Catalysis Letters Vol. 77, No. 1-3, 2001

29

Decomposition of NO on tungsten carbide and molybdenum carbide
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The decomposition of 15NO on C/W(111), C/W(110), and on monolayer and bulk C/Mo/W(111) surfaces is compared based on
temperature-programmed desorption (TPD) and Auger electron spectroscopy (AES) measurements. Our results indicate that the decompo-
sition of 1°NO occurs readily over all surfaces, and the only 15N-containing reaction products are 2N and 1°N,0 under our experimental
conditions. Much higher surface reactivity for Bno decomposition was observed over the more open-structured C/W(111) surface, with
avalue of 0.68 ISNO/W, in contrast to the surface reactivity of 0.24 I5NO/W over the close-packed C/W(110) surface. The selectivity of
these two 1°N-containi ng reaction products depends on the structure of the substrates as well. The more open-structured C/W(111) surface
favors the production of 15N, with a product selectivity of 15N, being approximately 87%. In contrast, the selectivity to 1°N, is only
about 52% on C/W(110). In addition, we have investigated the decomposition of 15NO on C/Mo surfaces that were epitaxialy grown on
W(111). The selectivity of 1N, on C/Mo/W(111) surfaces is ~88%, which is very similar to that observed on C/W(111). Finally, the
general similarity between the DeNOx chemistry on carbides and on Pt-group metals will aso be discussed.
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1. Introduction

It is well known that Pt-group metals have been used
in catalytic convertersto effectively abate automobile emis-
sions. For instance, the three-way catalysts (TWC) contain
Rh, Pd, or Pt components [1]. Pt is primarily used for the
oxidation of CO and un-combusted hydrocarbons; Rh is es-
sentially responsiblefor the reduction of NO, dueto thehigh
activity and selectivity for the reduction of NO to N3 [2,3].
Current federal exhaust emissions standards, based on the
1990 Clean Air Act Amendments (CAAA), require a vehi-
cle emission of NO, being less than 0.6 g/mile with a dura-
bility of 100000 miles. Starting from 2004, a more severe
standard will be enforced which mandates that the emission
of NO, befurther reduced to 0.2 g/mile[4]. Considering the
limited natural abundance of Pt-group metals, it is imper-
ative that these precious metals should be more effectively
utilized in order to meet the more stringent regulations. This
has in turn motivated a larger number of studies examining
the reaction of NO, on well-defined surfaces of Pt-group
metals. The main objective of these studies wasto achieve a
better understanding of the interaction of NO with Pt-group
metal's, which should provideinput for the more efficient uti-
lization of Pt-group metalsin the TWC catalysts.

TheNO dissociation reaction has been reported to be very
sensitive to the surface structure of Pt single crystals. For ex-
ample, Campbell et al. reported that the dissociation of NO
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on a perfect Pt(111) surface is negligible [5]. Gorte et al.
observed that the surface of Pt(100) exhibits much higher
reactivity towards the decomposition of NO than the (110)
or (111) planes [6,7]. N2O formation is a negligible re-
action pathway under the above studies on Pt single crys-
tals. However, an exception was observed from K-promoted
Pt(111) [8]. Moreover, N2O formation over supported Pt—
Rh, supported Rh, and single crystal Rh catalysts has been
recognized as an important reaction pathway in the NO—-CO
reaction [9]. The surface structure-sensitive nature of NO
dissociation has been shown on Rh as well. For instance,
the following surface activity order in the NO dissociation
has been reported: (111), (110) < (100) < (331) < (533)
< (321) [10,11]. The general trend manifested by qualita-
tive studies is the higher dissociation of NO on the more
open-structured and stepped Rh surfaces [11]. In addition,
the NO—CO reaction exhibits very strong structural sensi-
tivity from a previous study on single crystal Rh surfaces
at high (1 Torr < P < 100 Torr) pressures. The Rh(111)
and Rh(110) surfaces show substantial selectivity difference
regarding the formation of N> and N2>O. The more open-
structured Rh(110) surface produces almost entirely N2 and
the selectivity of N2O is as low as 8%, while the selectiv-
ity of N2O on the more closely-packed Rh(111) surface is
aways higher than 40% [12].

The primary motivation of our current work is to search
for less expensive and more abundant alternative catalysts to
replace Pt-group metals. The carbides of groupsIV-VI early
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transition metals often show catalytic activities that are sim-
ilar to Pt-group metals [13-15]. In the past our group has
investigated the reactivities of carbide-modified surfaces by
chemical probe reactions that mainly involve the C—H bond
transformation [15]. For example, in the dehydrogenation of
cyclohexeneto benzene, we found that the benzene yield on
carbide-modified W [16] and Mo [17] is similar to that on
Pt(111). The observation of Pt-like properties of early tran-
sition metal carbides was the driving force for us to examine
the decomposition of 1°NO on C/W(111), C/W(110), and on
monolayer and bulk C/Mo/W(111) surfaces.

