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1. Introduction
Transition metal carbides (TMCs) are produced by
incorporating carbon atoms into the interstitial sites
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of their parent metals, which typically include all 3d
elements and 4d/5d elements of groups 3—6 early
transition metals. In general, TMCs of early transi-
tion metals possess unique physical and chemical
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properties.' 8 For example, TMC compounds combine
the physical properties of three different classes of
materials: covalent solids, ionic crystals, and transi-
tion metals. As a result, TMC compounds often
demonstrate the extreme hardness of covalent solids,
the high melting temperature of ionic crystals, and
the excellent electric and thermal conductivity of
transition metals. The unique combination of these
desirable physical properties has led to the com-
mercial applications of TMCs as cutting tools! and
hard-coating materials.?

In addition, TMCs of groups 4—6 early transition
metals are characterized by many unique and in-
triguing catalytic properties. Ever since the landmark
paper by Levy and Boudart regarding the Pt-like
properties of tungsten carbides,’ the catalytic proper-
ties of TMCs have been the subject of many investi-
gations in the fields of catalysis and surface science.
From the catalysis literature it is now well estab-
lished that the catalytic properties of TMCs often
show strong similarity to those of the more expensive
Pt-group metals (Ru, Rh, Pd, Os, Ir, and Pt).® In
particular, in reactions involving the transformation
of C—H bonds of hydrocarbons, such as dehydroge-
nation, hydrogenation, and hydrogenolysis, the cata-
Iytic performances of TMCs are approaching or
surpassing those of Pt-group metals.?5¢ The catalytic
and electrocatalytic properties of group 6 carbides
have also been the subject of many investigations
because of their potential application as alternative
electrocatalysts in hydrogen and methanol fuel
cells.8~11

Experimental and theoretical surface science stud-
ies have played an important role in confirming and
understanding the similar surface properties of TMCs
to those of Pt-group metals. In particular, TMC
surfaces offer excellent model systems to determine
how the electronic properties of metal surfaces are
modified by the incorporation of carbon and how the
electronic modifications in turn alter the surface
chemical properties. The objectives of the current
review are primarily twofold: (1) to demonstrate the
general similarities and differences in the surface
chemistry of TMC surfaces and (2) to correlate the
chemical properties with the underlying electronic
properties of TMC surfaces.

There were several comprehensive reviews on the
various properties of TMCs. Johansson reviewed the
electronic properties of bulk single-crystal TMCs in
1995.12 The chemical and catalytic properties of
powder and supported TMC catalysts were reviewed
by Oyama in 1996.5 The preparation, characteriza-
tion, and reactivities of TMC surfaces were reviewed
by Chen in 1996.% The characterization of the local
structural and electronic properties of single-crystal
and polycrystalline TMCs was reviewed by Chen in
1997.13

The scope of the current review will focus on the
electronic and chemical properties of well-character-
ized TMC surfaces. After briefly describing the
preparation and characterization of TMC surfaces in
section 2, we will systematically review the chemical
properties of TMC surfaces in sections 3—7. The
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review will be concluded by discussion of correlating
electronic properties with chemical activities in sec-
tion 8 and future research directions in section 9. The
results to be discussed in the current review include
those published after 1996, as well as selected earlier
publications related to the topics of this review. The
readers should find more systematic and comprehen-
sive discussions of results published before 1996 in
earlier reviews. 561213

2. Characterization of Carbide Surfaces

2.1. Common Carbide Surface Structures

The groups 4 and 5 TMCs all form monocarbides
(TiC, ZrC, HfC, VC, NbC, and TaC) with a face-
centered-cubic (fcc) B1 crystal structure.'* Similar to
the NaCl structure, these carbides are characterized
by two interpenetrating metal and carbon fcc lattices.
The most commonly studied crystalline planes are
the (100) and (111) surfaces. The (100) surface is
characterized by the coexistence of the metal and
carbon atoms. The (111) orientation has alternating
layers of metal and carbon atoms, and the (111)
surface can be terminated either by metal or by
carbon. The structures of the metal- and carbon-
terminated fcc(111) surfaces are illustrated in Figure
la and b, respectively.

In comparison, group 6 metals (Cr, Mo, W) do not
always produce stable monocarbides. The most com-
monly studied group 6 TMCs include Mo,C, W5C, and
WC. In general, the structures of group 6 TMCs are
much more complex than their groups 4 and 5
counterparts. For example, the 5-MosC phase has an
orthorhombic crystal structure,'’®> with the (100)
surface corresponding to the closest-packed surface
that can be terminated by either Mo or C atoms.
Because the arrangement of Mo is only slightly
distorted from a hexagonal-closed packed (hcp) ar-
rangement, the crystal structure of 3-MosC can often
be loosely described as an hcp structure with carbon
atoms occupying the octahedral interstitial sites.
Correspondingly, the closest-packed surface of 5-MoyC
is often reported in the literature as the hep(0001)
surface. The structures of the Mo- and C-terminated
B-Mo2C(0001) surfaces are illustrated in Figure 1c
and d, respectively.

2.2. Preparation of Carbide Surfaces

Surface science studies have been primarily focused
on three types of materials: bulk single crystal
carbides, carbide-modified single crystal metal sur-
faces, and polycrystalline carbide thin films. There
are advantages and disadvantages for using each
type of materials. The main advantage for using bulk
crystals is their well-ordered stoichiometric surfaces;
the disadvantage is the scarcity of the crystal materi-
als, especially for group 6 TMCs. The advantage for
carbide-modified metal surfaces is the ability to
control the carbon/metal stoichiometry and to directly
compare with the parent metal surfaces; the dis-
advantage is the imperfect termination and defects.
The advantage of studying thin films is the op-
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(c) Mo-Terminated Mo,C(0001)

Figure 1. Surface structures of carbon- and metal-terminated TiC(111) and Mo,C(0001), which represent the most close-
packed surfaces of TiC (fce structure) and MoyC (hep structure), respectively. The smaller spheres represent carbon atoms,
which reside either below (in parts a and ¢) or above (in parts b and d) the metal surfaces.

portunity to address the so-called “materials gap”
to correlate single crystals with more realistic
polycrystalline materials; the disadvantage is the
lack of general understanding of the surface proper-
ties.

The preparation of clean surfaces of bulk carbides
typically involves the sputtering and annealing cycles
that are commonly used for metal surfaces.!? It is
important to point out that the surface structures of
TMCs are often different from those of the bulk
materials. For example, the contraction and relax-
ation in the first interlayer spacing often occur for
the fee(111) and fee(100) carbide surfaces. In addition,
the surface carbon/metal stoichiometries also depend
on the annealing temperature. More detailed discus-
sion about the preparation and characterization of
bulk single-crystal TMCs can be found in a previous
review.!?

The preparation of carbide-modified surfaces is
generally achieved by exposing the clean metal
surfaces to unsaturated hydrocarbons, followed by
annealing to temperatures higher than 1000 K.® The
annealing procedure is often required to drive the
excess surface carbon into the interstitial sites. In
most cases, well-ordered surface structures, as de-
termined using low-energy electron diffraction (LEED),
can only be obtained after annealing. The exposing—
annealing cycles are typically repeated several times

(d) C-Terminated Mo,C(0001)

to obtain the desirable carbon/metal stoichiometries
and/or surface structures. The specific procedures for
preparing carbide-modified surfaces, as well as the
corresponding LEED patterns, have been described
in detail in an earlier review® and will not be
discussed in the current review.

The preparation of polycrystalline thin films has
been achieved in two ways: carburization of metal
films with hydrocarbons!® or physical vapor deposi-
tion (PVD) from a bulk carbide target.!” For example,
a f-MoyC thin film was prepared by carburizing a
Mo foil at high temperatures with a mixture of
methane and hydrogen, followed by room-tempera-
ture passivation in a flow of 0.5% Oy/He.'® X-ray
diffraction (XRD) measurements indicated that the
foil was essentially pure 3-MosC. In the PVD method,
thin films of carbides were prepared by magnetron
sputtering from carbide targets onto a flat substrate,
such as glassy carbon or single-crystal sapphire. Thin
films of WoC and WC were recently prepared by
sputtering from a bulk WC target, and the desirable
carbide phases were obtained by controlling the
deposition temperature and postannealing condi-
tions.'” XRD measurements confirmed the phase
purity of WyC and WC films. Similar to the case of
bulk carbide single crystals, the surfaces of the
carbide films can be cleaned by repeating cycles of
sputtering and annealing.
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Table 1. Characterization of TMC Surfaces
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techniques

AES 51535458 DFT, 6! HREELS,? NEXAFS,?3555860 JRAS, 52 LEED,5216 SXPS,5 XPS53.58

bulk carbides
HfC(111) ARPES,?* ICISS™
o-Mo2C(0001) ARPES,* LEED,*>48 STM, 4547 XPS45:48
MoC(001) DFT?238
NbC(111) AES,?3 ARPES,?829.77 CLPES, 2933 ICISS,” STM,% UPS!88
NbC(100) CLPES,*° LEED, 8 STM, 1866 UPS188
TaC(111) ARPES™
TiC(100) AFM,% DFT,?03¢ HREELS,3>19 LEED,!819 XPS35
TiC(111) ARPES 2179 ARUPS, ™97 ARXPS, 97 DFT, 2022313478 [ 97.98 ST)[73:88
TiC(001) ARXPS,?¢ DFT,394262 ISS % L EED, UPS%
VC(100) AFM, 86181 DFT 3464 HREELS, %19 LEED 6 STM, 26181 XPS35
VC(110) LEED,%> STM®
WC(0001) AES,*6:89 ARUPS,®° CLPES,* DFT,?4° LEED,*6:174 STM*6
ZrC(100) ARPES,?” LEED,8 UPS,8210¢ XPS82
ZrC(111) ARPES,?3:25,2678 DFT,63 SXPS,83 UPS, 83,104 XAS 32
carbide-modifed surfaces
C/Ti(0001) AES*
C/Mo(100) AES,50.67.117 LEED, 17 microcalorimetry®®
C/Mo(110)
C/Ni/Pt(111) AES,15 NEXAF'S, 153 XPS58
C/Ni(111) LEED,64 STM 164165
C/Ta(100) AESS8
C/V(110) AES,57100 HREELS, 90 NEXAF'S,?6:58,100,130 X pS58
C/W(111) AES, %5 HREELS,?>-155,156 [ EED155
C/W(100) AES®
C/W(110) AES,156.15T HREELS156
C/W(211) AES,30 HREELS30
carbide thin films
Cr.C, AES,”* RHEED,®* THEED"
MoyC UPS,* XPS*3
-MosC XRD!16
WC/W.C XPS,174 XRD
carbide clusters
CooC,,~ DFT,”* PES™
MOgClz DFT,40‘237
Mo,,C, TOF-MS?235
TigC1e DFT,39:40.237 JR—REMPD,3¢ IR—REMPI, 36 MS36:38
Ti14C13 DFT,? IR-REMPI,36 MS36
Ti,.C, DFT#
VoCo™ DFT,%.72 PES™
V.Cn IR—REMPI, 37" MS37

2.3. Common Characterization Techniques for
Carbide Surfaces

The structural and electronic properties of carbide
surfaces have been studied using a variety of experi-
mental techniques and theoretical modeling. Table
1 summarizes the carbide surfaces that will be
discussed in the current review. Table 1 also sum-
marizes the experimental and theoretical techniques
that have been utilized to characterize the electronic
and structural properties of the corresponding sur-
faces. Discussion about the characterization of many
other carbide surfaces, published before 1996, can be
found in previous reviews.%!2 In this section we will
use the characterization of several carbide surfaces
as examples to describe some of the most commonly
utilized surface techniques. We will focus primarily
on the characterization of the structural and elec-
tronic properties, which will be frequently referred
to in later sections in the discussion of chemical
activities of the corresponding carbide surfaces.

2.3.1. Groups 4 and 5 Carbides

The TiC(100) surface has been examined using
LEED!819 and theoretical calculations.?’ Tagawa and
co-workers determined that the surface atomic struc-

ture of TiC(100) was relaxed, with the topmost C
atoms displaced outward and the Ti atoms in-
ward.!’®1® Jansen and Hoffmann conducted a com-
prehensive study of the TiC(100) and (111) surfaces
by using extended Hiickel tight binding calcula-
tions.?° The TiC(111) surface has been studied with
synchrotron-based, angle-resolved photoemission spec-
troscopy (ARPES), where the results showed the
surface to be polar with the Ti layer on top.?! Through
local density of states (LDOS) calculations, Tan et
al. showed that, at elevated temperatures (~1900 K),
the TiC(111) surface should always be Ti-terminated
as a direct consequence of the different evaporation
rates between C and Ti atoms.??

As summarized by Johansson,'? photoemission
spectroscopy (PES) measurements have revealed that
the electronic structures of many fcc(111) surfaces
were characterized by the existence of surface states
near the Fermi level (Er). In contrast, the density of
states around the Er was relatively small on the fce-
(100) carbide surfaces.!? Such a difference in the
surface states has been cited as the reason for the
observations that the fce(111) surface is generally
more active than the fce(100) of the same carbide.??

Edamoto and co-workers have utilized angle-
resolved and core-level photoemission spectroscopy
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(CLPES) to compare the surface electronic structures
of the (111) surfaces of several groups 4 and 5
carbides, HfC(111),24 ZrC(111),232526 ZrC(100),2” NbC-
(111),2829 and NbC(100).3° For example, ARPES data
revealed the presence of a surface state near the
Fermi level on HfC(111). On the basis of the reso-
nance photoemission measurements as well as ad-
ditional polarization-dependent studies, the surface
state was attributed to the 5d orbitals of the surface
Hf atoms.?* These results agreed well with a previous
investigation of the presence of the 3d states on TiC-
(111).3! Additional measurements monitoring the
effect of potassium?® and cesium?? adsorption on ZrC-
(111), and sodium,?® potassium,?® and cesium3? ad-
sorption on NbC(111) also revealed the intrinsic
differences between the electronic structures of the
groups 4 and 5 TMC surfaces.

Perry and co-workers have performed density
functional theory (DFT) calculations on stoichiomet-
ric clusters to compare the electronic properties of
TiC(100) and VC(100).3* Clusters modeling the TiC-
(100) surface did not show the presence of occupied
molecular orbitals with clear predominance of 3d
character. Furthermore, the strong covalency be-
tween the C 2p and Ti 3d states could also limit the
availability of these electrons for surface reactions.
In contrast, using VoCy clusters to model the VC(100)
surface, these authors identified the occupation of
predominantly metal 3d levels, leading to the equiva-
lent of a d! electron configuration.?* The frictional
properties of TiC(100) and VC(100) were also com-
pared with atomic force microscopy (AFM) measure-
ments.?® Perry et al. showed that the TiC(100) surface
exhibited inherently lower friction than VC(100) by
conducting measurements at various degrees of
oxidation and humidity, as well as with several probe
tips.3® These results again pointed out differences in
the electronic properties between groups 4 and 5
TMC surfaces.

Several recent theoretical and experimental studies
have compared the low-index carbide single crystals
with nanocrystals and “metcar” structures.?6-4! First
principles calculations on TiC(001) showed that the
surface C atoms moved slightly outward and Ti
atoms inward,?>*? consistent with experimental ob-
servation for the TiC(100) surface.'®1° Rodriguez and
co-workers recently determined that the structure of
the TsC12 “metcar” consisted of metal atoms occupy-
ing the low-coordination inner positions and high-
coordination outer positions, as well as the presence
of six pairs of short C—C bonds. The presence of the
Cs groups increased the stability of the “metcar” TsCio
structure. In addition, the presence of these C, groups
also enhanced the chemical reactivity of the Ti atoms
by weakening the Ti—C bonds.??

