) was proposed to  text. The desorption angle (polar angig,was scanned in the
be oriented along the [001] direction before dissociation. This plane along the [001] directiofi.The N; signals in both QMSs

were corrected by the contribution due to the fragmentation of
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10.1021/jp0461450 CCC: $30.25 © 2005 American Chemical Society
Published on Web 12/29/2004




Nitrogen Removal on Pd(110) J. Phys. Chem. B, Vol. 109, No. 3, 2005257

30

“NO/ D, =2

20

10F

Al signals / arbitary units

AR signal / 10° counts s

B o @ 02

- I~ 1

)

5 cos™(6-40) 90°-90° cos™(6+40) A 7 cos™(6-40) |gge
[007]=— 0 —=[001] [00T]— 0 —=1001]
Figure 1. Ts dependence of (a) Al and (b) AR signals of products at the collimation positions in a steadi?$@te D, reaction atPyo = 5

x 107® Torr with the pressure rati® \O/D, = 2. Angular distributions of desorbingN, at (c) 530 K and (d) 640 K. Typical deconvolutions
shown by broken curves are based on the velocity distribution analysis. The ordinate was normalized to the maximum at 530 K.
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Ill. Results noticed that the AR BD signal atd = 0° followed a Ts
) ) dependence similar to that of,t 6 = 40°.
A. General Features.The Al signal was determined by the Only the (1x 1) pattern was observed in LEED measure-

QMS in the reacFion chamber as the difference in the signal ments under a steady-state NCD; reaction at the NO pressure
between the desqed surface temperatdig ar)d room tem- of 5 x 1078 Torr andPyo/Pp, = 2 in the range offs = 450
perature. The Al signals are shown for desorbingh4O, NDs, 800 K. This is very different from the results of the GOO,
and DO at a fixed NO pressure of & 107 Torr and the reaction showing c(2 4) or (1 x n) structure<s
pressure ratioPno/Pp, = 2 (Figure 1a). All the rates are B. Angular Distribution. Both NO and NI} desorption
negligible below 490 K, increase rapidly at around 510 K t0 & showed the cosine distribution characteristic of the desorption
maximum with increasing’s, and decrease again above 650 after thermalization tdTs, It was confirmed by the velocity
K. No hysteresis was found in their rates with decreadisg  gjstribution, which was fully described by a Maxwellian
With the pressure rati®no/Pp, = 2, NDs formation was  gistribution at the surface temperature; i.e;0Nand NI were
negligible in the temperature range studied. In fact,sND trapped on the surface before desorption. On the other hand,
formation was observed only at highs, as described in the  the angular distribution of desorbingNhanged significantly
following section. with increasing temperature. The results are shown in Figure
On the other hand, the AR signal was obtained by the QMS 1c,d. AtTs = 530 K, N, desorption mostly collimated around
in the analyzer as the difference between the signal at the desiredt0°, while at 640 K (Figure 1d), the intensity of the; Nignal
angle and that when the crystal was away from the line-of- at the normal direction increased. The distribution was decon-
sight position. The AR W signals at@ = 0° and 40 are voluted into three components on the basis of the following
displayed versu3s because these are their collimation angles velocity distribution analysis.
(Figure 1b). There are noticeable differences in their temperature Typical velocity distribution curves at different desorption
dependence. The ARAsignal at 40 becomes noticeable at  angles afTs = 640 K are shown in Figure 2. The apparent
500 K, increases quickly to the maximum at 530 K, and then translational temperature calculated from the average kinetic
begins to decrease above 550 K. On the other hand, tb&gyhal energy (ED as Ten= [E2K, is shown in angular brackets in
at & = 0° increases slowly above 500 K and reaches the the figure, wherek is the Boltzmann constant. The value was
maximum at around 640 K. This indicates remarkable changes maximized at around the collimation angle to the value of 2200
in the angular distributions with increasifig. Both N, signals K at Ts = 640 K. It decreased quickly with an increasing shift
at different desorption angles were highly reduced at higher from the collimation angle. This angle dependence was con-
temperatures but still noticeable even at 800 K. It should be sistent with the inclined desorption. The velocity distribution
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Figure 2. Velocity distributions of desorbingN, at different angles. atTs= 550 K and (b) component flux after integration, (c) component