In this paper we will attempt to determine whether the
carbide surfaces are similar to Pt-group metal surfaces re-
garding the decomposition of NO. In addition, we would
like to investigate how the structure of the W substrate af-
fects the activity and selectivity of °NO decomposition on
C/W(111) and C/W(110) surfaces. Furthermore, monolayer
and bulk C/Mo surfaces, which are produced on a W(111)
substrate, are also examined in this work to determine how
the decomposition of NO is affected by the different parent
metalsin carbides.

2. Experimental

The experiments described in this paper were conducted
in an ultrahigh-vacuum (UHV) chamber that is equipped
with Auger electron spectroscopy (AES), temperature-progr-
ammed desorption (TPD), low-energy electron diffraction
(LEED), and ion sputtering. The tungsten single crystal was
mounted on a precision manipulator by spot-welding to two
Tawires. The surface can be cooled by contact with alig-
uid nitrogen reservoir and heated resistively through the Ta
mounting wires.

Sample preparation first entails cleaning by several cy-
cles of sputtering with 2 kV Net bombardment at 300 K
followed by annealing in vacuum to 1200 K. Carbon that
cannot be removed by sputtering was cleaned by exposing
to oxygen at 1000 K followed by annealing at 1200 K. This
process was continued until there are no detectable impuri-
ties by AES. The C/W(111) thin film was made by severa
cyclesof exposingW(111) to 3L (1L = 1 x 10~° Torrs) cy-
clohexene at about 120 K followed by annealing to 1200 K
in vacuum. Cyclohexene decomposes to produce gas-phase
hydrogen and atomic carbon on the surface. The surface
prepared in this fashion has a C/W atomic ratio of approxi-
mately 0.55 and exhibits a (v/3 x +/3)R30° LEED pattern.
Cyclohexene was used as the chemical agent for making
carbides mainly due to our prior knowledge and character-
ization of C/W(111) surfaces prepared in the similar fash-
ion [16].

The C/W(110) surface was synthesized by a similar pro-
cedure. The clean W(110) surface was obtained by severa
cycles of sputtering with 2 keV Ne™ bombardment at 300 K
followed by annealing in vacuum to 1200 K. Oxygen treat-
ment was al so employed to remove carbon atomsthat cannot
be removed by sputtering. The cleanliness of the W(110)

surface is confirmed by AES. The C/W(110) surfaceis pre-
pared by several cycles of exposing a W(110) surfaceto 3L
cyclohexene at 120 K and followed by heating to 1200 K.
C/W(110) made by this approach has a C/W atomic ratio
~0.55, which exhibits a quasi-hexagon (two-fold rotational
symmetry) LEED pattern of the W(110) substrate.

The C/Mo/W(111) surfaces were prepared by exposing
Mo/W(111) to cycles of cyclohexene treatment, using the
same approach as applied in preparing the C/W(111) sur-
face. The Mo/W(111) surfaces were prepared via physical
vapor deposition of Mo, by resistively heating a Mo rib-
bon of ~0.025 mm in thickness, onto W(111) at 700 K. The
W(111) substrate with a 1.3 ML Mo coverageis referred to
as monolayer Mo/W(111). The surface with an atomic ra-
tio of Mo/W > 7.0 is referred to as bulk Mo/W(111). The
Mo/W(111) surfaces retain the (1 x 1) hexagon LEED pat-
tern of the W(111) substrate. The bulk C/Mo/W(111) sur-
face shows amixture of (v/3x +/3)R30° and hexagon LEED
patterns.

The TPD experimentsinvolved first exposing the carbide
surfaces to 10 L of 1°NO at 100 K. The surface was then
heated at a constant rate of 3 K/s and the desorption prod-
ucts were measured with a mass spectrometer. Severa de-
sorption products were measured by monitoring m /g = 31
(1>NO), 30 (*°Ny), 28 (CO), 46 (*°N0), 47 (°NOy), 18
(H20 or 1NH3), 32 (O,), and 2 (H,). The only species to
desorb appreciably from all surfaces were °NO, 15N,, CO,
and 15N,0.