2.3.2. Group 6 Carbides

The Mo and W carbide surfaces have been studied
using ultraviolet photoelectron spectroscopy (UPS),43
X-ray photoelectron spectroscopy (XPS),*® scanning
tunneling microscopy (STM),4647 LEED, %546 and Au-
ger electron spectroscopy (AES).%6 For example, stud-
ies of a-Mo0yC(0001) revealed that the surface could
be altered between Mo- and C-terminated simply by
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changing the annealing temperature.*> Otani and co-
workers used ARPES to show that the valence band
region of a C-terminated a-Mo2C(0001) surface con-
sisted of Mo 4d, C 2s, and Mo 4d—C 2p hybrid
bands.*® Gothelid and Janin combined the STM, AES,
and LEED techniques to study the structure of WC-
(0001) as a function of surface composition.*® These
authors reported a variety of LEED patterns, all of
which were strongly dependent on the atomic C/W
ratio at the surface.*6

The interaction of Mo or W carbides with another
metal has also been investigated to determine the
underlying structural and electronic properties of the
carbide surfaces. For example, an ab initio study
involving the interface of Al(111) and WC(0001) has
been reported by Siegel and co-workers.*® It was
determined that the ideal work of adhesion on the
C-terminated WC(0001) surface was ~2 J/m? stron-
ger than that on the W-terminated surface, confirm-
ing the effect of termination on the properties of the
carbide surfaces. In another example, Campbell and
co-workers have examined the adsorption energy of
Pb on an ordered (1 x 1) MoyC film on Mo(100).5°
AES and LEED studies confirmed that the carbide
film contained one carbon per surface Mo(100) atom
sitting in or near the fourfold hollow sites. The
microcalorimetry measurements showed a large ini-
tial heat of Pb adsorption, which was consistent with
MoyC resembling a late transition metal chemically
and/or electronically.5°

Among the carbide-modified surfaces, the C/Mo-
(110) surface is one of the most thoroughly char-
acterized.!351755 LEED studies have revealed a p(4
x 4) pattern after the C/Mo(110) surface was an-
nealed to 1000 K or higher.?5* AES measurements
showed the C/Mo atomic ratio approaching 0.5,
indicating a MosC stoichiometry for the surface
carbide layer.?1%354 The electronic properties of the
C/Mo(110) surface have been characterized using two
synchrotron-based spectroscopies, soft X-ray photo-
electron spectroscopy (SXPS)%® and near-edge X-ray
absorption fine structure (NEXAFS).135355 The SXPS
results revealed that the density of states below the
Er level was significantly different between C/Mo-
(110) and clean Mo(110), indicating an electronic
modification upon the formation of carbides. NEX-
AF'S has been utilized to determine the local bonding
environment of carbon atoms, as well as the density
of states above the Er level, of many groups 4—6
TMCs,1356760 including the C/Mo(110) surface. For
example, on the basis of the polarization dependence
of C K-edge features,”® NEXAFS results suggested
that the C/Mo(110) surface was terminated by C
atoms in a similar way as the C-terminated MoyC
surface shown earlier in Figure 1d. Results from
recent DFT modeling were also consistent with the
structural model of describing the C/Mo(110) surface
as C-terminated MoyC/Mo(110).5?

In the next five sections, we will systematically
review the chemical activities of TMC surfaces to-
ward different classes of inorganic and organic mol-
ecules. Table 2 provides of a summary of the reac-
tions of molecules on different TMC surfaces, as well
as the experimental and theoretical techniques that
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Table 2. Summary of Surface Chemistry on TMC Surfaces
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surface molecule(s) technique surface molecule(s) technique
HfC(111) Hy/Dy HREELS,8 ICISS® TigC12/Ti14C13 SO DFT221
Oq ARPES,?* ICISS6 VC(100) (o) AFM,® DFT,?” HREELS,
o-Mo2C(0001) Oq AES,*2 ARPES,*8 LEED,2 TPD2 UPS,3¢ XPS85
CO AES,?2 LEED,?2 TPD,?2 UPS?2 H,0 TPD,'”s HREELS,178 XPS,178 AFM?3>
C4H4S DFT,232 TPD,?10 UPS,210 XPS210 NHj DFT,*422¢ HREELS,2?* TPD,224
C/Mo(111) CHasly HREELS,!37 TPD,137 XPS137 UPS,224
CH;l HREELS,!36 TPD,!36 XPS136 CO DFT,34+% HREELS,* TPD,
CoHj51 HREELS, 37 TPD, 37 XPS137 UPS,? XPS%
C/Mo(110) H, TPD6! CH3;0H DFT,!%3 HREELS,183 TPD,183 XPS183
[ HREELS,?> NEXAF'S,5% CoH50H AFM, 194 HREELS,193.194 STM, 194
SXPS, TPD5 TPD, 193,194 UPS, 194 XPS194
HO HR TPD,182 EELS182 CFsCH2OH AFM,!% STM,19 XPS19%
HsS SXPS,?12 NEXAFS?12 CsH,OH TPD93
SO2 SXPS,?12 NEXAFS?12 (CH30)sPO HREELS, 196 XPS196
CO HREELS,>* IRAS,?2 TPD5* CsH1OH  AFM,19 STM,195 XPS19
CH3;0H HREELS,?5:182 TPD55.182 C/V(110) CO HREELS100.101
CH3SH SXPS,?12 NEXAFS?12 CH3;0H HREELS,!85 TPD185
CoH, AES, 126 HREELS 558,126 TP])55,58,126 CoH, HREELS, 100,101
CoHgS AES,216 TPD216 C4Hg HREELS, 40 TPD140
CoHgSq AES,217.218 TPD217.218 C4Hio HREELS,40 TPD140
C4H4S SXPSZH C—CeHlo I‘IREELS,m4 TPD154
C4Hg® HREELS!42 WC(0001) P ARUPS,?” AES, CLPES, TPD8?
C4Hg? HREELS#? NO ARUPS, 105106 TPD105
C4H8(: HREELS,58,145 TPD145 CO ARUPS’89,105,106 TPD105
c-CsHg HREELS,?? TPD?3 CoHy ARUPS,106
Ce¢Hg HREELS,!72 TPD172 B CeHg ARUPS,106.174 TPD174
c-CgHg HREELS,!53 TPD153 WC(1010) Ogq HREELS,*! UPS!
c-CeHio HREELS,?5:152,153 TPD55,58,152,153 C/W(211) CoHy HREELS,!30 TPD130
c-CgHig HREELS, 67 TPD167 CgsHg HREELS!30
C/Mo(100) Hy TPD!17 C/W(111) Hsy TPD8!
CO TPD7 Og HREELS®
COq HREELS,¥7 TPD,97 XPS197 H0 HREELS, 10,111 TpPD110,111
CoH, AES125 NO HREELS, 120,121 TPD),120,121
CsHs5l HREELS, 47 TPD, 47 XPS147 SXPSi2t
c-CsHg TPD166 CO HREELS,!10.111 TpPp110,111
CsHyI HREELS, 6 TPD, 46 XPS146 CH3;0H HREELS,81:110,189 TP[)81,110,189
C4H4S AES,?09 TPD209 CoHy HREELS,!28 TPD128
C4Hg TPD?2% c-CgHio HREELS,% 155 NEXAFS, 155
C4Hio TPD209 TPDY,155
CgH5I HREELS,!"> TPD,17> XPS175 c-CgHio HREELS!%
C/Mo/W(111) NO TPD120 C/W(110) Hy HREELS,!10.112 TPD110,112
p-MooC foil  Oq XPS!16 NO TPD120
NO IRAS,6 TPD16 CO HREELS,110.112 TpD110,112
CO IRAS,¢ TPD16 CH3;0H HREELS,110.112 TPD110,112
CH3;CHO IRAS?%3 CoHy HREELS,!28 TPD128
NbC(100) Oq UpPS1s8 CeHg HREELS,!56 TPD156
CO Ups1ssé c-CgHio HREELS,!56 TPD15¢
CHsOH UPs1s8 C/W(100) () LEED,122 TPD122
NbC(111) Hy/Dy ARPES,”” HREELS,8 ICISS," NO TPD122
RHEED? Ny TPD!22
Oq HREELS,*! ICISS,”>» RHEED, > UPS188 N0 TPD22
CO ARPES,19 UPS!88 CO HREELS,!'8 NEXAFS!18
CHsOH UPS188 HCN HREELS,?26 TPD,225.226 X PS226
C/Ni/Pt(111) ¢-CgHyo HREELS, 163 TPD58,163 CH30 TPD202
TaC(111) Hy ARPES,”” HREELS®0 CH30q TPD,201 AES201
TiC(111) Hy ARPES?1.7 CH3;0H TPD192
Oq ARUPS,”" DFT,?° ICISS,*® LEED,*’ CH3CN HREELS,??8 TPD, 227228 XPS228
STM, 88 XPS97 CyoHy TPD127
CO DFT20:34 CoH409 TPD203
CH3;0H DFT,20 UPS™ ¢-C7Hg TPD168
TiC(100) Oq ARXPS,5¢ DFT,203¢ HREELS,> Pt/C/W(111) H TPD?8!
UPS,348¢ XPS85 H>0 HREELS,5! TPDS!
H,0 AFM,3> HREELS,178.179 CH3;0H HREELS,81.110 TPD81.110
TPD178179 XPS178 c-CgHyo HREELS,162 TPD162
NH; DFT,3422¢ HREELS, 224 WC/WqC film CO HREELS,!” TPD7
TPD,?2¢ UPS224 CH3;0H HREELS,!” TPD7
CO DFT,20:3491.99 HREELS,? TPD," ZrC(111) Hs ARPES,?6.78 DFT,% HREELS®®
UPS,? XPS%
CH30H DFT,20:18 HREELS, 82 TPD, 183 (o)) ARPES,?3 UPS,8 XAS,32 XPS83
UPS,™ XPS183
CoHsOH  HREELS,!?3 TPD193 CO UPS104
CsH,OH  TPD!% CH3;0H UPS104
(CH30);PO HREELS,96 TPD,196 XPS196 ZrC(100) (o)) ARPES,?” UPS,8 XPS82
TiC(001) Oq ISS,% STM,87 UPS,?6 XPS% H,0 ARPES, 81 UPS,180.181 X pG180,181
SOy DFT,220221 SXPS 220,221 TP?220,221 cO UPS104
C/Ti(0001) Oq AES™ CH3;0H UPS,104181 X PS8t
CH3;0H TPD,'8 HREELS!8>
CoHy AES,** HREELS,% TPD%
CgHip HREELS, % TPD%

@ 1-Butene. *Isobutene.

‘cis- and trans-2-butene.
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have been utilized to investigate each of the chemical
systems. Results from some of the earlier publications
(before 1996) are not included in Table 2 and can be
found in a previous review.b

3. Reactions with Diatomic Molecules

3.1. Hydrogen

The adsorption of hydrogen and deuterium has
been investigated on the (111) surfaces of several
groups 4 and 5 single-crystal carbides, TiC(111), ZrC-
(111), HfC(111), NbC(111), and TaC(111). Several
surface techniques have been employed, including
impact-collision ion-scattering spectroscopy (ICISS),”>7
ARPES,"""" LEED, 8 reflection high-energy electron
diffraction (RHEED),”® and high-resolution electron
energy loss spectroscopy (HREELS).8° In all of these
studies, the dissociative adsorption of hydrogen was
observed at room temperature. ARPES results re-
vealed the presence of a hydrogen-induced surface
state on TiC(111)?%™ and ZrC(111)"® that was not
detected on NbC(111)7” and TaC(111),”” suggesting
that hydrogen was bonded to different sites on the
groups 4 and 5 TMC surfaces. Ion-scattering studies
indicated that deuterium adsorbed onto the threefold
hollow site on the third layer metal atoms of both
HfC(111)"® and NbC(111).”> HREEL spectra of hy-
drogen on ZrC(111), HfC(111), and NbC(111) re-
vealed the v(metal-H) vibrational modes in the
frequency range between 890 and 970 cm 1,8 con-
sistent with the adsorption of atomic hydrogen on the
twofold or threefold sites. These results correlated
well with first principle calculations, which showed
that hydrogen atoms preferentially occupied the ZrC-
(111) surface hollow sites in which the third layer
Zr atoms were directly below the hydrogen.®® On the
other hand, HREELS measurements for hydrogen
adsorbed on TaC(111) showed an unusually high-
frequency feature at ~1680 cm 1,8 typically in the
frequency range for atomic hydrogen on the terminal
site. Overall, these studies indicate that hydrogen
dissociates readily at room temperature on the
groups 4 and 5 TMC surfaces. It appears that atomic
hydrogen adsorbs in a similar environment on the
three group 4 TMC surfaces, while the adsorption on
the group 5 TaC(111) surface appears to be unique
on the basis of the ARPES and HREELS measure-
ments.

The reaction of hydrogen with carbide-modified
group 6 surfaces, C/Mo(110)* and C/W(111),%! has
been investigated using TPD. The main motivation
for these studies was to determine the feasibility of
using group 6 carbides as potential electrocatalysts
for hydrogen fuel cells. Hydrogen adsorbed dissocia-
tively on the C/Mo(110) and C/W(111) surfaces at
liquid nitrogen temperature and recombined to des-
orb as Hy in a broad temperature range of 200—400
K. Analysis of the TPD results as a function of
hydrogen exposure indicated a second-order desorp-
tion kinetics for atomic hydrogen from C/Mo(110).51
More details about the theoretical modeling of the
correlation between the electronic properties of C/Mo-
(110) and hydrogen binding energy will be discussed
in section 8.
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3.2. Oxygen

Oxygen adsorption has been extensively used as a
prototype to demonstrate differences in the surface
electronic structures of the (100) and (111) faces of
groups 4 and 5 TMC surfaces. The reaction with
oxygen often resulted in changes in the electronic
states of TMC surfaces. For example, photoelectron
spectroscopy measurements of oxygen adsorption on
ZrC(100)?782 revealed that the formation of a ZrO-
like layer altered the surface electronic structure,
making the electronic properties of ZrO—ZrC(100)
similar to those of ZrC(111).238 Studies on oxygen-
modified TiC(100) also indicated a similar increase
of the density of states around the Er relative to the
case of the unmodified surface.* Frantz and Didziulis
reported XPS and HREELS results showing oxygen
adsorbed dissociatively with preference for the carbon
sites on TiC(100), eventually recombining with sur-
face carbon to desorb as CO, species at higher
temperatures.®> DFT modeling using (100) TigCy
clusters also confirmed the preference in the forma-
tion of C—O over Ti—O surface bonds by over 50 kcal/
mol.?* On VC(100), however, oxygen dissociated to
form a metastable overlayer of V=0 species,?® again
consistent with DFT studies using (100) VyCy clus-
ters.3* The difference in the adsorption sites of oxygen
on these two (100) surfaces was attributed to the
different electronic structures. For example, the
highest occupied orbital in TiC is C 2p, leading to
the bonding of oxygen on the carbon atom. In
comparison, the one additional electron in the VC
formula unit resides predominantly in a V 3d orbital,
therefore favoring the formation of the V=0 bond.

