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Experiments were performed to understand the process of ignition during platinum catalyzed CO oxidation
using sum frequency generation (SFG) vibrational spectroscopy, Auger electron spectroscopy (AES), gas
chromatography (GC), and temperature programmed desorption (TPD). Both CO dissociation and CO oxidation
ignition studies on the (100), stepped (557), and (111) surfaces of platinum are presented. Rapid CO dissociation
on the Pt(100), Pt(557), and Pt(111) occurred in narrow temperature rahi@«{ at 500, 548, and 673 K,
respectively. The CO ignition temperature at a pressure of 40 Torr of CO and 100 Togri@fidver on

Pt(100) than on Pt(111) and Pt(557). Thus, both CO dissociation and the ignition of CO oxidation are structure
sensitive. An in depth study of CO oxidation on Pt(557) was performed on both initially clean and initially
carbon covered platinum surfaces to investigate the role of carbon obtained from CO dissociation in CO
oxidation. Under excess £and excess CO conditions, a clean platinum surface will remain carbon free
below and above ignition. However, a carbon oxide species was formed on initially carbon covered platinum
surfaces once oxygen was added at a high temperature (548 K). This carbon oxide species results in a large
SFG background signal, allowing us to measure the formation and reactivity of this species during oxidation
reactions. The carbon oxide species also formed on initially clean platinum below the ignition temperature
when the Pt crystal was exposed to equal partial pressures of COafth®turnover rates on the carbon
oxide covered platinum surfaces were higher than on the initially clean surfaces below ignition. The ignition
temperature on the carbon covered surface (648 K) was lower than on the clean platinum (700 K) surface at
equal pressures of CO and.QAll of this evidence indicates the surface carbon oxide species is better at
oxidizing CO than platinum under certain pressure and temperature conditions. CO dissociation is an important
step during the onset of ignition, when surface carbon oxidation provides a new exothermic reaction channel
in addition to the Pt surface catalyzed oxidation of molecular CO.

Introduction recognized by the observation of a spontaneous temperature
increasé:? Above the ignition temperature, a new, mass
transport controlled steady state reaction rate is establishéd.

Using platinum wires, Rinnemo and co-workers showed the
ignition temperature is dependent on the CO andp@rtial
pressuré.As the CO/Q ratio increases, the ignition temperature
increases. Ignition temperatures on Pt single crystals range from
500 to 600 K27 Above ignition, the surface is oxygen covered,
and the reaction is mass transport limited by either CO
approaching or C@leaving the surface.

The oxidation of carbon monoxide (CO) on catalyst surfaces
is one of the most studied heterogeneous catalytic reactions.
At certain pressures of CO and,®10°® to 760 Torr), the
reaction proceeds under two different kinetic regimes separated
by an ignition temperature. Below the ignition temperature, the
reaction rate is governed by surface reaction kinétfds. this
regime, the CO oxidation reaction mechanism follows Lang-
muir—Hinshelwood kinetics, and the surface is primarily CO
covered® 10

CO(a)+ O(a)— CO,(Q) CO(g)+ O(a)— CO,(g)

This reaction is positive first order inJ and negative first The rate of reaction above ignition is extremely high with
order in CO pressur®:1! These results agree for both low- turnover rates well above 1000 (molecules/site)/s on Pt single
pressure and high-pressure studies on platinum single crystals.crystals. Su and co-workers found the activation energy to be
The activation energy for this reaction was found to be between 14 kcal/mol on Pt(111) at a pressure of 40 Torr of CO and 100
301012 and 42 kcal/mol. In a narrow temperature range, a Torr of O,7 similar to the activation energy found using
transition occurs where the surface, once both CO and atomicmolecular beams on an oxygen covered Pt(111) surface (11.7
oxygen covered, becomes exclusively oxygen covemdte rate kcal/mol)!® For both CO and @ a positive half-order depen-
of CO, production becomes high, causing a rapid increase in dence in partial pressure was observed under high-pressure
temperature usually called ignition. Ignition occurs when the conditions’
heat losses in the system can no longer keep pace with the In this paper we report on studies of the surface structure
amount of chemical energy evolved by the exothermic surface sensitivity of CO dissociation and ignition temperatures over
reaction21314 Experimentally, the ignition temperature is platinum single crystal surfaces. Sum frequency generation
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(SFG) surface vibrational spectroscopy and Auger electron under most experimental conditions of CO oxidation, resulting
spectroscopy (AES) were used to monitor the effect of exposing in an oxygen covered metal surface.
platinum single crystals to high pressures of CO at high
temperatures. Monitoring the shift of the CO top-site peak by Experimental Section
SFG as a function of temperature allowed us to determine when . . .
Sum Frequency Generation.SFG is a powerful technique