3. Resultsand discussion
3.1. NO decomposition on C/W(111) and C/W(110)

TPD results recorded after exposing the C/W(111) to
10 L of 15NO at 100 K are shown in figure 1. The decom-
position of 1°NO is clearly demonstrated by the desorption
of several reaction products, 1°N», CO, and 1°N»0. The de-
composition occurs at temperatures as low as ~167 K, as
evident by the desorption of the 1°N,O product at this tem-
perature. At higher temperatures, most of the oxygen atoms,
from the decomposition of °NO, combine with the carbon
atoms of C/W(111) to produce gas-phase CO at 912 K. The
atomic 15N also recombinesand desorbs as 1°N; at the same
temperature. No other desorption products are observed, in-
cluding °NHs, 1°NO, or O,.

The observation that N, and CO desorb at exactly the
same temperature (at 912 K on C/W(111) and at 894 K
on C/W(110) as shown below) suggests the presence of
surface intermediates containing the CNO or NCO moi-
ety. However, such intermediates are not detected in our vi-
brational studies using high-resolution electron energy loss
spectroscopy (HREELS). For example, figure 2 shows a
comparison of the HREEL spectrarecorded after the adsorp-
tion of 10 L NO on C/W(111) at 90 K and after heating to
different temperatures. At 90 K, the relatively sharp mode
at 1792 cm~1 isthe v(NO) stretching mode of chemisorbed
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Figure 1. Temperature-programmed desorption spectra after exposing
C/W(111) to 10 L 15NO at 100 K and heating to 1200 K at a heating rate of
3K/s.
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Figure 2. HREELS results following the decomposition of 10 L NO
on C/W(111).
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Figure 3. Temperature-programmed desorption spectra after exposing
C/W(110) to 10 L 15NO at 100 K and heating to 1200 K at a heating rate
of 3K/s.

NO; the broad bands at the low-frequency regions are re-
lated to the overlapping contribution from the v(W-NO) and
v(W-C) modes. After heating the surface to 750 K, which
is below the desorption temperature of N2> and CO, NO mol-
ecules dissociate to produce atomic N and O, as indicated
by the presence of the v(W-N) mode at 819 cm~1 and the
v(W-0) mode at 1008 cm~1. However, well-defined vi-
brational modes are not observed in the 750 K spectrum in
the frequency region between 1200 and 2200 cm~1, which
should be expected if the CNO or NCO functional groups
are present on the surface. More details about the HREEL S
studies of the decomposition mechanisms of NO on clean
and chemically modified W(111) surfaces will be reported
in a separate paper [18].

Because of the absence of the CNO or NCO intermedi-
ates, we cannot explain why the high-temperature desorption
of N2 and CO occurs at exactly the same temperature. We
can only speculate that one of the recombinatory reactions
(N+ N — N2 or C+ O — CO) is an exothermal reaction,
which might generate local heating that leads to the onset of
the other recombinatory reaction. More studies are needed
to determine the exact origin of the coincidental desorption
of N> and CO.

The decomposition of 15NO over the C/W(110) surfaceis
investigated using TPD and is shown in figure 3. The TPD
measurements were conducted after exposing the surface to
10L 1°NO at 100 K. The C/W(110) surfaceisactive towards
the decomposition of 1°NO, as indicated by the detection
of 15N, 15N,0, and CO products. A relatively broad 1°N,
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desorption peak is centered at approximately 166 K and an-
other peak isobserved at around 894 K. Thelow temperature
15N, peak is not contributed entirely by the cracking pattern
of 15N,0, which should giverise to a1°N» peak areathat is
approximately 11% that of °N,0O [19]. A very broad 1°N,O
desorption peak is detected in the temperaturerange between
140 and 600 K. The oxygen atoms that are produced by the
decomposition of 1®NO remain on the surface and desorb
only in the form of CO at 894 K. No molecular O is de-
tected in the TPD measurements.

By comparing the TPD results in figures 1 and 3, it is
apparent that 15N, is preferentially produced on C/W(111)
than on C/W(110). The selectivity of these two 1°N-
containing products from C/W(111) can be estimated as fol-
lows: AES spectra were recorded after exposing C/W(111)
to 10 L 1°NO at 100 K, and after the NO/C/W(111) surface
was heated to 300 K. The latter temperature corresponds to
the surface after the desorption of 1°N,O from C/W(111).
From the Auger measurements of >N/W and O/W atomic
ratios, we estimated that the atomic ratio of N/O wasto 1.0
at 100 K and 0.93 at 300 K. In addition, the atomic ratio
of O/W is estimated to be approximately 0.68 at 300 K.
Equations (1) and (2) describe the mass balance over the
C/W(111) surface at 300 K:

a¥5NO — %15Nzo n %o (1)
bNO — xb®NO + (1 — x)b™N + (1 — x)bO (2)