The effect of adsorbed oxygen on the frictional
properties of VC(100) was also examined by Merrill
and Perry using AFM.%6 Upon saturation adsorption
of an oxygen adlayer, the coefficient of friction for VC-
(100) was reduced by nearly 40%. The observed
change in friction was attributed to the decrease in
the density of the metal d electrons near the Fermi
level when the VC(100) surface was modified by
oxygen .86

STM has been employed to compare the clean and
oxygen-modified surfaces of TiC(001)% and TiC-
(111).88 Kuramochi et al. showed that a defect-free
(1 x 1) TiC(001) surface was inert toward the
dissociation of oxygen.’” When reconstructed to a

(V2 x V2) structure, however, the surface became
highly active toward oxygen dissociation, with oxygen
adsorbing onto the carbon vacancies created by the
surface reconstruction.8”

The interaction of oxygen with WC(0001)3%9° and
WC(1010)°! has been investigated using several
techniques. TPD studies following the adsorption of
Oz on WC(0001) showed two recombinatory CO
desorption peaks at ~750 and ~890 K.# Freund et
al. attributed the first CO peak to the removal of
surface carbon and the second to the reaction be-
tween oxygen and carbon in the second and subse-
quent layers. Angular-resolved UPS (ARUPS) further
revealed the existence of WO, WC,O,, and elemental
W at low temperatures. Oxidation at 1300 K resulted
in the formation of a thin WO, surface layer.?°
Synchrotron-based CLPES investigations by Johans-
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son and co-workers showed the W 4f components to
be shifted and strongly attenuated upon relatively
high oxygen exposures.?® HREELS and UPS studies
following room-temperature exposure of oxygen on
WC(1010) were consistent with molecular adsorption;
however, the O—O bond order was considerably
reduced to a value between 1.05 and 1.25.%!

The chemisorption of oxygen was studied on Mo-
and C-terminated o-MoyC(0001) surfaces.*892 St Clair
et al. found that on both surfaces CO was the only
gas-phase product detected following oxygen adsorp-
tion, with the dominant CO desorption peak appear-
ing at 834 K.%? Quantitative analysis suggested that
the reaction between adsorbed O and surface carbon
to form CO was only a minority pathway (~16%). The
remaining 84% of the adsorbed oxygen diffused into
the crystal bulk, which was consistent with studies
of polycrystalline Mo,C powders.?%93

Results from the above studies clearly indicate that
carbide surfaces are generally very active toward the
dissociation of oxygen. The resulting oxygen-modified
TMCs, often referred to as “oxycarbides” in the
catalysis literature, should have chemical properties
that are different from those of unmodified TMCs.
Several studies have aimed at investigating the
modification effect of oxygen on the chemical proper-
ties of C/Ti(0001),°* C/Mo0(110),%® and C/W(111).% In
these studies the carbide surfaces were exposed to
Oy at different temperatures to create different
“oxycarbide” surfaces, which were subsequently in-
vestigated to determine the modification effect of
oxygen on the chemical properties of TMC sur-
faces‘55,94,95

For example, Figure 2 shows the HREELS results
highlighting the different adsorption behavior of Oq
on C/Mo(110) at 600 and 900 K.%®* The peak at 386
cm ! was assigned to the v(Mo—C) mode, and the rest
of the vibrational features were (Mo—O) vibrational
modes of atomic oxygen occupying different surface
sites. The oxygen binding environment was different
on the 600 and 900 K O/C/Mo(110) surfaces, as
indicated by the different v(Mo—O) frequencies on the
two surfaces. For example, the HREEL spectrum of
the 600 K O/C/Mo(110) surface strongly resembled
that of the O/Mo(110) surface. As a consequence, the
two O/C/Mo(110) surfaces were characterized by
drastically different reactivities, with the 600 K O/C/
Mo(110) surface being chemically inert and the 900
K surface remaining chemically active.5?

3.3. Carbon Monoxide

The chemisorption and decomposition of CO on
TMC surfaces have been extensively investigated to
determine the relative electron accepting and donat-
ing capability of the substrate, as well as to illustrate
the changes in reactivity upon carbide modification.
Previous theoretical studies by Jansen and Hoffmann
revealed a significant reduction in the ability of the
TiC(100) substrate to donate electrons into the 27*
antibonding orbitals of CO when compared with that
of Ti(0001).2° Experimentally, the adsorption of CO
on TiC(100) was studied by Didziulis et al. using
TPD, HREELS, UPS, and XPS.% The authors ob-
served that a majority of the CO bonded weakly to
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Figure 2. HREEL spectra comparing various chemically
modified Mo(110) surfaces.?® The C/Mo(110) surface was
prepared by exposing clean Mo(110) to ethylene at 600 K
followed by annealing to 1200 K to create the characteristic
(4 x 4) LEED pattern. The 600 and 900 K O/C/Mo(110)
surfaces were obtained after exposing the C/Mo(110)
surface to 7 L of Oz at 600 and 900 K, respectively.

the TiC(100) surface, as evidenced by a single de-
sorption peak below 150 K. HREELS measurements
did not show significant features attributable to CO
adsorption until the spectra were taken with an
ambient CO background. Heating to 180 K and above
resulted in some CO decomposition, eventually lead-
ing to the formation of surface Ti=O species. On the
basis of the UPS and XPS results, the authors
concluded that the d—27* interaction was nonexist-
ent between TiC(100) and CO, which was supported
by DFT calculations showing the metal atoms of the
TiC terrace sites to be d° in character.?+%° DFT results
suggested that CO bonding with the carbon end down
was more favored on the metal sites, with the
adsorption energy nearly all provided through o-do-
nation.?* The same study also compared the adsorp-
tion of CO on the TiC(111) surface, leading to the
prediction that the adsorption energy of CO on TiC-
(111) would almost be twice that on TiC(100).34
The same authors also used the adsorption of CO
as a probe to differentiate the electronic structures
between VC and TiC.3* The electronic structure of
VC is different from that of TiC in part because of
an additional electron in its formula unit.*® Com-
parative studies showed that the heat of desorption
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of CO was higher on VC(100) than on TiC(100). CO
desorbed on VC(100) at ~200 K at low coverage and
at 170 K for higher exposures. Low-temperature
exposures of CO on VC(100) resulted in the detection
of a ¥(C—0) mode at 2060 cm™'. The authors sug-
gested that the lower C—O stretching frequency
observed on VC(100), as compared to 2120 cm™! on
TiC(100), was indicative of greater d—27* interaction.
Additional photoemission measurements and DFT
calculations also supported the conclusions that CO
was bonded more strongly to VC(100) than to TiC-
(100), and that the surface metal atoms of VC
behaved as d! species.?*

The interaction of CO with carbide-modified V(110)
surfaces, with atomic C/V ratios ranging from 0.1 to
0.4, has been examined by Chen and co-workers.100:101
On all C/V(110) surfaces, CO molecules bonded to the
terminal sites via the carbon end. TPD data revealed
that CO desorbed molecularly from the surface at
temperatures above 200 K. These observations were
significantly different from that on clean V(110),
where CO adsorbed in the parallel and inclined
configurations characteristic of CO on other early
transition metal surfaces.!2 Overall, the studies on
the titanium and vanadium carbide surfaces agreed
well with prior work suggesting that the formation
of carbides reduced the degree of the interaction
between the metal d band and the 27* orbital of
adsorbed CO.103

The adsorption of CO has also been employed to
highlight the differences in the electronic structures
of ZrC(100) and ZrC(111) surfaces.'® CO adsorbed
dissociatively on ZrC(111) and on oxygen-modified
ZrC(100) at room temperature with a sticking prob-
ability near one. In contrast, CO adsorption was not
observed on unmodified ZrC(100).1% The difference
in the surface reactivity toward CO was attributed
to the participation of the electronic states around
Er on ZrC(111) and oxidized ZrC(100); however, these
surface states were not present on unmodified ZrC-
(100), leading to the weaker interaction of CO on ZrC-
(100).23.27,:82,104

St. Clair et al. examined the interaction of CO on
Mo-terminated and C-terminated a-Mo,C(0001) sur-
faces.?? Both surfaces exhibited similar activity to-
ward CO, as indicated by the nearly identical mo-
lecular desorption temperature, decreasing from 440
to 345 K with increasing exposure. The only observ-
able difference between the Mo- and C-terminated
surfaces was the amount of CO uptake; the CO
desorption area on the C-terminated surface was
approximately 80% that on the Mo-terminated sur-
face. Parallel UPS studies revealed an increase of
0.27 eV in the work function upon CO adsorption on
a-Mo2C(0001) at 300 K, suggesting some charge
transfer due to the d—2x* back-bonding.%?

Wang and co-workers studied the chemisorption of
CO on a f-MosC foil with TPD and reflectance
absorbance infrared spectroscopy (IRAS).'6 The re-
combinatory desorption of CO was detected near 1200
K, in addition to molecular desorption between 325
and 360 K. The high-temperature peak saturated at
a very low coverage of CO even as the intensity of
the low-temperature peak continued to increase.
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IRAS experiments comparing CO adsorption on
B-MooC and the oxygen-modified 5-MoyC showed a
vibrational mode at 2069 cm™! on both surfaces,
though this feature appeared to be broader and less
intense on the oxygen-modified surface. Furthermore,
the preadsorption of oxygen also decreased the mo-
lecular desorption temperature of CO by approxi-
mately 50 K.16

The chemisorption of CO has also been studied on
single-crystal WC(0001) using ARUPS.195.106 The
perpendicularly adsorbed CO molecules induced two
valence bands at ~8.5 and ~11.5 eV, which were
assigned to the 50/1wx and 4o states, respectively.
Heating to 293 K resulted in these two features
disappearing from the spectrum. The ARUPS spec-
trum at this temperature did not resemble that of a
clean surface, but rather that of an oxygen-covered
surface. Further heating to 878 K recovered the clean
surface spectrum due to the recombinatory desorp-
tion of CO from the surface. Additional TPD mea-
surements confirmed the ARPES results. Specifically,
the authors detected two low-temperature molecular
desorption states at 200 and 250 K, followed by a
stronger CO peak centered at 720 K.1% Brillo et al.
also investigated the effect of preadsorbed oxygen on
the adsorption of CO on WC(0001). At moderate
oxygen coverages, CO chemisorption was essentially
unaffected, as evident by the detection of the same
50/1r and 40 ionization states. At higher oxygen
coverages CO no longer adsorbed to the WC(0001)
surface, 105,106

Another important motivation for studying the
interaction between CO and TMC surfaces is that the
adsorption and desorption of CO play a critical role
in the deactivation of electrocatalysts in hydrogen
and methanol fuel cells.’0"1% The current anodic
electrocatalysts, Pt/Ru alloys, are susceptible to CO
poisoning due to the adsorption of CO under the fuel
cell operating temperature, which is typically be-
tween 353 and 373 K.1% Mo and W carbides have
been suggested as a potential replacement for the Pt/
Ru system, partially due to their higher tolerance to
CO poisoning.” 1! A series of fundamental studies
using CO as a probe molecule was carried out on
carbide-modified W(111),110.111 W(110),110.112 and Mo-
(110)5* surfaces. On all three clean metal surfaces,
CO readily decomposed; when heated to higher temp-
eratures, the surface carbon and oxygen recombined
to desorb as CO.54110-112 Upon carbide modification,
however, the decomposition activity decreased to
<10% of the adsorbed CO, with an overwhelming
majority desorbing at or below 350 K. The presence
of preadsorbed oxygen on the carbide surfaces also
resulted in a significant reduction of the CO desorp-
tion temperature. For example, on C/W(111), CO
desorbed at 330 and 355 K; with oxygen on the
surface, however, CO desorbed at temperatures as
low as 242 K.11%111 The ability to desorb CO at lower
temperatures would most likely translate into more
resistance against CO poisoning. As compared in
Table 3, the CO desorption temperatures on the
carbide surfaces are significantly lower than those
from the closed-packed Pt(111)1314 and Ru(0001)15116
surfaces, suggesting the possibility of carbides being
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Table 3. Comparison of CO Desorption Temperature
from Carbide- and Oxycarbide-Modified Mo(110),
W(110), and W(111), Pt, and Ru

surface CO desorp temp® (K)
C/W(111)110.111 330, 355
0.3 ML Pt/C/W(111)%! 357
O/C/W(111)t0.111 242, 286
C/W(110)112 284, 335
C/Mo(110)82 336
Pt(111)118.114 ~460
Ru(0001)115.116 400, 486
Pt/Ru(0001)16 325, 393, 459

@ Desorption peak temperature.

more tolerant to CO poisoning in the temperature
range 353—373 K.

3.4. Nitric Oxide

As a major component of the undesired NO, emis-
sion, the dissociation of NO has been the focus of
several investigations to evaluate the potential of
using carbides as an alternative De-NO, catalyst. The
reaction of NO has been investigated on carbide-
modified W(110),120 W(111),120:121 and Mo/W(111),120
single-crystal WC(0001),105:106 gand polycrystalline
B-MosC films.16

NO molecules adsorbed predominantly in an up-
right geometry on WC(0001) at 105 K, with some NO
already dissociating at this temperature.1%5-1% By 160
K, all adsorbed NO decomposed, and no low-temper-
ature molecular desorption was detected even at near
saturation coverage. Using ARUPS, Freund and co-
workers observed features characteristic of an oxygen-
covered surface when the overlayer was heated to
above 500 K. TPD studies showed very little or no
recombinatory NO desorption; however, atomic oxy-
gen did react with surface carbon to desorb as CO at
720 and 860 K. Heating to above 900 K resulted in
the recombinatory desorption of N.1%°

Wang et al. examined the chemisorption of NO on
a f3-MooC film using TPD and IRAS.! Low-temper-
ature N3O and N, desorption features were observed,
and recombinatory Ny desorption peaks were re-
corded at 850 and 1100 K. In addition to a CO
desorption feature at 1050 K, the authors also
observed a weak CO signal at 350 K. Overall, their
TPD results showed that NO underwent extensive
decomposition and that the dissociation occurred for
all exposures of NO up to saturation. IRAS measure-
ments suggested that most of the NO molecules were
strongly bonded to on-top sites and that some low-
temperature dissociation of NO led to the availability
of additional binding sites.!®

Zhang and co-workers reported comparative stud-
ies of NO decomposition on carbide-modified W(111)
and W(110) using TPD, HREELS, and SXPS.120.121
NO was used in the TPD experiments to differenti-
ate N, (mass 30 amu) and CO (mass 28 amu)
products. Both C/W(111) and C/W(110) readily de-
composed NO. On C/W(111), low-temperature NoO
and N, desorption states were detected at 167 K, with
an additional high-temperature Ny peak at 912 K.
Coincidentally, CO desorption resulting from the
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Figure 3. Schematics of characteristic hydrocarbon reac-
tion pathways on Pt(111); see text for more detailed
descriptions.

reaction between oxygen and surface carbon was
observed at the same temperature as Ny desorption.
The comparative investigation of the dissociation of
NO on the open-structured C/W(111) and closed-
packed C/W(110) surfaces also revealed the structure-
dependent activity and product selectivity. The
C/W(111) surface was more active toward NO de-
composition and more selective toward the formation
of the desirable De-NO, product (N3) than C/W(110).
At saturation NO exposure, the selectivity toward Ny
was 87% on the C/W(111) surface.'?! The C/W(110)
surface, on the other hand, showed a selectivity of
~50% toward Ny and N20.'2° Zhang et al. also
demonstrated that oxygen modification on C/W(111)
did not reduce either the decomposition activity
toward NO or the high selectivity toward Nj.'2! In
addition, alternating cycles of NO/hydrocarbon treat-
ments successfully regenerated an active C/W(111)
surface toward NO decomposition.'?!