CO dissociation occurs. We define the CO dissociation tem- . - . X .
- ..~ for studying high-pressure catalytic reactions on single crystal
perature as the temperature where we can detect significant

amounts of carbon on our platinum surface using AES. This surfaces because it is surface specific, nondestructive, and highly

temperature coincides with a dramatic change in the CO spectral.senS't'Ve with good spectral resolution. SFG has been described

feature as monitored by SFG. The dissociation of CO at a in detail elsewherés20 so only a brief discussion will be given
pressure of 40 Torr of CO has been studied on three differenthere' D_unr_]g an SFG experlmeqt, two laser beams are over-
crystal faces of platinum: the (100), the stepped (557), and thelappeq in time a_nq space on a single crystal surface. The first
(111) orientation surfaces. Carbon deposition occurs at different gggm 'iSS a;f't)fj enda\tgllzbilrffrzi dn?%riigezu?;?iﬁgwg\?;gﬁow
temperatures depending on the surface structure of the platinumran e between 2 and %m (1000_4(')0 cnt). The visitﬂe
crystals as they are heated at constant CO pressure: 500 K for, g . . o .
the (100) surface orientation of platinum, 548 K for Pt(557), anq I.R beamimlx or;the sufrfaﬁe to drlveﬁn OSC'"a]}'nhg dlpqgla,
and 673 K for Pt(111). Thus, CO dissociation is surface structure znm(;ltﬁllggfrz Cl?er?cr:ieensfa( eari 0 p itons) aEI'Lis sg.;nmoist eea;/i||S| €
sensitive, and its mechanism is related to roughening of the metal q SFG = Ovis T DIR): y

surfaces by platinum carbonyl formation, leading to the Bou- deltjacéed.th lectric diool imation. the intensity of th
douard reaction. nder the electric dipole approximation, the intensity of the

sum frequency signal is proportional to the square of the second-
order nonlinear surface susceptibility( |x?|?). The suscep-

2CO0—~C+CG, tibility is described by

The dramatic decrease of the CO vibrational frequency to 2054 Ag

cm~1 just before dissociation takes place, as detected by SFG, X<2) =AgtS—m——

led us to this conclusion. Z(wm — Wy —iy)
The ignition temperatures for CO oxidation on the three

platinum crystal faces also show structure sensitivity. The | pereay is the nonresonant contributiop,is the line width,
ignition of CO oxidation, when the combustion reaction evolves wo is the resonant vibrational frequency, amgk is the IR

more heat thgn the system can o!isgipate, is correla_ted Withfrequency. The resonant strengths, is proportional to the
carbon deposition from CO dissociation by our experimental mper and orientational average of molecules on the surface

findings. The oxidation of surface carbon to £@presents a g4 the |R and Raman transition moments. As observed in this
new exothermic reaction channel, increasing the amount of equation, whenug is equal tows, @ is maximized and so a

chemical energy evolved by the oxidation reaction. _ surface vibrational spectrum can be obtained by scanmirg
The role of carbon deposited by CO dissociation during through a frequency range of interest.

catalytic CO _OX|dat|on over platinum was |nvest!ga_ted on Pt Bacauseds is proportional to the IR and Raman transition

(557). The discovery of a new SFG signature, indicating the ,oments; the selection rules for both IR and Raman spectros-

presence of both carbon and oxygen on a platinum surface, givescOpy must be obeyed. Hence, media must be both IR and Raman
insight into the role of carbon during combustion. When carbon g tive to generate SFG. Only media lacking inversion symmetry
is deposited on a Pt single crystal during reaction at high i saisfy this requirement, as shown by group theory. Usually,
temperaturesX500 K), it reacts immediately with oxygen to 1k materials are centrosymmetric and do not generate SFG.
produce a surface carbon oxide species. This carbon OXIdE|SOtrOpiC gases and liquids also do not generate SFG. Only at

species increases the level of the SFG background, and thisgytaces or interfaces where the centrosymmetry is broken can
background is dependent on the surface carbon-to-oxygen ratiogrg pe produced. This is the reason SFG is surface specific.