The average kinetic energy is indicated within angular brackets in the flux after integration atTs = 640 K. The normally directed®N,
temperature units. Typical deconvolutions (see the text) are drawn by involved the cosine component. The vertical broken line indicates the
broken curves. The solid line indicates their summation. The condition kinetic transition point.
is at Ts = 640 K in Figure 1.
was approximated as 0.51 cést 0.26 co8 6 + 0.3{cog8(6

involved components faster than those expected by the Maxwell + 40) + co$8(6 — 40)}. The inclined N desorption was due
distribution at the surface temperature of 640 K. The latter tg N2O decomposition, and the normally directegiddmponent
component was expected to follow the cosine distribution, and comes from the associative desorption of N(a). These compo-
it was first subtracted from the velocity distribution curves. The nents showed different behavior toward the variation of the
resultant velocity curve provided the flux of the fast component, syrface temperature and the pressures oafd NO, which
which peaked at) = 0° and 40. The fast component with  also suggests that they come from different nitrogen removal
translational temperature about 3 times higher than the Surfacesteps_ The cosine component, however, cannot be assigned to
temperature was observed at the normal direction. On the otherg definite process from the angular distribution.
hand, the fast component at= 40° reached the maximum C. Hydrogen Effect. The product formation kinetics changed
with a translational temperature of about 3200 K. sharply at a critical B pressure. The AR signals of different

Assuming a power series of the cosine of the desorption angleproducts in a steady-state N® D, reaction at 550 K are
to each component, the;Mistribution was in a two-directional  displayed as a function of the deuterium pressure in Figure 3a,
form approximated as c&%0 + 40) + cog8(0 — 40) and the where the NO pressure was fixed at>5 1076 Torr. With
N signal at the normal direction was very small below 600 K. increasing®p,, the AR N, signal at 40 increases, is maximized
The total signal at 530 K, for example, can be described as atPp, = 1 x 1076 Torr, and slightly decreases above this level.
0.95 cog8(0 + 40) + cog8O — 40)} + 0.03 co§(v) + 0.07 Both the N and NO signals at) = 0° also showed similar
cos@). At higherTs = 640 K, the normally directed component dependence. These AR signals were integrated around their
was enhanced. The signal intensity at the normal direction collimation angles, yielding the total formation of each com-
increased with increasings, indicating the presence of the ponent as shown in Figure 3bHere, the normally directed
normally directed fast component. The total signal at 640 K N, desorption in this figure was shown as the summation
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Figure 4. Pp, dependence of the flux ratio of the cBsomponent to
that of the co3 6 component at) = 0°. Each flux is designated by

lcoso @aNdlcogs. These were derived from velocity distribution analysis
at Ts = 640 K.

including the cosine Blcomponent because of the same kinetic

behavior as described below. Below the critical pressure, the

inclined N, desorption and pO formation increase with a slope
of about 1.5 and slightly decrease in a similar way above it.
Furthermore, these components showed a simgdependence.
On the other hand, the \that desorbed along the normal
direction increases more rapidly with increaskg below the
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the other hand, the normally directed, Nesorption can be
enhanced by hydrogen more than by CO.

IV. Discussion

A. Desorption Components. Four different desorption
pathways of N-containing products are operative in a steady-
state NO+ D, reaction on Pd(110). For the,Normation, two
different pathways work and show different spatial distribu-
tions: one is the associative process, which emijtsiNng the
surface normal, and the other is due to decomposition of the
N2O(a) intermediate and emits;MNlong 40 off the surface
normal in the plane along the [001] direction. In their AR-TPR
work of NO + Hy, Ikai et al. argued that the inclined desorption
collimated at 38 was due to the desorption-mediated reaction
without passing the intermediate®(a)8 In our experiments,
however, the N desorption with different collimation angles
was assigned to different;Normation channels. Ammonia was
the main N-containing product at highes,, as reported in the
work of Ikai et al., where the Hpressure was about 2 orders
higher than that of NG.