As an extension of their studies on C/W(111),
Zhang and co-workers also reported the decomposi-
tion of NO on carbide-modified Mo surfaces, where
Mo was epitaxially grown on the W(111) substrate
through physical vapor deposition.?° In general, the
interaction between NO and C/Mo/W(111) was simi-
lar to that on C/W(111) in terms of both dissociation
activity and product selectivity, suggesting that the
product selectivity of NO may be more sensitive to
the substrate structure than to the identity of the
parent metals.120

4. Reactions with Hydrocarbon Molecules

Hydrocarbons are the most frequently used probe
molecules for studying the chemical properties of
TMC surfaces. In particular, because the reaction
pathways of hydrocarbons on Pt-group metal surfaces
have been well established, the studies of carefully
chosen hydrocarbon molecules provide insights into
the presence or absence of Pt-like properties on the
TMC surfaces. For example, Figure 3 shows several
reaction pathways that are characteristic of the Pt-
(111) surface, including the conversion of ethylene
to ethylidyne, the selective activation of the o-C—H
bond of cis- and ¢rans-2-butene to 2-butyne, and the
selective dehydrogenation of cyclohexene and cyclo-
hexadiene to benzene. As described below, these
probe reactions have been studied on many TMC
surfaces to determine whether they possessed the
“Pt-like” chemical properties.



Surface Chemistry of Transition Metal Carbides

4.1. Linear Hydrocarbons
4.1.1. C; and C, Molecules

The adsorption and decomposition of ethylene have
been the focus of several experimental and theoretical
investigations. Theoretical modeling of adsorbed eth-
ylene on transition metals revealed that, for metals
on the left side of the Periodic Table, a covalent bond
was expected between ethylene and the metal.'?® On
these early transition metal surfaces, the sz bond of
ethylene was predicted to be effectively broken,
leading to the formation of surface complexes con-
taining a C—C single bond. This was in contrast to
the case predicted for transition metals on the right
side of the Periodic Table, where the bonding was
more of a compromise between the covalent and
donation—back-donation bonding configurations. Ad-
ditional calculations indicated that the C—C bond
order of adsorbed ethylene on late transition metals
was likely to be between that of a double bond and
that of a single bond.'?® Experimental studies gener-
ally confirmed the theoretical predictions of ethylene
reactivity on various transition metal surfaces. On
early transition metals, adsorbed ethylene underwent
complete decomposition to yield atomic carbon and
gas-phase hydrogen. In contrast, the reaction of
ethylene often produced a stable ethylidyne (CCHs)
intermediate on the closed-packed surfaces of the Pt-
group metals prior to complete dissociation at higher
temperatures.'?* Because the ethylidyne intermediate
is observed almost exclusively on Pt-group metal
surfaces, the presence or absence of this surface
species can be used to compare the similarities or
differences between TMC and Pt surfaces.

Comparative investigations of the interaction of
ethylene on clean and carbide-modified V(110),°* Mo-
(100,125 Mo(110),26 W(100),'2” W(111),'22 W(110),'28
and Ti(0001)** surfaces have been reported. TPD
measurements on these surfaces showed two simi-
larities: (1) ethylene decomposed to produce atomic
carbon and gas-phase hydrogen, and (2) the decom-
position activity of the carbide surfaces toward eth-
ylene was less than that of the clean surface, al-
though the reduction in activity varies substantially
from substrate to substrate. In addition to TPD
experiments, HREELS studies have been instrumen-
tal in revealing the decomposition pathways of eth-
ylene on the carbide surfaces. For example, Figure 4
compares the vibrational spectra of the surface
intermediates after the reaction of ethylene on clean
Ti(0001) and C/Ti(0001).°4 On the basis of compari-
sons with the existing literature of ethylene on other
transition metal surfaces, the spectrum on the Ti-
(0001) surface can be readily assigned to di-o bonded
ethylene as follows:'?® »(Ti—C) at 487 cm™!, w(CHy)
at 988 cm ™1, v(CC) at 1170 ecm 1, 6(CHy) at 1394 cm ™1,
and v(CHy) at 2916 cm™!. In contrast, the 300 K
spectrum of ethylene on C/Ti(0001) is significantly
different from that on clean Ti(0001), particularly in
the onset of doublet features in the 6(CH) and v(CH)
regions. As summarized in Table 4, all the vibrational
modes on C/Ti(0001) can be assigned to the ethyli-
dyne intermediate,'?6:'2% including the p(CHj3) mode
at 981 cm 1, the 4(CHs) and 0,(CHs) modes at 1373
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Figure 4. On- and off-specular HREEL spectra of ethyli-
dyne following saturation exposures of ethylene at 100 K
on C/Ti(0001)** and Pt(111), and heating to the indicated
temperatures. The vibrational assignments are listed in
Table 4.

and 1454 cm™!, respectively, the »(C—C) mode at
1150 ecm™!, and the v(CH3) modes at 2882 and 2943
cm™L,

The formation of the CCHj; intermediate was also
reported for several other closed-packed carbide-
modified surfaces, including C/V(110),°1 C/Mo(110),126
and C/W(110).128 The characteristic vibrational fre-
quencies of the ethylidyne intermediate on these
surfaces are compared in Table 4. It is important to
point out that the ethylidyne intermediate is not
detected on the non-closed-packed substrates, such
as C/Mo(100),125 C/W(100),2” and C/W(111).128 This
observation is consistent with studies of ethylene on
Pt-group metals, where the formation of ethylidyne
is typically detected only on the closed-packed sur-
faces.1?4

Although the ethylidyne intermediate is detected
on both closed-packed TMC and Pt-group metal
surfaces, there is a significant difference in the
thermal stability. While ethylidyne species remain
stable up to 400 K or higher on most Pt-group metal
surfaces,? they start to decompose at 300 K or lower
on carbide-modified surfaces.?*101:126.128 Another no-
ticeable difference is in the adsorption configuration
of ethylidyne on the two types of surfaces. As com-
pared in Figure 4, the detection of both the symmetric
and asymmetric CH; deformation and stretching
modes suggested that ethylidyne was adsorbed with
the C—C bond in an inclined configuration with
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Table 4. Vibrational Frequencies of Ethylidyne on C/V(110), C/Mo(110), C/Ti(0001), C/W(110), and Pt(111)

CoH4(CsDy)/ CoH4(C3Dy)/C/ CoH4/C/ CoH4(C3Dy)/C/ CoH4(CoDy)/C/
(CH;3C)Co3(CO)g Pt(111) V(110) Ti(0001) Mo(110) W(110)

mode ((CD3C)Cos3(CO)g)120 at 415 K252 at 150 K101 at 300 K% at 260 K126 at 200 K28
vs(MC) 401 (393) 430 (410) 474 380 359 (379)
Vas(MC) 555 (536) 600 (600) 600 (600) 602 525 (560) 663
p(CHs) 1004 (828) 980 (790) 981 920 (670) 879 (717)
»(CC) 1163 (1182) 1130 (1160) 1095 (1080) 1150 1075 (1105) 994 (981)
0s(CHj3) 1420 (1031) 1350 (990) 1385 1373 1345 (1015) 1360
0.s(CHs) 1356 (993) 1420 (1030) 1454 1430 1441 (1130)
vs(CHj) 2888 2890 (2080) 2890 (2135) 2882 2915 (2180) 2929 (2178)
vas(CHs) 2930 (2192) 2950 (2220) 2943

@ (CH35C)Co3(CO)y frequencies from IR spectroscopy; (CD3sC)Cos(CO)g frequencies from calculated results.

respect to the C/Ti(0001) surface; this was also
consistent with the lack of angular dependence in the
on- and off-specular HREELS measurements.?* In
contrast, the ethylidyne on Pt(111) showed only those
vibrational modes with dynamic dipoles parallel to
the C—C bond, consistent with ethylidyne being
adsorbed with the C—C bond perpendicular to the
Pt(111) surface.'® It is very likely that the different
thermal stability of ethylidyne is related to the
different adsorption configuration, with the inclined
ethylidyne being more susceptible to reactions with
the surface and therefore starting to decompose at
lower temperatures. Overall, the detection of ethyli-
dyne suggests that the formation of carbide on early
transition metals leads to the onset of the “Pt-like”
properties. However, the differences in the thermal
stability and adsorption orientation of ethylidyne also
reveal that the chemical properties of the two types
of surfaces are not identical. Similar conclusions can
be drawn from the reactions of other probe molecules
described later.

Acetylene is another Cy; molecule commonly used
to probe the reactivity of carbide surfaces. Studies
have been conducted on carbide-modified W(211)130
to explore the possible cyclotrimerization of acetylene
to benzene, which has been observed on Pd(111)31-133
and Cu(110).134135 The use of the W(211) substrate
also provided an example of carbide modification on
a surface with highly corrugated structures. On both
W(211) and C/W(211), acetylene decomposed to sur-
face carbon and gas-phase hydrogen.!?° TPD results
showed that, upon carbide modification, the hydrogen
desorption feature shifted to higher temperatures
and broadened significantly. Vibrational studies
showed that acetylene interacted strongly with clean
W(211) upon adsorption at 100 K to produce a variety
of CoH, intermediates, which decomposed completely
by 700 K. On the other hand, acetylene remained
intact and bonded to the C/W(211) surface in the
o-bonded configuration at 100 K. Heating the over-
layer to higher temperatures resulted in the forma-
tion of stable intermediates with CH; or CHj3 groups,
and the CH vibrations remained visible even at 700
K. This comparative study indicated that the surface
reactivity of W(211) was significantly altered by the
presence of interstitial carbon. In addition, the TPD
and HREELS results did not show any evidence of
acetylene cyclotrimerization on C/W(211).130

Solymosi and co-workers utilized halogenated hy-
drocarbons, such as CH;I,'3¢ CH,lI,,'3” and CoH;I,137
to study the reaction of C.H, species on a Mo,C/Mo-

(111) surface. Compared to the Pt-group metals,!3813
the Moy;C/Mo(111) surface was less reactive toward
C—I bond scission. Once the CH; species were formed
following the dissociation of CHzl,, they underwent
either self-hydrogenation to form methane or cou-
pling to form ethylene on MoyC/Mo(111).137 CoHsI
adsorbed molecularly on Mo2C/Mo(111) at 100 K,
with the C—I bond dissociating at temperatures
above 150 K. Both gas-phase ethylene and ethane
were detected from the surface reaction of adsorbed
CsoHj5 species. The authors also reported that no Cy
or C; products were detected from the coupling of
C3H; or cleaving of the C—C bond. Additional vibra-
tional spectra obtained for CHsl; and CoHsI on the
MoyC/Mo(111) surface were consistent with the pres-
ence of di-o bonded ethylene at low temperatures and
ethylidyne at higher temperatures.'3” Lastly, TPD
results following the reaction of CH3I on MosC/Mo-
(111) showed that methane, ethylene, and hydrogen
were the gas-phase products.!6

4.1.2. C3 and C4 Molecules

Attempts to understand the activation of C—H
bonds of n-butane have been carried out on C/V(110)!40
and C/Mo(110).58 Although n-butane underwent re-
versible adsorption on clean V(110), the dissociation
of n-butane was detected on the C/V(110) surface on
the basis of the detection of the Hy product in the
TPD measurements. In contrast, the C/Mo(110)
surface was essentially inert toward the dissociation
of n-butane. The different activity of C/V(110) and
C/Mo(100) toward n-butane was one of the first
examples that clearly demonstrated that the reactiv-
ity of the carbide surfaces depended on the parent
metals. In addition, the activation of the C—H bonds
of n-butane on C/V(110) suggested that vanadium
carbides might be a selective dehydrogenation cata-
lyst, which was confirmed in the dehydrogenation of
n-butane on polycrystalline VC powder catalysts.!4!

Reactions of 1-butene and isobutene on clean and
carbide-modified Mo(110) have been investigated
using HREELS.!#2 On clean Mo(110), isobutene de-
hydrogenated to produce C.H, fragments. In contrast,
the reaction pathway of isobutene on C/Mo(110) led
to the formation of the isobutylidyne intermediate,
which resembled that observed on Pt(111)!3 and Ru-
(0001).1** Further heating resulted in C—C bond
scission of the isobutylidyne species to form surface
methyl groups.'*? Results on the activation sequence
of C—H and C—C bonds of isobutene suggested that
C/Mo(110) may be better suited for hydrogenolysis
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reactions because of its ability to selectively cleave
the C—C bonds. Similar conclusions were derived on
the basis of the reaction mechanisms of 1-butene on
C/Mo(110).142

As depicted earlier in Figure 3, the selective
activation of the a-CH bonds of 2-butenes is a
characteristic surface reaction on Pt(111).143 Vibra-
tional studies monitoring the reaction pathways of
cis- and trans-2-butenes on Mo(110) and C/Mo(110)
were used as probe reactions to study the potential
“Pt-like” activity.!*® The clean Mo(110) surface was
nonselective toward the dissociation of the o- and
-CH bonds, in particular in the dissociation of the
trans-2-butene. In contrast, the C/Mo(110) surface led
to the selective a(C—H) bond cleavage for both
2-butenes to produce 2-butyne. This study provided
another important example of converting the activity
of Mo(110) to “Pt-like” via the formation of surface
carbide.1%

The adsorption and surface reactions of propyl
iodide (C3H7I)'46 and allyl iodide (C3HsI)'47 on MooC/
Mo(100) surfaces have been investigated by Solymosi
et al. using TPD, XPS, and HREELS. After the
scission of the C—1I bond, C3H7 fragments underwent
predominantly dehydrogenation and hydrogenation
at ~300 K to produce gas-phase propene and pro-
pane, respectively.'*6 At higher temperatures, hexane
and hexene products, resulting from coupling reac-
tions, were also detected in TPD measurements.
HREELS analysis of the CsH7I/Mo03C/Mo(100) over-
layer suggested the formation of di-o bonded propy-
lene at 200 K, which then converted to propylidyne
at ~300 K.6 Studies of allyl iodide on MosC/Mo(100)
led to similar conclusions. Allyl iodide also resulted
in the production of gas-phase propene and propane,
as well as the coupling products, hexane and hexa-
diene.'*” One significant difference between the chem-
istry of CsH7;I and CsH;I was that the coupling
products from the CsH; desorbed before the hydro-
genated products (propene and propane), whereas the
coupling products of C3H7; desorbed after propene and
propane. 146147

4.2. Cyclic Hydrocarbons

The selective dehydrogenation of cyclohexene to
produce gas-phase benzene is another probe reaction
often used to demonstrate the similarities in the
surface reactivity between carbide and Pt-group
metal surfaces. For example, on Pt(111), the only
desorption products detected following the reaction
of cyclohexene adsorption were Hy and benzene.148149
Vibrational studies have revealed that adsorbed
cyclohexene molecules were completely converted to
adsorbed benzene on Pt(111) at 300 K.1487150 Al-
though the selectivity for converting cyclohexene to
surface benzene was nearly 100% at 300 K, a
significant fraction of surface benzene underwent
subsequent thermal dissociation instead of desorbing
to the gas-phase. Rodriguez and Campbell reported
that the selectivity toward the production of gas-
phase benzene depended on the initial surface cover-
age of cyclohexene on Pt(111).151

Comparative HREELS and TPD studies of cyclo-
hexene on clean and carbide-modified Mo(110) sur-
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Figure 5. TPD spectra of benzene (mass 78) obtained
following saturation exposures of cyclohexene (c-CgH1g) on
C/Ti(0001),%¢ C/V(110),'5* C/Mo(110),152 C/W(111),'%5 and
Pt(111).150 A linear heating rate of 3 K/s was used in all
TPD experiments.

faces'>153 showed that the formation of carbide
significantly enhanced the dehydrogenation selectiv-
ity. For example, on clean Mo(110), cyclohexene
adsorbed irreversibly and underwent complete de-
composition without producing surface or gas-phase
benzene. On C/Mo(110), however, cyclohexene pri-
marily underwent partial dehydrogenation, with a
~T0% selectivity toward the production of gas-phase
benzene. Moreover, HREELS measurements on C/Mo-
(110) did not detect benzene as a surface intermedi-
ate, indicating that the evolution of gas-phase ben-
zene was a reaction-limited process!®%153 instead of
the desorption-limited process on Pt(111).148-151 The
difference in the desorption temperature of the
benzene product is illustrated in Figure 4, which
compares the TPD spectra of benzene from the
dehydrogenation of cyclohexene on Pt(111) and on
several carbide-modified surfaces.