Symbol a represents the number of 1°NO moleculesthat are
involved in the production of 1°N,0O, and symbol b rep-
resents the number of 1°NO molecules remaining on the
C/W(111), either in the molecular or decomposed form, after
heating the surface to 300 K. Therefore, at 300 K we obtain
the following relationships:

N/O

= = 0.93, 3
a/2+b @

O/ = a/2+ b = 0.68. (4)

a and b can be solved as 0.095 and 0.63 on the per W atom
basis from equations (3) and (4), respectively. In order to
compare the decomposition of NO on different surfaces, we
define the surface reactivity as the total number of 1SNO
molecules that undergo complete decomposition on the per
W atom basis. The sum of (a/2 + b) givesasurface reactiv-
ity of 0.68 1SNO/W on C/W/(111).

The selectivity of 1°N,O from C/W(111) can be calcu-
lated from the values of a and » as follows, with sym-
bol Sisn,0 cwin) representing the 1NoO selectivity over
C/W(111):

a 0.095

S1N,0_ oW1 = 77 = 5.095 1 0.63
S5y, = 1 — Sisn,0 = 87%.

= 13%,

Similarly, the mass balance on the C/W(110) surface can
be described by equations (5) and (6),

5NO — %15N20 + %o )

d®NO — xd®NO + (1 — x)d®®N + (1 — x)dO (6)

Symbol ¢ represents the number of >NO molecul es decom-
posing to produce °N,O at 100-600 K, and symbol d rep-
resents the number of 1°NO molecules remaining on the
C/W(110) surface, €either in the molecular or decomposed
form, after it was heated to higher temperatures. AES spec-
tra were recorded after exposing C/W(110) to 10 L °NO
at 120 K and flashed to 600 K. The O/W atomic ratio on
C/W(110) was estimated as 0.24 after the surface heated to
600 K. Thisleads to the following relationship:

OIW = % +d=024 @)

The O/W atomic ratio gives rise to the surface reactiv-
ity of NO decomposition over C/W(110) as 0.24 15NO/W,
which corresponds to the total number of °NO undergoing
compl ete decomposition on the per W atom basis.

The overall TPD peak area of 1°N; from C/W(110) isthe
sum of the low-temperature (166 K) and high-temperature
(894 K) peaks. The sum was then subtracted by 11% of the
15N, 0 peak area to remove the contribution from the crack-
ing pattern of 1°N0 to the |ow-temperature N, peak [19].
By comparing the relative TPD peak areas of 1°N,O and
15N, from both C/W(110) and C/W(111), which are sum-
marized in table 1, the relationship of ¢ and d can be derived
asthefollowing:

c  1/la
d  0.98/6.11b

By combining equations (7) and (8), the values of ¢ and
d can be estimated on the per W atom basis as follows:

— 0.94. (8)

¢ =0.15,
d =0.16.

Therefore, the selectivity of N5 and 1°N,0 over C/W/(110)
can be estimated as follows:
d 0.16
SNz CW0) = 3 = 5164 015
SlSNzO_C/W(llO) == 1 - 52% = 48%

= 52%,

From the above selectivity calculation, it is clear that
the decomposition of °NO over C/W(111) and C/W(110)
leads to a very different selectivity of 1°N-containing prod-
ucts. The more open-structured C/W(111) surface favors
to produce the °N product, while the close-packed struc-
ture of C/W(110) produces nearly equal number of 1°N, and
I5N,0. This observation clearly indicates the structure sen-
sitivity in the decomposition of 1°NO.

3.2. NO decomposition over monolayer and bulk
C/Mo/W(111)

The decomposition of NO over monolayer C/Mo/
W(111) and bulk C/Mo/W(111) surfacesis studied by TPD
and is shown in figure 4. The TPD measurements were con-
ducted after exposing the carbide surfaces to 10 L 1°NO at
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Table 1
Surface reactivity and product selectivity.

Surface Relative peak ares®  a b c d  Surfacereactivity 15Ny selectivity
BNo BN, #5NOIW) (%)

C/W(111) 1 6.11 0.095 0.63 0.68 87

C/W(110) 1 0.98 015 016 0.24 52

Monolayer

C/Mo/W(111) 1 757 - - - - - 89

Bulk

C/MoW(111) 1 698 - - - - - 88

@For ease of comparison the relative peak areas of 15N20 are normalized to avalue of 1 on all surfaces.
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Figure 4. Temperature-programmed desorption spectra after exposing bulk C/Mo/W(111) (a) and monolayer C/Mo/W(111) (b) to10 L 15NO at 100K and
heating to 1200 K at a heating rate of 3 K/s.