By state-resolved desorption measurements, Hodgson reported
that the N formed in the NO+ H, reaction on Pd(110) carried
considerable vibrational excitation with no excess translational
and rotational energd® They proposed that Athat was formed
by the recombination process desorbed via a molecular chemi-
sorption state with an extended, Nbond. It is difficult to

critical point, remains invariant above it, and decreases rapidly ¢ompare their results with ours because of the lack of detailed

with a further increase. This characteristic became clear at 640;
K, where the slope of about 2 was much larger than that for the

inclined N, desorption and PO formation. The ammonia

formation became significant only above the critical pressure

at 550 K and started at slightly higher, Pressure at 640 K.

information regarding the conditions of the experiment. Ac-
cording to our experiments, the apparent translational energy
of the products depends on the surface temperature, the NO/H
pressure ratio, and the desorption angle. For example, the
thermalized component would contribute mainly to the N

It should be noticed that the cosine component also increaseddesorption at highells and higher H/NO pressure ratio for

with increasing D pressure. The AR Nsignal at the normal

direction consisted of the normally directed associative desorp-

non-angle-resolved measurements.
Recently, Goodman and co-workers reported infrared reflec-

tion and the thermalized component. Each contribution was tjon (IR) spectroscopy work in a steady-state NGO reaction
separated by velocity distribution analysis, as described in the o pg(111), where a possible intermediate-0CO(a) was

former subsection. The flux ratio of the c6somponent ad

= 0° to that of the co56 component is shown versi, in
Figure 4. It was fairly constant. This constancy was also
observed versus the surface temperature.

D. NO + CO Reaction. For a comparison, the AR signals
of N-containing products in a steady-state NOCO reaction
are displayed againdfs in Figure 5. All the signals show a
tendency similar to that of the signals in the NCD, reaction.
The AR N; signal at the collimation angle éf= 41° increases
steeply at around 520 K, is maximized at 550 K, and rapidly
decreases at higher temperatures. Th® frmation follows a
similar Ts dependence. On the other hand, the ARsNnal at
6 = 0° increases slowly and is maximized at 610 K. The relative
N2 signal atd = 41° to that at O was sensitive to thBno/Pco
ratio. The normally directed Ndesorption was enhanced at

proposed according to the absorption signal at around 2255
cm1.29.30 However, this species was not observed below 2
1072 Torr, although the reaction rapidly proceeded even far
below this pressure, and no pathways emitting N-containing
products were proposed. Unfortunately, theOh) species
giving the absorption in a similar frequency range did not
yield a high cross-section for IR absorption compared with
—NCO(a). It should be noted that the inclined &mission along
about 40 off normal is commonly observed in N® CO and
NO + H; reactions on Pd(110). Below about 600 K andPgd
> Pco or Py,, the N» emission is common; on the other hand,
at Pno << Py, surface nitrogen is highly converted into hH

B. Kinetics and Branching. There is a kinetic transition point
in the NO+ D, reaction that is quite similar to that in a N©
CO reactior?’ The overall reaction is mostly controlled by NO

higher CO pressures. In fact, the critical CO pressure was very dissociation. At hydrogen pressures below the critical value,

close to the NO pressuféThis situation became clearer in the
angular distribution above 600 K. Below 550 K, the; N

the surface is fairly covered by NO(a) and O(a). In this region,
O(a) has a retarding effect on the NO dissociation. This

desorption was merely described by the inclined ways, whereasgissociation or O(a) removal is rate-determining. With increasing
the normally directed component was enhanced at 600 K whenhydrogen pressure, the amount of O(a) decreases and the

Pno/Pco = 0.5. This is consistent with the results in the NO

coverage of surface nitrogen increases steeply, which is sug-

D, reaction. The normally directed desorption was enhanced atgested by the kinetic characteristics described in sections 111.C

higher temperatures and higher hydrogen pressures.