As compared in Figure 5, the selective dehydroge-
nation of cyclohexene was also observed on other
carbide-modified surfaces, including C/Ti(0001),%4
C/V(110),'** and C/W(111).1% Similar to the case
observed on clean Mo(110), benzene is not produced
on the clean surfaces of Ti(0001), V(110), or W(111).
The formation of carbide on these surfaces introduced
the dehydrogenation reaction pathway, resulting in
the production of gas-phase benzene. Similar to the
case on C/Mo(110), corresponding HREELS measure-
ments did not detect the surface benzene intermedi-
ate on other carbide-modified surfaces,?*154155 indi-
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Table 5. Benzene Selectivity from C/Ti(0001), C/Mo(110), C/W(111), and Corresponding Oxycarbide Surfaces

Cg¢Hp activity: cyclohexene

complete decomposition

activity: cyclohexene per overall activity: cyclohexene

surface per metal atom (% selectivity) metal atom (% selectivity) per metal atom
750 K C/Ti(0001)%* 0.084 (50) 0.084 (50) 0.168
850 K C/Ti(0001)%* 0.134 (69) 0.059 (31) 0.193
750 K O/C/Ti(0001)%* 0.139 (90) 0.015 (10) 0.154
C/Mo(110)152.153 0.035 (70) 0.015 (30) 0.050
900 K O/C/Mo(110)55 0.014 (39) 0.022 (61) 0.036
C/W(111)155 0.059 (67) 0.029 (33) 0.088
900 K O/C/W(111)% 0.054 (83) 0.011(17) 0.065
0.5 ML Pt/C/W(111)62 0.076 (86) 0.012 (14) 0.088
Pt(111)148-151 0.120 (100)« 0.090 (75)* 0.120

@ All adsorbed cyclohexene was converted to surface benzene, of which ~25% subsequently desorbed as gas-phase benzene.

cating that the desorption of benzene is also a
reaction-limited process. It is also interesting to point
out that the desorption temperature of the benzene
product from the four carbide-modified surfaces is in
the range 255—330 K, significantly lower than the
desorption temperature from Pt(111). The activity
and selectivity to gas-phase benzene on the carbide-
modified surfaces are summarized in Table 5. In
brief, the values presented in Table 5 were derived
by first correlating the carbon signal from AES to the
hydrogen desorption peak area from TPD on the
clean metal surfaces, on which only the complete de-
composition of cyclohexene was observed (m-c-CsHio
— 6m-C + 5m-H,). By comparing the Hy desorption
peak area on carbide surfaces relative to the clean
surface, one can then obtain the percentage of
hydrogen desorption attributable to benzene forma-
tion (n-c-Cngo e n‘CeHG + 2n°H2). Lastly, the
summary in Table 5 does not include reversible
molecular desorption as a reaction pathway.
Cyclohexene has been used as a probe molecule to
differentiate the surface activity of C/W(111)'%% and
C/W(110).1%6 In general, the reaction pathways of
cyclohexene on C/W(111)'% were similar to those on
C/Mo(110).152.153 Gas-phase benzene desorbed from
C/W(111) at 300 K at ~67% selectivity. Parallel
studies on the C/W(110) surface illustrated the
substrate-dependent reaction pathways of cyclohex-
ene.'®® While the C/W(110) surface was still active
toward the decomposition of cyclohexene, it was
unlike either C/W(111) or C/Mo(110) in that only
between 7 and 18% of the adsorbed cyclohexene
dehydrogenated to produce benzene. A possible ex-
planation for the differences in product distribution
between C/W(110) and C/W(111) may involve the
location of the carbon atoms. In these comparative
studies, both C/W(111) and C/W(110) were annealed
to 1200 K to produce the carbide-modified surfaces.
The (111) plane of tungsten has an open-structured
surface, which would allow the carbon atoms to
situate between the metal atoms. Since W(110) is a
closed-packed surface, carbon would most likely act
as site-blockers on top of metal atoms. Furthermore,
one would expect the surface reactivity of C/W(110)
and C/Mo(110) to be relatively similar, since both W
and Mo are group 6 metals with an identical crystal
structure and similar atomic radius.'?® The observed
differences between the two surfaces were related to
the temperatures that were required to induce the
inward diffusion of surface carbon. Thermal studies

have shown that C/Mo(110) did not exhibit “Pt-like”
reactivity until the surface was annealed to 1200
K.152153 The importance of the annealing process was
that some of the surface carbon atoms diffused into
interstitial sites, enabling surface Mo atoms to react
with cyclohexene. Previous AES experiments, how-
ever, have shown that carbon did not diffuse inward
on W(110) until above 1531 K.1%7 As a result, the
C/W(110) surface after annealing to 1200 K did not
possess the “Pt-like” dehydrogenation selectivity due
to the site-blocking by surface carbon on W(110).156

The reaction of cyclohexene has also been utilized
as a probe to determine the effect of oxygen modifica-
tion on the reactivity of C/W(111),% C/Mo(110),5® and
C/Ti(0001)** using TPD and HREELS. The motiva-
tion to undertake this study was due to the fact that
during catalytic processes the surfaces of TMCs are
often oxidized by air or by oxygen-containing reac-
tants and products, leading to the formation of the
so-called “oxycarbide”. Several research groups have
reported that the catalytic properties of powder
carbides can be significantly modified by the presence
of oxygen.!%87161 Ag discussed earlier in Figure 2, the
adsorption of oxygen on C/Mo(110) at 600 and 900 K
led to oxygen residing in different bonding environ-
ments,? which was also confirmed in the dissociation
of oxygen on C/W(111) at 600 and 900 K.%> Cor-
respondingly, thermal desorption studies following
cyclohexene adsorption on the 600 K O/C/Mo(110)
and O/C/W(111) surfaces showed only reversible
molecular desorption. In contrast, oxygen modifica-
tion at 900 K resulted in oxygen occupying either the
twofold, threefold, or interstitial sites, but not the
terminal on-top sites. AES measurements also re-
vealed a reduction in the atomic C/W ratio after
oxygen modification at 900 K. These results sug-
gested that surface carbon was removed by oxygen
via the formation of gas-phase CO at 900 K, and
subsequently some oxygen occupied the sites left
vacant by carbon. For example, quantitative analysis
(Table 5) showed that, on the 900 K O/C/W(111)
surface, ~83% of the cyclohexene dehydrogenated to
yield gas-phase benzene, which was higher than the
~67% selectivity observed on unmodified C/W(111).9

The dehydrogenation of cyclohexene has also been
investigated on Pt-modified C/W(111) surfaces.'®? The
motivation for supporting submonolayer Pt onto the
C/W(111) surface was to determine the feasibility of
using carbide as a catalytic support. Studies compar-
ing the reactivity of Pt-modified C/W(111) with those
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of clean C/W(111) and Pt(111) demonstrated an
enhancement toward the production of benzene from
cyclohexene. On submonolayer Pt-modified C/W(111),
the selectivity toward gas-phase benzene formation
was at ~86%,'%2 which was higher than that on either
Pt(111) (25%)148149.151 or C/W(111) (67%).'®® One
possible explanation for the enhancement toward
benzene production was that the energy barrier for
benzene desorption was reduced on Pt/C/W(111)
relative to the Pt(111) surface.'%? This assertion was
supported by the observation that benzene desorption
was reaction-limited at 290 K on Pt/C/W(111)%62 but
desorption-limited at ~400 K on Pt(111).148:14%,151 The
lower barrier for benzene desorption prevented the
subsequent thermal decomposition of the surface
benzene intermediate, leading to a higher selectivity
toward gas-phase benzene.!62

Cyclohexene has also been used as a probe to study
the effect of carbide modification on Ni, 63 a late
transition metal. An epitaxial Ni thin film was
prepared by depositing Ni atoms onto a Pt(111)
surface until Pt signals were no longer detectable
within the Auger probing depth. LEED experiments
verified the Ni/Pt(111) surface to be essentially a Ni-
(111) film.19%:163 A carbon overlayer similar to those
described for early transition metals was then pre-
pared by decomposing ethylene or cyclohexene. Al-
ternatively, carbide layers can also be grown on a Ni
surface by the Boudouard reaction, 2CO(g) — C(ads)
+ COy(g).164165 Unlike those on early transition
metals, the carbon overlayer on Ni was carbidic at
600 K but changed to graphitic when heated to 900
K. On both carbide- and graphite-modified Ni sur-
faces, benzene desorption was observed following
cyclohexene dehydrogenation; however, the overall
activity toward cyclohexene was reduced by a factor
of 2.2 upon graphite formation. HREELS results
further demonstrated that the surface benzene in-
termediate was bonded differently onto carbide- and
graphite-modified Ni surfaces.'®® Additional studies
on other late transition metal carbide surfaces may
help identify general similarities and differences
between the surface reactivities of early and late
transition metal carbides.

Reactions of TMC surfaces with other cyclic mol-
ecules, such as cyclopropane,'®® cyclopentene,?? cy-
clohexane,'®” cyclohexadiene,'® and cyclohepta-
triene,'%® have also been investigated. For example,
the thermal behavior of 1,3-cyclohexadiene on the
C/Mo(110) surface was similar to that observed for
cyclohexene.!®® On clean Mo(110), 1,3-cyclohexadiene
primarily underwent complete decomposition, with
only trace amounts of gas-phase benzene detected
over a broad temperature range between 200 and 400
K. On C/Mo(110), however, a benzene desorption
peak was observed at 313 K. Detailed vibrational
studies revealed additional differences in the decom-
position pathways of cyclohexadiene on the two
surfaces. Following adsorption at 80 K on clean Mo-
(110), cyclohexadiene immediately dehydrogenated to
form benzene. Heating to 300 K resulted in an
HREEL spectrum consistent with the presence of a
benzyne (CgH,) intermediate. On the other hand,
surface benzene species were not observed on the
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C/Mo(110) surface upon cyclohexadiene adsorption.
By 300 K, the HREEL spectrum appeared to re-
semble that of a phenyl intermediate.!5

4.3. Aromatics

There has been an abundance of literature detail-
ing the adsorption of benzene on transition metal
surfaces.'%°~17l These studies revealed that benzene
typically adsorbed with the molecular plane nearly
parallel to the substrate at low coverages and that
the out-of-plane C—H bending mode (v4 according to
the Herzberg notation) of adsorbed benzene cor-
related with the strength of the benzene—metal
interaction. Studies on clean and carbide-modified
Mo(110) showed that benzene also adsorbed with the
molecular plane parallel to the surface;'”? however,
the approximately linear correlation between the
vibrational frequency of the v4 mode and the cohesive
energy of the metal substrate could not be extended
to include the C/Mo(110) surface. Furthermore, the
comparative study also revealed different decomposi-
tion mechanisms for benzene on the two surfaces. On
clean Mo(110), chemisorbed benzene remained stable
until ~325 K, above which it decomposed to a
benzyne intermediate. In contrast, CsH and CH
fragments were produced on the C/Mo(110) surface
upon heating to 470 K. The latter decomposition
pathway was similar to that observed on Rh(111),173
providing another example of similar activity be-
tween C/Mo(110) and Pt-group metal surfaces.

The adsorption of benzene on clean and carbide-
modified W(211) was examined as part of the acety-
lene cyclotrimerization studies.!?® Benzene did not
bond with the molecular plane parallel to the clean
W(211) surface, as evidenced by the presence of an
intense v(C—H) mode at 3051 cm ™! and the lack of a
strong angular dependence for all benzene vibrations.
These HREELS results were consistent with a tilted
adsorption geometry for benzene, which may be
attributed to the row-and-trough structure of clean
W(211). Interestingly, the presence of carbon atoms
on the C/W(211) surface appeared to “smooth” the
surface, which led to the adsorption of benzene in the
parallel adsorption geometry on C/W(211).13° More
studies are needed to determine whether the “smooth-
ing” behavior is due to an electronic modification or
a physical reconstruction of the corrugated W(211)
surface.

ARPES studies of benzene on WC(0001) have been
reported by Brillo and co-workers.1%:17* Evidence of
benzene decomposition on clean WC(0001) was ob-
served at 210 K. The photoemission spectrum of the
surface intermediate at this temperature was virtu-
ally identical to that obtained following ethylene
decomposition on WC(0001). At temperatures above
300 K, the C,H, fragments further dehydrated to
produce surface carbon. Additional studies on oxygen-
modified WC(0001) showed a reduced strength of the
benzene—substrate interaction with increasing oxy-
gen coverage.106174

The adsorption and decomposition of phenyl iodide
(CeHsI) over the MosC/Mo(100) surface were inves-
tigated by Solymosi and co-workers using TPD, XPS,
and HREELS.!” At 100 K and at submonolayer
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coverages, phenyl iodide adsorbed molecularly with
the aromatic ring parallel to the surface. The scission
of the C—I bond occurred between 162 and 300 K,
resulting in the formation of surface phenyl species.
The majority of the phenyl species hydrogenated to
form gas-phase benzene at ~290 K. The remaining
surface species further dehydrogenated to produce
benzyne, followed by additional dehydrogenation
steps leading to hydrogen desorption at 600 K and
above. The photolysis of the CgH;I layer on MoyC/
Mo(100) by UV light was also investigated, which led
to the C—I bond scission at temperatures as low as
100 K.175

5. Reactions with Oxygen-Containing Molecules
5.1. Water

A detailed understanding of the reaction of water
on carbide surfaces is of practical significance in two
areas, tribology!’®177 and fuel cells.!197112 Investiga-
tions into the chemical reactivity of TiC and VC
surfaces with respect to their use as coatings in
tribological applications have been reported re-
cently.’®17 Perry and co-workers observed four
molecular desorption states of deuterated water at
188, 233, 263, and 308 K on TiC(100) at saturation
exposure.!™ XPS studies showed the formation of
three adsorbed species at low temperatures: atomic
O, partially dissociated hydroxyl groups, and molec-
ular water.!’”® Heating the surface resulted in the
desorption of Dy, CO, and CO; species. The desorption
peaks of CO and COg spanned across a wide temper-
ature range from 173 to 773 K, while the Dq desorp-
tion peak was relatively weak and was detected at
~500 K. HREEL spectra obtained following the
adsorption of D3O on TiC(100) showed evidence of
some O—D bond dissociation at 144 K. The authors
also assigned the vibrational modes at 710 and ~2100
cm ! to the stretching modes of Ti—D and TiC—D,
respectively, which were consistent with the dissocia-
tive adsorption of Dy;O. Spectral changes upon heat-
ing to higher temperatures included the disappear-
ance of molecular features and an increase in the
intensity of the Ti=O stretch at 980 ¢m1.178.179

Studies comparing the reaction of water on TiC-
(100) and VC(100) led to the conclusion that the low-
temperature decomposition was more extensive on
TiC(100).1"® Similar to the case on the TiC(100)
surface, TPD experiments also revealed four molec-
ular desorption states on VC(100) at 175, 202, 243,
and 283 K. A major difference between the two
surfaces was that molecular desorption occurred
mainly above 200 K on TiC(100) but below 200 K on
VC(100). TPD studies showed the evolution of gas-
phase hydrogen and the formation of stable V=0
species between 300 and 400 K. Unlike the case on
TiC(100), carbon from the VC(100) substrate did not
react with adsorbed water or hydroxyls to produce
gas-phase CO and CO,.1"® These studies could pro-
vide insights into the interaction between coating
materials and their respective lubricants. For ex-
ample, the ability of VC to form a stable V=0 may
be an attractive characteristic for applications re-
quiring oxygen-resistant coatings.1”®
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XPS and UPS studies of the reactivity of water on
the ZrC(100) surface have been reported by Edamoto
and co-workers.!80:181 Ag described earlier, these
authors showed that the (100) plane of ZrC was
inactive toward CO and hydrogen as a result of a
relatively small DOS around Er.1% Similarly, water
did not adsorb on ZrC(100) at room temperature;
however, when a well-ordered suboxide-like layer was
formed on ZrC(100), the surface became significantly
more active toward water dissociation.!8%181 Further-
more, XPS and UPS measurements provided evi-
dence supporting the dissociative adsorption of water
at room temperature to form atomic oxygen and
surface hydroxyl species.