100 K and heating to 1200 K. The two C/Mo/W(111) sur-
faces show nearly identical behavior in the decomposition
of 1°NO. Both surfaces are very active towards the decom-
position of 1®NO, and *°N; and 1°N,0O are the only '°N-
containing reaction products. The O atoms produced by the
decomposition of 1>NO remain on the surface and desorb
only intheform of CO at ~847 or ~849 K. No molecular O
is detected by mass spectrometry. Several relatively intense
15N, desorption peaks are observed at the indicated tem-
peratures in figure 4. Three intense 1°N, desorption peaks,
shown in figure 4(a) at 155, 866, and 1074 K, are assigned
the recombinative desorption of °N on the bulk C/Mo sur-
face. Similarly, the N2 desorption peaks on the monolayer
C/Mo/W(111) surface (figure 4(b)) at 169, 849, and 1099 K,
can also be assigned to the recombinative desorption of 1°N
from carbide-modified Mo. The additional feature at 910 K
islikely from the contribution from the C/W(111) substrate,
suggesting that the W(111) surface is not completely cov-
ered by Mo at this coverage.

The selectivity of 1°N» and 1°N,O over the monolayer
and bulk C/Mo/W(111) surfaces can be estimated by com-
paring their peak areas with those from C/W(111), as sum-
marized in table 1. Nearly identical 1°N, selectivity isfound
over the two C/Mo/W(111) surfaces with a value of ~88%.
Consequently, the selectivity of 1°N,0O is ~12% over the
two surfaces. Coincidently, the selectivity of 1°N-containing
products on C/Mo/W(111) is nearly the same as that of
C/W(111). This observation suggests that the product selec-
tivity of °NO appears to be more sensitive to the structure
of the substrate than to the identity of the parent metals.

3.3. Comparison with Pt-group metal surfaces

The structure-sensitive nature of NO dissociation has
been observed in previous studies of the decomposition and
reduction of NO over Pt-group metal surfaces. It isimpor-
tant to point out that W has the body-centered cubic (bcc)
structure, and the W(110) plane corresponds to the most
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closely-packed surface. On the other hand, Pt and Rh have
the face-centered cubic (fcc) structure, and the (111) plane
isthe most close-packed surface. As mentioned in section 1,
one of the general trends in the decomposition of NO over
Pt and Rh single crystal isthat the more open-structured sur-
faces show higher surface reactivity in the dissociation of
NO. For instance, arelatively high reactivity is observed in
the decomposition of NO over Pt(100), in contrast to the
negligible dissociation over the (111) plane [6,7]. More-
over, previous studies on Pt-group metal surfaces also re-
veal the structure-sensitivity in the product selectivity in the
NO—CO reaction. For instance, the more open-structured
Rh(110) surface produces almost entirely 1°N» (92%), while
on Rh(111) the 1°N,0 selectivity is higher than 40% [12].

Our results indicate that the decomposition of 1°NO oc-
curs readily over all the carbide surfaces investigated in
this work, and the only 1°N-containing reaction products
are N, and ®N,0 over all the surfaces. The structure-
sensitive nature of NO decomposition is indicated by the
different surface reactivity. For example, the total num-
ber of 15NO undergoing dissociation is 0.68 °NO/W over
the open-structured C/W(111) surface, in contrast to 0.24
I5NO/W over closely-packed C/W(110) surface. Moreover,
the product selectivity of °N» and 1°N,0 is also very dif-
ferent between C/W(111) and C/W(110). The selectivity
of 15N over the more open-structured C/W(111) surface is
about 87%. In contrast, the selectivity of 1°N, over the more
closely-packed C/W(110) is only about 52%. Comparing
to the results on Pt-group metal surfaces mentioned above,
there appearsto be a general trend that more open-structured
carbide and Pt-group metal surfaces show both higher sur-
face reactivity and more desirable product selectivity (N2)
in the decomposition of NO.

4. Conclusions

The decomposition of °NO occurs readily over al car-
bide surfacesin thiswork, and 1°N-containing reaction prod-
ucts are °N, and $°N,O only. These results demonstrate
that the carbides of tungsten and molybdenum show simi-
lar or higher activities than Pt-group metals regarding the
decomposition of NO. Moreover, both the selectivity of
I5N-containing products and surface reactivity in the de-
composition of NO depend strongly on the structure of the
substrates. The more open-structured C/W(111) exhibits
higher surface reactivity in the decomposition of NO and fa-

vors to produce significantly more 1°N, compared with the
C/W(110) surface. The latter observation indicates that the
reaction pathways of 1°NO are structure-sensitive, confirm-
ing previous studies of the decomposition of NO on Pt-group
metal surfaces.
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