The angular distribution ats = 640 K can be approximated
as 0.23 co® + 0.13 co8 0 + 0.8{cog¥O + 41) + cogO —
41). The maximum absolute intensity of the inclined N

and IIl.D. However, no hydrogen accumulates on the surface
because of the fast & formation and the small heats of
adsorption for Hand HO. This yields increased active (vacant)
areas for NO dissociation, and most of N(a) is removed by the

desorption was almost the same for both reducing reagents. Orreaction with NO(a) via the pD(a) intermediate. pD(a) is
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Figure 5. Ts dependence of AR signals of products at their collimation positions in a steady*dtatet CO reaction aPyo = 5 x 107 Torr
with NO/CO = (a) 0.5 and (b) 2. Angular distributions of desorbitiyl, at 550 and 640 K at theSéNO/CO ratios are also shown. Typical
deconvolutions are drawn by broken curves. The ordinate was normalized to the maximum at 550 K.

easily decomposed on vacant parts on Pd(110), emittinip N a large amount of energy is released in process (ii) due to the
an inclined way:! In addition, the reaction rate of the associative formation of the strong ©metal bond.”-31On the other hand,
N(a) desorption, process (i), is enhanced more quickly than thosethe released energy in process (i) is less because of the strong
of processes (ii) and (iii) since the associative desorption N—metal bondf?

involves two nitrogen atoms, the other processes are coupled Both reactions of NO+ CO and NO+ H; have identical

with one nitrogen atom and NO(a), and the amount of NO(a) intermediates and common surface-nitrogen removal pathways,
does not increase at a fixed NO pressure. This was actuallyshowing similar kinetic behavior. A remarkable difference is
observed in Figure 3. At the critical point, the formation of O(a) in the associative process of N(a), which was more favored in
from the NO dissociation is balanced by its removal by H(a) the NO + H; reaction, while the activities for Ninclined

(or CO(a) when itis used). Above the critical point, on the other desorption and pD formation were almost the same. This means
hand, the surface is deficient in O(a) because of the high that more N(a) can be formed on the surface in a N,
hydrogen pressure, and H(a) can then accumulate, yielding NH reaction. H(a) can remove O(a) as quickly as CO(a), but H(a)
The N(a) amount decreases slowly with increasingk@eping does not accumulate at higher temperatures and shows no
a fairly constant Mand NO formation. This behavior is quite  retarding effect on the NO dissociation, whereas CO(a) occupies
similar to the kinetic switching observed in the CO oxidatlén.  the surface. Here, the adsorption heat of hydrogen is less than
It happens when the product formation step is rapid comparedthat of CO. A similar observation was reported on Pt(100) by
with the supply of reactants on the surface. using synchrotron XP8.

The two N formation pathways show different kinetic At higher hydrogen pressures, however, the formation of
behavior. The normally directed desorption is favored at higher undesired product ammonia becomes remarkable and the surface
surface temperatures because the associative process has higheray involve NH (X = 1, 2, or 3) species.
activation energy. In fact, both the formation and decomposition  C. Velocity Components.The velocity curve after subtraction
of NO have smaller activation energi€s’® The kinetic of the thermalized component is still wide at around 48
behavior of the thermalized component (in the éoform) is compared with a Maxwellian distribution. The speed ratio
always similar to that of the normally directec Nesorption (SR) defined as[{?@[& — 1)3/(32/97 — 1)V still had larger
(in the co8 0 form) from process (i), suggesting the formation values than unity, where is the velocity of the moleculda0
of both components from a common process; i.e., the branchingis the mean velocity, and?Cis the mean square velocity. The
may take place after the reaction barrier is passed. The lack of SR value is unity for a Maxwellian distribution and becomes
the thermalized B component in a steady-state® + CO smaller for distributions of molecules with hyperthermal en-
reaction would support this conclusion. The cosine component ergy®* Thus, the distribution after subtraction of the slow
showing the desorption after thermalization comes from the component was further deconvoluted into two components
associative process. In other words, the produydtdin process by assuming the modified Maxwellian distributiof(z) =
(ii) is not trapped on the surface, and thefkdom process (i) is V2 exp{ —(v — vo)¥a?}, whereu is the stream velocity and
largely trapped. From its angular distribution, about 80% of the is the width parameter.

N from this process was estimated to be trapped apye- Generally, it is difficult to uniquely deconvolute one velocity
1 x 107 Torr in Figure 3¢ This is not unreasonable because distribution curve into two distribution curves because two
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