The ability of carbide surfaces to decompose water
is important in direct methanol fuel cell (DMFC)
applications. Specifically, water dissociates to pro-
duce surface hydroxyl groups, which then react with
adsorbed CO to desorb as C0,.197%:198 This is a critical
reaction in DMFCs because it removes the CO sur-
face intermediate from poisoning the fuel cell elec-
trocatalyst and it generates two of the six electrons
in the overall electrooxidation of a methanol mol-
ecule.10%108 T determine the feasibility of using tung-
sten carbides as potential electrocatalysts in DMFCs,
the reaction of water has been studied on carbide-
modified W(111)1%111 and W(110).11%112 On the clean
W(111) and W(110) surfaces, decomposition of water
was apparent even at liquid nitrogen temperature,
as evident by the formation of surface OH species.
Heating the adsorbed layer resulted in the desorption
of hydrogen and the accumulation of atomic oxygen
on the surface. Quantitative calculations showed a
decomposition activity of 0.32 water molecules per
W atom on both surfaces. On the carbide-modified
surfaces, both substrates showed a reduction of ~50%
in the activity toward water dissociation. The TPD
measurements also revealed differences in both the
hydrogen desorption peak shape and temperature
from C/W(111) and C/W(110). The corresponding
HREEL spectra monitoring the decomposition of
water on C/W(110) showed only a very weak v(OH)
mode while the same mode on C/W(111) was rela-
tively prominent. The combined analysis of HREELS
and TPD results suggested that the evolution of gas-
phase hydrogen was reaction-limited on C/W(111) but
desorption-limited on C/W(110),'19-112 indicating the
structure dependence of the dissociation of water on
the tungsten carbide surfaces.

Coadsorption experiments of CO and H2O were also
conducted on C/W(111) and C/W(110) to determine
whether the formation of COy occurred under UHV
conditions.!'H112° Although the presence of surface
hydroxyls led to a decrease in the CO desorption
temperatures, the TPD and HREELS experiments
did not detect the desorption of CO; or the formation
of surface CO, intermediates.

The interaction between water and C/Mo(110)#2
was carried out as an extension to the studies on
C/W(111) and C/W(110). The surface science work
was motivated by the electrochemical studies of Kudo
et al., " who incorporated molybdenum carbides
into tungsten carbides as a promoter in DMFC
systems. The presence of Mo carbides was suggested
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either to aid in the removal of surface poisons or to
alter the reaction pathways leading to the inhibition
of poisonous species.? ! Using identical experimental
conditions to those for C/W(111) and C/W(110), the
TPD results showed the decomposition activity on the
Mo(110) substrate to be less affected by carbide
modification than that on the tungsten surfaces.!®2
Specifically, the decomposition activity of water on
C/Mo(110) was approximately 73% of that on the Mo-
(110) surface; this was in contrast to the ~50% value
on the C/W surfaces.!%"112 The enhanced ability of
the C/Mo(110) surface to dissociate water, relative
to that on C/W(111) and C/W(110) surfaces, could
possibly promote the removal of CO adsorbed on the
electrocatalyst surface.18?

5.2. Alcohols

The reactions of methanol on transition metal and
metal oxide surfaces have been investigated exten-
sively.138139 One of the underlying motivations for
these studies was to understand the mechanisms of
the Fischer—Tropsch reaction.'8318¢ These studies
have provided a significant reference base to compare
the reaction pathways of methanol on TMCs with
those of the corresponding metal and metal oxide
surfaces.

The adsorption and reaction of methanol on TiC-
(100) have been investigated using HREELS, XPS,
and TPD.18 CH30H adsorbed dissociatively to form
methoxy on the TiC(100) surface at temperatures as
low as 153 K, as suggested by the absence of the v-
(O—H) vibrational mode of molecular methanol. As
the surface temperature increased from 190 to 300
K, the methoxy species recombined with hydrogen
to desorb as methanol. At temperatures above 300
K, small amounts of gas-phase hydrogen and meth-
ane were observed from the surface, which were
attributed to the decomposition of methanol at defect
sites. Comparative studies were conducted on VC-
(100) to examine the effect of substrate electronic
structure on the decomposition of methanol.8? As
mentioned earlier, VC(100) possesses an additional
3d valence electron per formula unit when compared
to TiC(100). HREELS results following methanol
adsorption on VC(100) showed that, at low temper-
atures, the scission of the O—H bond to form methoxy
was less extensive than that on TiC(100). When
samples were heated to higher temperatures, recom-
binative methanol desorption was observed between
300 and 500 K. Unlike that on TiC(100), however, a
significant percentage of adsorbed methoxy under-
went further decomposition to yield gas-phase form-
aldehyde and hydrogen, along with a small amount
of methane and surface oxygen. The authors at-
tributed the formation of formaldehyde from VC(100)
to the interaction between the methyl group of
methoxy and the surface metal states.!83

To compare carbide-modified surfaces with bulk
carbide single crystals, Zellner et al. investigated the
reaction of methanol on carbide-modified Ti(0001)
and V(110) surfaces.'8> There were general similari-
ties between the carbide-modified surfaces and the
corresponding bulk crystals in terms of the methanol
reaction pathways. For example, the dissociation of
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methanol to methoxy was observed on C/Ti(0001) at
liquid nitrogen temperature, with most of the meth-
oxy species recombining with surface hydrogen to
desorb as methanol at higher temperatures. In
contrast, a significant fraction of methanol adsorbed
on C/V(110) without the scission of the O—H bond at
liquid nitrogen temperature, although all the surface
methoxy species underwent complete decomposition
at higher temperatures without desorbing as metha-
nol. These reaction pathways were very similar to
those on bulk TiC(100) and VC(100) surfaces!s?
described in the previous paragraph; however, the
C/Ti(0001) and C/V(110) surfaces appeared to be
much more reactive than the TiC(100) and VC(100)
surfaces in terms of the fraction of methanol that
underwent complete decomposition.!8318 This is likely
due to the fact that the Ti(0001) (hcp structure) and
V(110) (bec structure) substrates have the sixfold or
quasi-sixfold symmetry. The corresponding C/Ti-
(0001) and C/V(110) surfaces will therefore resemble
the sixfold symmetry of the (111) surfaces of TiC and
VC, which should be more active than the corre-
sponding (100) surfaces.!83:185

Edamoto and co-workers conducted UPS measure-
ments following methanol adsorption on TiC(100) and
TiC(111) surfaces at room temperature.” The au-
thors chose to expose 200 L (langmuirs) of methanol
on TiC(100) but only 5 L on TiC(111). The decision
to use different exposures probably stemmed from a
lower sticking probability of methanol on TiC(100).
UPS data following the adsorption of methanol on
TiC(100) showed features that could be ascribed to
the 2a'", 7a’, 6a’ + 1a”, and 5a’' orbitals, which
indicated the presence of molecularly adsorbed metha-
nol.!18¢ The seemingly contradictory conclusions of
methanol on CHsOH reported by Edamoto et al. and
Franz et al. may have been caused by the differences
in methanol exposure and in the adsorption temper-
ature.”18 In contrast, room-temperature adsorption
on TiC(111) resulted in the appearance of two fea-
tures at 5.5 (2e orbital) and 9.2 (1e + 5a; orbitals)
eV, which were attributed to the formation of the
methoxy intermediate.’*18” Edamoto and co-workers
also considered the 5.5 eV feature to include emis-
sions from atomic O, H, and C resulting from the
complete decomposition of methanol.”™

Studies of methanol adsorbed on ZrC(111)%4 re-
vealed nearly identical results to those on TiC(111).74
Room-temperature adsorption of methanol on ZrC-
(111) induced two UPS features at 6.0 and 10.0 eV,
again indicative of the presence of methoxy.'8” On the
basis of work function calculations and by comparing
with previous adsorption studies with Os, Hs, and
CO, Edamoto and co-workers suggested that the
complete decomposition pathway dominated in the
initial stages of methanol adsorption.!®® Once the
surface was covered with atomic C, H, and O species,
however, the methoxy intermediate began to ac-
cumulate. As was the case on TiC(100),* methanol
adsorbed molecularly on ZrC(100) at room temper-
ature.1%4181 When the ZrC(100) surface was modified
by oxygen to form a ZrO-like layer, however, metha-
nol was observed to adsorb dissociatively, resulting
in UPS features indicative of methoxy. These results
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Table 6. Comparison of Activity and Selectivity of CH;OH on C/Ti(0001), C/V(110), C/Mo(110), C/W(111), and

C/W(110)
complete decomposition activity CO activity per CH,4 activity per recombinatory
surface per metal atom (%) metal atom (%) metal atom (%) CH30H desoprtion
Mo(110)182 0.260 (84) 0.048 (16) 0 0
C/Mo(110)182 0.142 (63) 0.083 (37) 0 0
W(110)112 0.275 (67.5) 0.034 (8.5) 0.098 (24) 0
C/W(110)112 0.176 (58) 0.060 (20) 0.068 (22) 0
W(111)8 0.350 (85) 0.048 (12) 0.013 (3) 0
C/W(111)8° 0.155 (55) 0.087 (31) 0.038 (14) 0
Pt/C/W(111) 0.091 (51) 0.086 (49) 0(0) 0
C/Ti(0001)'8 detected 0 detected detected
C/V(110)'8 detected 0 detected 0

were similar to those obtained for water on ZrC(100),
where the dissociative adsorption of water on ZrC-
(100) was observed only after the formation of the
ZrO-like layer.!8%181 The observed activity of TiC(111)
and ZrC(111), and the inactivity of TiC(100) and ZrC-
(100), contributed to a better understanding of the
reactivity of groups 4 and 5 TMC surfaces toward
oxygenated molecules. Combined with previous UPS
results on NbC surfaces,'®® these investigations led
to the conclusion that the (111) surfaces of groups 4
and 5 carbides were generally more active toward the
dissociation of oxygenated molecules than the (100)
plane. This conclusion was further supported by
theoretical studies using the extended Hiickel tight
binding calculation to compare the active TiC(111)
surface with the relatively inactive TiC(100) sur-
face.?°

The reaction mechanisms of methanol on C/Mo-
(110),182 C/W(110),110.112 gnd C/W(111)110189 have been
investigated extensively due to the potential of utiliz-
ing Mo and W carbides as electrocatalysts in DMFCs.
All three surfaces were found to be very active toward
the dissociation of methanol, as indicated by the
formation of the methoxy species at liquid nitrogen
temperature. Combined TPD, AES, and HREELS
studies revealed three potential decomposition path-
ways for methoxy: (1) complete decomposition to
produce atomic C and O, and gas-phase hydrogen;
(2) the scission of the C—H bonds to produce CO and
gas-phase hydrogen; and (3) the cleavage of the C—O
bond to produce atomic O and methane. The product
selectivity of methanol is summarized in Table 6 for
several clean and carbide-modified Mo(110), W(110),
and W(111) surfaces. In brief, these values were
derived by correlating the Hy desorption peak from
TPD experiments to the C and O signals from AES
measurements. Detailed quantitative analysis of
methanol decomposition on these surfaces can be
found in the respective references. Table 6 also listed
the reaction pathways of methanol on C/Ti(0001) and
C/V(110), although the selectivity on these two
surfaces could not be quantified due to the inward
diffusion of C, O, and H.'® The comparison in Table
6 clearly indicates that the selectivity toward differ-
ent reaction pathways of methanol varies noticeably
on different carbide surfaces. Detailed descriptions
for deriving the activity and selectivity values can
be found in the respective references.

As shown in Table 6, the dominant reaction path-
way of methanol on clean W(111) was the complete
decomposition to produce atomic C and O, and gas-

phase hydrogen.!1%18% The thermal behavior of CHs-
OH on C/W(111) was generally similar to that of the
clean W(111) surface. The presence of carbide re-
duced the overall decomposition activity from 0.411
to 0.280 CH3OH molecules reacting per W atom. In
addition, the selectivity values toward CO and meth-
ane on C/W(111) increased to 31 and 14%, respec-
tively. Because the carbide surfaces would most likely
be partially oxidized under the fuel cell operating
conditions, the effect of oxygen modification on
C/W(111) was also investigated. A parallel study of
the effect of oxygen modification indicated that the
O/C/W(111) surface remained active toward the dis-
sociation of methanol, although the decomposition
activity was reduced to 0.236 molecules per W atom,
and CO production became the dominant pathway.!8°

Comparative investigations of C/W(111) and C/W-
(110) showed only relatively minor differences in the
reaction pathways of methanol.!1%112.189 TPD mea-
surements revealed that C/W(110) was similar to
C/W(111) in terms of the overall decomposition activ-
ity. The different crystal planes showed slight varia-
tions in product selectivity, as compared in Table 6.
For example, although both C/W(110) and C/W(111)
surfaces showed ~55% selectivity toward complete
decomposition, the C/W(110) surface yielded similar
amounts of CO (20%) and CH, (22%), while the
C/W(111) surface produced more CO (31%) than CH4
(14%).

The C/Mo(110) surface showed significant differ-
ences in terms of the product selectivity.'®? As shown
in Table 6, the reaction pathway leading to the
formation of methane, an undesirable reaction in the
electrooxidation of methanol, was inhibited on the
C/Mo(110) surface. The absence of methane produc-
tion on C/Mo(110) could also explain the promotion
effect reported by Kudo et al., who incorporated
molybdenum carbides into tungsten carbides as a
promoter in DMFC studies.? 1!

The reaction of methanol was also conducted to
explore the possible synergistic effect of depositing
submonolayer Pt onto the C/W(111) surface.’! While
the presence of submonolayer Pt decreased the over-
all decomposition activity from 0.280 to 0.177 metha-
nol molecules per W atom, the Pt-modified C/W(111)
surface no longer produced gas-phase methane. The
synergistic effect is demonstrated in Figure 6, which
compares the HREEL spectra following the adsorp-
tion and decomposition of methanol on C/W(111) and
on Pt/C/W(111) with a Pt coverage equivalent to 0.6
ML (monolayer). On C/W(111), the HREEL spectrum
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Figure 6. Comparison of HREEL spectra monitoring the thermal decomposition of CH30H on (a) C/W(111)18% and (b)
Pt/C/W(111).8! The surfaces were exposed to submonolayer coverage of methanol at 100 K followed by heating to the indicated

temperatures.

at 90 K was characteristic of the methoxy (CH30)
intermediate, indicating that the C/W(111) surface
was very reactive toward the dissociation of the O—H
moiety in methanol even at liquid nitrogen temper-
ature. The HREEL spectra at higher temperatures
indicated that the methoxy intermediate was stable
up to 330 K, with the minor changes in the relative
intensities being related to changes in the orientation
of adsorbed methoxy.!®°

By comparing the corresponding HREEL spectra
on Pt-modified C/W(111),8! it was clear that the
decomposition pathway of methanol was significantly
altered when the C/W(111) surface was modified by
0.6 ML (monolayer) of Pt: (1) The 0.6 ML Pt/C/
W(111) surface was somewhat less active than
C/W(111) toward the scission of the O—H bond, as
indicated by the presence of a relatively weak v(O—
H) mode of molecular methanol on Pt/C/W(111) at
90 K. (2) On the other hand, the presence of the 0.6
ML Pt enhanced the subsequent decomposition of
methoxy, as indicated by the significant decrease in
the intensities of the methoxy vibrational modes on
0.6 ML Pt/C/W(111) between 230 and 330 K. In other
words, the C/W(111) was more active than Pt toward
the initial dissociation of the O—H bond of methanol,
while Pt was more active than C/W(111) toward the
subsequent dissociation of the C—H bonds in meth-
oxy. As a result, the Pt/C/W(111) surface was more
active than either Pt19%1°1 or C/W(111)'®° toward the
complete decomposition of methanol at temperatures
below 330 K, clearly indicating a synergistic effect
by supporting submonolayer coverages of Pt on
C/W(111).8!

The decomposition of methanol on a WC film,
prepared by PVD synthesis on a glassy carbon
substrate, was recently studied using TPD and
HREELS.!'” The fundamental surface science study

on PVD films demonstrated one of the first examples
in bridging the “materials gap” between single crystal
surfaces and polycrystalline films. Due to the fact
that PVD films were not as well ordered as single
crystal surfaces, HREELS measurements on PVD
films were largely unexplored. By using a model
LK3000 HREELS spectrometer (typical spectral reso-
lution of 30 cm ™! at an intensity of 10® counts/second
on single crystal surfaces), Zellner et al. were able
to obtain relatively high quality HREELS data from
the reaction of methanol on WC films, as shown in
Figure 7. The HREEL spectra were characterized by
excellent spectral resolution and adequate signal-to-
noise. The vibrational spectra at 200 K on both WC
and Pt/WC surfaces correspond to the methoxy
(CH30) intermediate, indicating that both surfaces
were very reactive toward the dissociation of the
O—H bond in methanol. More interestingly, the
presence of Pt on WC enhances the subsequent
dissociation of methoxy on the Pt/WC surface be-
tween 400 and 500 K, as demonstrated by the
decrease in the intensity of the methoxy vibrational
modes on Pt/WC. Therefore, similar to those observed
on the Pt/WC/W(111) single-crystal surface (Figure
6), the results in Figure 7 confirmed the promoting
effect by depositing Pt on the WC film.!”

The reactions of other alcohol molecules, such as
ethanol and 2-propanol, were studies on TiC(100)
and VC(100) using TPD and HREELS.'* Both sur-
faces showed some dissociative activity toward etha-
nol and 2-propanol upon adsorption at 100 K, al-
though the TiC(100) surface appeared to be slightly
more active at this temperature. By 153 K, alkoxy
intermediates from ethanol decomposition were de-
tected with HREELS on both TiC(100) and VC(100).
When heated to higher temperatures, the dehydra-
tion of the alkoxy intermediates produced gas-phase



204 Chemical Reviews, 2005, Vol. 105, No. 1

1928 40L CH,0OH on WC
1157

521

1461
\‘j 2029 2848 2989
500K
b x40 3599

K”'T

{

400K
x40

Intensity (Arb. Units)

e

T T T T
0 1000 2000 3090 4000
Electron Energy Loss (cm )

(a)

Hwu and Chen

40L CH,OH on 0.8 ML Pt/WC

1028
41

1170

9
J 771 1468
2070

u 500K
x40

3004

3592

AL

-~

Intensity (Arb. Units)

Clean
L x40 N
I I T T
0 1000 2000 3090 4000

Electron Energy Loss (cm )

(b)

Figure 7. HREEL spectra monitoring the thermal decomposition of CH3OH on PVD films!7 of (a) WC and (b) 0.8 ML
Pt/WC. The Pt/WC surface was prepared by evaporating Pt onto a clean PVD WC film at 600 K.

alkenes as the dominant reaction products. Although
it was less active at 100 K, the VC(100) surface was
estimated to be ~20% more active toward the pro-
duction of alkenes than TiC(100). This observation
was similar to the comparative investigation of the
dissociation of methanol on the two surfaces by the
same authors, as described earlier.8® Moreover,
isotopic studies revealed that y-hydride elimination
was a critical step in the formation of gas-phase
alkene from adsorbed ethanol.’®® Additional AFM
studies of ethanol adsorbed on VC(100) showed
approximately 40% reduction in the frictional forces
when compared to the case of the unmodified VC-
(100) surface.'9* Related frictional response studies
were also conducted on VC(100) after the adsorption
of 1-octanol and 2,2,2-trifluoroethanol.’®® Perry and
co-workers noted that, upon adsorption of 2,2,2-
trifluoroethanol at room temperature, the surface
exhibited both an increase in friction and a decrease
in adhesion. The higher frictional response was
attributed to the shear strength of the multilayer
adsorbate film. On the other hand, the reduced
adhesion could be due to the increase in surface
roughness and a lowering of surface free energy.!%®
These authors also utilized similar approaches to
investigate the interaction of a model lubricant
additive, trimethyl phosphate, on the TiC(100) and
VC(100) surfaces.'%

5.3. Carbon Dioxide

The interaction between COs and MoyC/Mo(100)
was investigated using HREELS, TPD, and XPS.17
The adsorption of COy onto Mo.C/Mo(100) did not
result in any changes in the surface work function.
Vibrational studies exhibited features at 660 and

~2355 em™!, which were characteristic vibrations of
unperturbed COq. Additional TPD measurements
showed only a single desorption peak at 190 K. In
contrast, when the MosC/Mo(100) surface was cov-
ered by potassium, Solymosi and co-workers observed
a decrease in the work function by as much as 3.3
eV. Furthermore, HREELS results showed losses at
~750, ~1220, and ~1600 ecm ™!, which were ascribed
to the formation of the COy~ radical.'®” These results
generally agreed with previous investigations of the
adsorption of COgz on K-covered Pt-group metal
surfaces.!98-200

6. Reactions with Sulfur-Containing Molecules

The removal of sulfur from the hydrocarbon feeds
via hydrodesulfurization (HDS) is critical in preserv-
ing the catalyst activities in refinery processes.?0*
Typically sulfur is found in the form of thiols,
sulfides, and thiophenes,?% which are usually abated
with a mixture of cobalt and molybdenum sulfide
catalysts supported on y-alumina.204206.207 Recent
reactor studies have demonstrated that supported
molybdenum carbides possess HDS activity over
twice that of a commercial Ni-promoted MoS, cata-
lyst.?%8 Reactivity studies of model catalyst surfaces
using simple probe molecules have provided valuable
insights into industrial processes. For example,
thiophene??211 and S0,212213 are molecules often
used to model HDS and De-SO, processes, respec-
tively.

6.1. Thiophene

The chemistry of thiophene (C4H4S) has been
studied over a C/Mo(110) surface by Rodriguez et al.
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using synchrotron-based soft-XPS.?!! Exposures of
thiophene at 100 K produced S 2p features charac-
teristic of physisorbed and chemisorbed thiophene
between 166.5 and 164.5 eV; the decomposition of
thiophene had not taken place at this temperature,
as evidenced by the absence of atomic S features at
163.5 and 161.5 eV. Heating to 170 K resulted in the
desorption of physisorbed C4H,S. The decomposition
of thiophene occurred between 200 and 250 K,
producing atomic S and C,H, fragments on the
surface. The C,H, fragments further decomposed at
higher temperatures, with the carbon eventually
migrated into the bulk. The strongly bonded atomic
sulfur could only be removed after heating the
surface to above 2200 K.2!! Overall, the reactivity of
the C/Mo(110) surface toward C,H4S was similar to
that of clean Mo(110).214

The decomposition of thiophene on an o-MogC-
(0001) single-crystal surface was investigated by St.
Clair et al. using TPD measurements.?!® The desorp-
tion of the hydrogen product was detected at 435 and
600 K, with the first peak being desorption-limited
and the second being reaction-limited. These authors
attributed the first H signal to the decomposition of
thiophene and the second to the subsequent dehy-
drogenation of surface C,H, fragments. The decom-
position of thiophene was confirmed by additional
XPS and UPS studies, which indicated that the
scission of C—S bonds occurred at a temperature of
170 K or lower.21°

6.2. Alkanethiol

The reactions of HoS and CHsSH on C/Mo(110)
have been investigated to further understand the
interaction between sulfur-containing molecules and
carbide surfaces..?!?2 Using SXPS, Rodriguez and co-
workers showed that C/Mo(110) is active toward the
S—H and S—C bond scission at temperatures below
300 K. Upon HsS adsorption at 100 K, the S 2p
spectrum indicated the presence of a physisorbed
state and two chemisorbed species. Between 150 and
200 K, a significant portion of the chemisorbed HyS
dissociated to atomic S and HS, and only atomic
sulfur was present on the C/Mo(110) surface by 350
K. For comparison, the scission of the S—H bond in
the adsorbed CH3SH species most likely took place
immediately upon adsorption at 100 K. Between 100
and 350 K, CH3S and CH,S intermediates coexisted
on the carbide surface. Heating to 500 K resulted in
further decomposition, which led to the desorption
of methane, the incorporation of some carbon into the
bulk, and the deposition of atomic S on the surface.
Overall, the reactivities of the C/Mo(110) surface
toward HyS and CH3SH were generally similar to
those reported on clean Mo(110).2"® Rodriguez et al.
suggested that the strong activity of the carbide
surface toward sulfur-containing molecules can be
attributed to the fact that metal centers in C/Mo(110)
are in a low oxidation state and have a large density
of 4d states near the Fermi level .21

The reactions of alkanethiols, specifically ethane-
thiol?16 and 1,2-ethanedithiol,?'7218 on C/Mo(110) have
been studied by Roe and Schulz. While ethanethiols
are not a prominent component in crude oil feeds,
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they were chosen as probe molecules to provide
insights into the chemistry of sulthydryl (SH) groups
on carbide surfaces. Prior studies of ethanethiol
on clean Mo(110) showed the formation of an
ethanethiolate intermediate at 120 K.2° The
ethanethiolate intermediate on clean Mo(110) sub-
sequently decomposes to yield gas-phase ethane and
ethylene. A fraction of the surface intermediate also
underwent complete decomposition to produce sur-
face carbon and sulfur, and gas-phase hydrogen.216
Roe and Schulz also examined the effect of defects
on the commonly studied (4 x 4)-C/Mo(110) surface.
The authors characterized the surface as “defective”,
as the LEED pattern showed certain missing spots
from an ideal (4 x 4) overlayer. TPD measurements
following low-temperature adsorption of ethanethiol
on the “defective” (4 x 4)-C/Mo(110) surface revealed
no major differences in terms of activity and selectiv-
ity when compared to those obtained on clean Mo-
(110). A broad ethylene desorption peak was observed
between 200 and 400 K while ethane desorption was
detected at 375 K. Roe and Schulz then examined
the effect of sulfur coverage on the ethanethiol
chemistry. As expected, the presence of surface sulfur
reduced the amount of ethylene and ethane produced;
the desorption temperatures of ethylene and ethane
also shifted to higher temperatures with increasing
sulfur coverage.?16

The reaction of 1,2-ethanedithiol on the C/Mo(110)
surface produced gas-phase ethylene and acetylene,
and atomic sulfur.?'"218 Unlike the chemistry of
ethanethiol described above, significant differences
were observed in the reaction pathways between
clean Mo(110) and C/Mo(110) surfaces. In addition
to the ethylene and acetylene products that were
produced on clean Mo(110), the dissociation of 1,2-
ethanedithiol on C/Mo(110) also led to the formation
of gas-phase vinyl thiol and ethanethiol products. The
authors suggested that while clean Mo(110) dissoci-
ated only a fraction of the C—S bonds, the C/Mo(110)
surface facilitated the complete desulfurization of
ethanedithiol, leading to the desorption of non-sulfur-
containing hydrocarbons.?!”

6.3. SO,

The dissociation pathway of SO; on C/Mo(110) was
investigated by Rodriguez and co-workers using
SXPS.212 At 150 K the XPS S 2p spectrum showed
the presence of atomic sulfur, SOs, and a mixture of
S0O3 and SO4. Between 200 and 500 K, the features
attributed to SO, species decreased as the intensity
for atomic sulfur increased. The atomic S and O
resulting from the dissociation of SO, remained on
the surface even after heating to 1200 K. Corre-
sponding NEXAFS measurements following SO,
decomposition on Mo2C powders also showed similar
reaction mechanisms to those on C/Mo(110).212

Rodriguez and co-workers also extended their SO,
studies to the TiC(001) surface.??° Photoemission and
TPD measurements revealed that most of the SO.
desorbed molecularly below room temperature, al-
though a fraction (<35%) of the adsorbates under-
went dissociation to produce surface S and O atoms
at temperatures near 400 K. Parallel DFT calcula-
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tions suggested that C—S and C—O interactions are
essential for the dissociation of SOz on the TiC(001)
surface.?20221 A related theoretical study also com-
pared the reactivity of SOy on three titanium car-
bides, metcar TigCi2, nanocrystal Ti;4Ci3, and bulk
TiC(001).22! Using DFT-GGA calculations, the au-
thors showed that TigCis was the most reactive
toward SO; dissociation, followed by Ti14C1s and then
the TiC(001) surface. Compared with other studies
on metal oxides,??222% the various titanium carbide
substrates were more efficient toward the dissocia-
tion of SOs. The results also clearly indicated that
the carbon atoms in carbides directly influenced the
desulfurization process by stabilizing the S and O
adatoms.??!

7. Reactions with Nitrogen-Containing Molecules

7.1. Ammonia

The interaction of ammonia with TiC(100) and VC-
(100) surfaces has been studied by Fernandez-Torres
et al. using TPD, HREELS, and UPS.22* On TiC(100),
NH; desorbed at 230 K at low coverages and at 211
K at near saturation coverage. The authors observed
no evidence for the decomposition of NH3 up to 773
K, as the TPD measurements monitoring the Hy and
N2 products showed no desorption features within
this temperature range. At 153 K, the HREEL
spectra of NH;3 adsorbed on TiC(100) exhibited energy
loss features at 1075, 1570, 3300, and 3400 cm™!,
which were attributed to the symmetric NH; bending,
the asymmetric NH; bending, v{(N—H), and v,{(N—
H) modes, respectively. The observation of an intense
NH; bending mode suggested that NHs adsorbed
with the C; axis perpendicular to the surface. The
authors also noted that ammonia most likely bonded
to the metal sites on TiC(100), as indicated by the
absence of surface C—N vibrational modes and by the
fact that the metal sites would accept electrons more
readily than the carbon sites. Additional UPS experi-
ments revealed two features at 6.4 and 10.6 eV,
which corresponded to the 3a; and le orbital emis-
sions, respectively, of molecularly adsorbed NHs.

The adsorption of NHs on VC(100) yielded es-
sentially the same results as those on TiC(100).224 At
saturation coverage, two monolayer desorption fea-
tures were detected from VC(100) at 211 and 273 K,
with the latter being attributed to NH;s adsorbed on
defect sites. As was the case on TiC(100), no N—H
bond activation was observed on VC(100). These
results were consistent with the modeling of elec-
tronic structures of the TiC(100) and VC(100) sub-
strates, which suggested similar vacant electronic
orbitals available to interact with the lone pair of
NH;, 34224

7.2. Nitrile

The reactions of HCN?225:226 gnd acetonitrile (CHs-
CN)227:228 provided insights into the activation of the
nitrile functional group on carbides. Friend and co-
workers used XPS, TPD, and HREELS to examine
the surface reactions of HCN on clean and carbide-
modified W(100).225226 A variety of competing reaction
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pathways exist between 200 and 500 K: (1) molecular
desorption of HCN, (2) formation of adsorbed HCNH,
and (3) complete decomposition of HCN yielding gas-
phase hydrogen, and surface carbon and nitrogen.
Heating to temperatures above 600 K resulted in
recombinatory desorption of HCN. By 1500 K, the
original carbide surface was retained as atomic
nitrogen recombined and desorbed as Ny from the
surface.?25226

Parallel studies of acetonitrile showed that, aside
from molecular desorption, a CHo,CNH surface in-
termediate was formed following the selective forma-
tion of an N—H bond and cleavage of a C—H bond at
~400 K.227228 This surface species subsequently
underwent three competing reaction pathways: (1)
complete decomposition to atomic nitrogen, carbon,
and gas-phase hydrogen; (2) isomerization back to
acetonitrile, followed by desorption; and (3) scission
of either N—H or C—H bonds to form HNC or HCN,
carbon, and gas-phase hydrogen. Compared to the
clean W(100) surface, the carbide surface was less
selective toward the complete decomposition path-
way. As a result, significant amounts of molecularly
intact fragments were produced from the C/W(100)
surface.?27228

8. Correlating Surface Reactivity with Electronic
Properties

8.1. Similarities and Differences between TMC
and Pt-Group Metal Surfaces

From the chemical reactivities summarized in
sections 3—7, it is clear that the presence and/or
incorporation of carbon atoms can significantly modify
the chemical properties of groups 4—6 early transi-
tion metals. In most cases, the formation of carbides
appears to “tame” the high chemical activity of the
early transition metal surfaces. This is especially
obvious in studies using hydrocarbon molecules as
probe reactions (section 4). For example, groups 4—6
early transition metals bond strongly to ethylene in
the di-o configuration, which undergoes subsequent
dissociation to atomic carbon and hydrogen without
the cleavage of the metal—carbon bonds. In contrast,
the formation of the ethylidyne (CCHj3) intermediate
on TMC surfaces indicates the rupture of one of the
metal—carbon bonds in di-o bonded ethylene, sug-
gesting that the ethylene/surface complex is less
strongly bonded on TMC than that on the corre-
sponding clean metals. Another example is the reac-
tion of cyclohexene. On groups 4—6 metals, di-o
bonded cyclohexene molecules undergo complete dis-
sociation to atomic carbon and hydrogen without
producing any gas-phase hydrocarbon products. In
contrast, a significant fraction of di-o bonded cyclo-
hexene dehydrogenates to produce gas-phase ben-
zene, again indicating weaker metal—adsorbate bonds
on the TMC surfaces. Therefore, the formation of
carbides on groups 4—6 metals reduces the degree
of interaction between adsorbates and TMC surfaces,
leading to a modified surface activity that more
closely resembles the Pt-group metals than the
parent metals.
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Figure 8. SXPS comparing the density of states (DOS)

near the Fermi level of Mo(110), C/Mo(110), and Pt(111).62

The incident photon energy was 150 eV for the Mo valence

states.

The description of “Pt-like” properties of TMC
surfaces is, however, clearly an oversimplification.
For example, in the case of the formation of ethyli-
dyne from ethylene, the thermal stability and ad-
sorption geometry of ethylidyne on TMC surfaces are
noticeably different from those on Pt(111). In addi-
tion, in the case of the selective dehydrogenation of
cyclohexene to produce benzene, the desorption tem-
perature and the desorption mechanism (reaction-
limited vs desorption-limited) on TMCs are different
from those on the Pt-group metal surfaces. Further-
more, in reactions involving oxygen-containing mol-
ecules (section 5), the TMC surfaces are significantly
more active than the Pt-group metal surfaces.

The electronic properties of TMC and Pt-group
metal surfaces, especially the density of states (DOS)
near the Fermi level, also appear to be different. For
example, Figure 8 shows the SXPS spectra of Mo-
(110), C/Mo(110), and Pt(111).8 The comparison
between Mo(110) and C/Mo(110) reveals a significant
modification of the DOS of Mo(110) upon the forma-
tion of carbide. For the C/Mo(110) surface, the
valence state is characterized by two overlapping
peaks at ~5.7 and ~1.9 eV, which are related to
emissions from the hybridized Mo and C states as
assigned in previous studies.*®229230 A new feature
is also present on C/Mo(110) at approximately 12.5
eV below the Fermi level, which is due to contribu-
tions from the C 2s states.®! More importantly, the
comparison between the SXPS spectra of C/Mo(110)
and Pt(111) clearly shows differences between the
two surfaces in terms of peak positions and relative
intensities of features near the Fermi level. The
interpretation of the SXPS results requires the
assistance of theoretical modeling, as described be-
low.

8.2. Theoretical Modeling of Surface Properties

As mentioned in sections 2—7 and summarized in
Tables 1 and 2, theoretical investigations, in particu-
lar DFT modeling, have been the subject of many
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investigations to correlate the electronic and chemical
properties of TMC surfaces. For example, the theo-
retical investigations have revealed different elec-
tronic properties between TiC(100) and TiC(111)202234
and between TiC(100) and VC(100),3* which have in
turn been utilized to successfully explain the different
chemical activities between these surfaces.

DFT modeling has also played an important role
in understanding the effect of carbon/metal stoichi-
ometry on the electronic, structural, and chemical
properties in TMCs. For example, Didziulis et al.
have recently compared the electronic properties of
TigCs, TigCy, Ti13C13, and VyCg clusters to further
highlight the different electronic properties between
Ti and V carbides.?* Rodriguez and co-workers have
provided significant insights by systematically com-
paring the properties of “metcar” TisCi2, nanocrystal
Ti14C13, and bulk TiC(001).39-221.231 These authors have
recently performed additional DFT modeling on the
electronic and chemical properties of another “met-
car” compound, MogCi2, to determine the effect of
carbon in group 6 metal carbides.*%-232233 The utiliza-
tion of the “metcar” nanostructures as model systems
will continue to be an area of interest in the DFT
modeling of TMC.234-237

Several recent studies have attempted to correlate
the center of the metal d-band to the chemical
activities of TMC surfaces.®1238239 For example, Ro-
driguez and co-workers have recently correlated the
shift in the d-band center from Mo(001) to y-MoC-
(001) with the adsorption energy of CO and atomic
sulfur.??® These studies have been inspired by the
work of Ngrskov and co-workers, who have demon-
strated a strong correlation between the center of the
d-band and the surface reactivity of transition metals
and alloys.?*%-241 More recently, such a correlation has
been extended to bimetallic surfaces with the mono-
layer film of the second metal residing either on the
surface or in the subsurface region.?42.243

One of the advantages of utilizing the d-band
center as a parameter for the electronic properties
of TMCs is that it can be measured experimentally,
such as using SXPS. The direct comparison of the
DFT modeling results with experimental measure-
ments provides a critical validation of the modeling
work. For example, Figure 9 compares the occupied
states derived from DFT modeling with the SXPS
measurement for C/Mo(110).23% The DFT result is
obtained using a C-terminated Mo,C(0001) surface
as shown earlier in Figure 1d. Because the estimation
of the d-band center involves the overall average of
both the occupied and unoccupied states, SXPS alone
cannot provide a direct comparison with the theoreti-
cally predicted d-band center. Techniques such as
ARPES or inverse photoemission spectroscopy will
be needed to determine the density of the unoccupied
states. Nevertheless, the comparison between DFT
modeling and SXPS measurements, as shown in
Figure 9, provides a validity test of the occupied
states between theoretical and experimental results.

Another obvious advantage of using the d-band
center model is that it allows a direct comparison of
the electronic and chemical properties of TMC sur-
faces with those of Pt-group metals and alloys. For
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Figure 9. Comparing the SXPS spectrum of C/Mo(110)
with the DFT calculated spectrum of carbon-terminated
Mo2C(0001).239 Details of the DFT modeling are described
in the text.
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Figure 10. Correlation of HBE with the d-band centers
of TMC and bimetallic surfaces.t1:239.242243 The d-band
centers were determined using a short cutoff radius of 1 A
for all surfaces.

example, Figure 10 shows the correlation between
the calculated hydrogen binding energy (HBE) and
the d-band center for several bimetallic alloys and
metal carbides. For comparison, the values for the
corresponding monometallic components are also
included. Figure 10 shows that the HBE decreases
nearly linearly as the d-band center shifts away from
the Fermi level on monometallic and bimetallic
transition metal surfaces.?*97243 The general trend in
the DFT results in Figure 10 has been verified
experimentally on several bimetallic surfaces by TPD
studies of the desorption of hydrogen.?44~24 Further-
more, it is well established that the general trend
shown in Figure 10 can be extended to the adsorption
strength of many other inorganic and organic mol-
ecules on monometallic and bimetallic surfaces.?40-241
Therefore, establishing a correlation between the
HBE and the d-band center of TMC surfaces would
significantly enhance the understanding and predict-
ability of the chemical properties of TMC surfaces.
The values for the groups 4 and 5 TMC surfaces in
Figure 10 are calculated using the metal-terminated
fce(111) surfaces; the values for the group 6 Mo.C are
obtained using both C- and Mo-terminated sur-
faces.%1-239 The general trend in Figure 10 is that the
d-band center of a TMC shifts away from the Fermi
level as compared to the case of the corresponding
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parent metal surface, which is consistent with the
experimental observation that the TMC surface is
less active than the parent metal. Calculations on
other TMC surfaces, such as the fec(100) and C-
terminated fcc(111) surfaces, are necessary to estab-
lish whether a near linear correlation exists for the
TMC surfaces.

While the results in Figure 10 suggest that the
d-band center shifts away from the Fermi level as
compared to the case of the corresponding parent
metals, it is important to point out this shift in
carbides is more complicated than that in bimetallic
surfaces. This is because the formation of the metal—
carbon bonds often leads to a charge transfer from
metal to carbon. The resulting decrease in the d-band
filling would most likely shift the d-band center
toward, instead of away from, the Fermi level.
Rodriguez and co-workers have suggested the pos-
sible origin for the shift of the d-band center in
carbides.??® They pointed out that the strong interac-
tion with carbon should broaden the d-bandwidth of
the parent metal and therefore shift the d-band
center away from the Fermi level. More systematic
DFT modeling is clearly necessary to achieve a
general correlation of the d-band centers in various
carbide surfaces.

Although the d-band center model offers the po-
tential to correlate the electronic and chemical prop-
erties of TMC surfaces, it is important to point out
that little is understood in this area at present. The
presence of carbon in TMC can induce both electronic
and structural modifications, at least in the following
three effects: (1) The electronic interaction between
the valence states of carbon and the parent metal
modifies the density of states near the Fermi level.
(2) The incorporation of carbon typically increases the
metal—metal distance as compared to that of the
parent metal, which causes a tensile strain in the
metal lattice and should lead to additional modifica-
tion of the metal d-band.?*” (3) The presence of carbon
atoms in or on the surface reduces the number of
surface metal sites available for the adsorption and
subsequent reactions of molecules. All three effects
should lead to modifications of the surface reactivity
of TMCs compared to their parent metal surfaces.
Additional theoretical and experimental studies are
needed to decouple these different effects.

9. Future Research Opportunities

As summarized in the current review, surface
science studies have significantly enhanced the fun-
damental understanding of the intriguing chemical
properties of TMC surfaces. The combined experi-
mental and theoretical investigations have led to
some correlations, although mostly qualitative at
present, between the electronic properties and sur-
face reactivities. The authors firmly believe that TMC
surfaces will provide fruitful and challenging op-
portunities for future surface science studies, in
particular in the following three areas:

(1) As model systems to determine quantitative
correlations between the electronic and chemical
properties. As pointed out in the previous section, the
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formation of carbides on groups 4—6 metals can
modify the electronic and structural properties of the
parent metals, both of which can lead to modified
chemical activities. More concerted experimental
studies and theoretical modeling are needed to de-
couple these effects. Furthermore, these studies
should also lead to a deeper understanding of the
roles of the metal d-band, such as the d-band center,
in controlling the adsorption/reaction of molecules on
TMC surfaces. The results from these studies should
enhance our understanding of the fundamental cor-
relation between electronic and chemical properties
not only for TMC surfaces but also for transition
metals in general.

(2) As examples to bridge the “materials gap”
between single-crystal surfaces and “real world”
catalytic materials. Previous studies have demon-
strated that stoichiometric PVD films!” and metcar
nanoclusters??® can be synthesized relatively easily
and can be utilized as model systems for polycrys-
talline TMC surfaces and supported TMC particles,
respectively. The structural, electronic, and chemical
properties of the PVD films and metcar clusters can
be readily investigated using a battery of experimen-
tal and theoretical surface science techniques. The
fundamental understanding from these studies should
provide a critical link between single-crystal surfaces
and TMC catalysts.

(3) As model surfaces to determine the feasibility
of TMCs as potential catalysts and electrocatalysts.
In addition to the “Pt-like” properties, TMC materials
are attractive catalysts because of their tolerance to
sulfur poisoning?4824 and resistance to coke forma-
tion.250.251 Recent studies using TMCs as catalysts for
steam reforming?4%25 and as electrocatalysts for fuel
cells'” have further renewed these interests. Surface
science studies of carefully chosen probe molecules
will identify whether TMC surfaces possess desirable
reaction pathways over those on unmodified transi-
tion metals. In addition, surface science investiga-
tions of the chemical stability of TMCs, especially
under in-situ conditions, will provide important
insights into the feasibility and experimental condi-
tions for using TMCs as catalysts and electrocata-
lysts. Finally, further studies of the synergistic effect
by depositing submonolayer Pt-group metals on TMC
surfaces®t1%2 will identify the possibility of using
TMCs as catalyst supports for catalytic and electro-
catalytic applications.
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11. Appendix: List of Abbreviations of
Characterization Techniques

AES Auger electron spectroscopy

AFM atomic force microscopy

ARPES angle-resolved photoemission spectroscopy

ARUPS angle-resolved ultraviolet photoelectron
spectroscopy

ARXPS angle-resolved X-ray photoelectron spec-
troscopy

CLPES core-level photoemission spectroscopy

DFT density functional theory

HREELS high-resolution electron energy loss spec-
troscopy

ISS ion scattering spectroscopy

ICISS impact-collision ion scattering spectros-
copy

IRAS (RAIRS) infrared reflection absorption spectroscopy
IR-REMPD infrared resonance-enhanced multiphoton

dissociation

IR-REMPI infrared resonance-enhanced multiphoton
ionization

LEED low-energy electron diffraction

MS mass spectrometry

NEXAFS near-edge X-ray absorption fine structure

(XANES)

RHEED reflection high-energy electron diffraction

STM scanning tunneling microscopy

SXPS soft X-ray photoelectron spectroscopy

THEED transmission high-energy electron diffrac-
tion

TPD temperature-programmed desorption

TOF-MS time-of-flight mass spectrometry

UPS ultraviolet photoelectron spectroscopy

XAS X-ray absorption spectroscopy

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction
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