This allows us to detect carbon deposition on an initially carbon 11s. the technique can be used to probe any interface as long

free surface during the oxidation reaction. Carbon cannot be 5q the media the laser beams pass through do not interfere with
detected on the platinum surface when combustion is carried o light.

out at high pressures (4000 Torr) either in excess 0Xygen or 1 yisible and tunable IR laser beams were generated using
in excess CO. The metal surface remains carbon free both belowa Nd:YAG laser to pump a commercial optical parametric

and above the ignition temperature in these CircumStan,CES'generation/amplification (OPG/OPA) system provided by La-
However, both carbon and oxygen are detectable on the platinumsg\/ision, This system utilized the fundamental output of the
surfface_ wh_en itis exposgd to equal partial pressures of CO andy4-vyAG laser of 1064 nm to pump a KTP crystal to generate
O, indicating the formation of a carbon oxide species. a visible beam of 532 nm. This beam was split, with one portion

The ignition temperature on the initially carbon covered Pt- peing sent to the experiment and the second portion being sent
(557) surface is lower than on the clean platinum surface at 1o 5 pair of KTP crystals to generate a beam in the near-IR

equal partial pressures of CO ang ®@his is additional evidence (710-880 nm). This near-IR beam was then difference fre-

that carbon deposition by CO dissociation is an important step quency mixed with a 1064 nm beam through two KTA nonlinear

for the onset of ignition, and the carbon oxide covered platinum crystals, generating a tunable IR beam between 1950 and 4000
surface is a better CO oxidation catalyst than platinum. The -1

rapid gasification of surface carbon The p-polarized IR and visible beams are both spatially and

temporally overlapped on a single crystal mounted in an

C+0,—CG, ultrahigh vacuum (UHV) chamber. The visible beam makes an

angle of 50 with respect to surface normal, whereas the IR

must be the reason for the absence of surface carbon on platinunbeam is at 55with respect to surface normal. The SFG beam
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is sent through a monochromator, and the signal intensity is — ' T '
detected by a photomultiplier tube and integrated by a gated 2100 {\ T ES(ST?,Q i
integrator. I {v\i\ i PU111)
Ultrahigh Vacuum/High-Pressure Reaction Chamber.A 2090 N \\ - 40Torr
UHV system with a base pressure belowk110-2° Torr was il R NG
used to perform the experimeisThe system was equipped ~ 2080 NN N ]
with a rearview retarding field analyzer (RFA) for AES and 5 N\t
low-energy electron diffraction (LEED) studies. A quadrupole z 2070 ¢ 1\ o
mass spectrometer monitored the background gas composition 5 A I
in the system under vacuum. For high-pressure experiments, E 2060 4 ¢ ! CE’ET N I 1
the bell jar was separated from the vacuum pumps, and gases TE e s
were introduced through a manifold system. Through a recir- 2080 F || e Cgﬁ?;zzogggig;&"nd .
culation loop attached to the chamber, the gas composition under o Temperature
high-pressure catalytic conditions could be monitored by gas 2040 oo 200 a0 @0 500 800 -
L Electron Ener?y, ev |

chromatography (GC), allowing us to calculate reaction kinetics.
After a high-pressure experiment, the chamber was pumped
down to UHV. At that time, the surface composition of the _ o
platinum crystal was analyzed using AES and, in certain cases,':'gure 1. Comparison of the adsorbed CO vibrational frequency as a

- ; _function of temperature for Pt(111), Pt(557), and Pt(100) at a pressure
temperature programmed desorption (TPD) studies were per of 40 Torr of CO. The Auger spectrum before and after heating Pt-

formed. _ _ (557) in the presence of 40 Torr of CO is included to show surface
The Pt(557) single crystal used for this study was mounted carbon can be detected after the experiment.

in the UHV chamber. A Pt(557) surface is prepared by cutting )
a platinum single crystal 9°relative to the (111) orienta-  cooled to room temperature, and more SFG scans were acquired.

tion #2223 This prepares a stepped surface with six atom wide For each surface, an irreversible process occurred where the

terraces of (111) orientation and single atom high steps. Prior P€@K position shifted to lower frequency. The chamber was
to each experiment, the single crystal was cleaned by two cyclesduickly evacuated, and AES showed the surface was covered

300 400 500 600 700
Temperature (K)

of argon ion bombardment followed by annealing irx5.0~7 with carbon. .
Torr of oxygen at 1123 K for 2 min. The oxygen was pumped When the Pt(557) was exposed to 40 Torr of CO, a single
out, and the crystal was annealed at a pressure belevt@ CO peak was observed at 2100 ¢mAs the sample was heated,

Torr at 1133 K for 1 min. Once the crystal was shown by AES the CO spectral feature shifted to lower frequencies. This

to be clean, the sample was exposed to high pressures of ccpceurred up to 523 K where the CO peak was observed at 2082
(Scott Specialty 99.99%) and,OThe CO was further purified ~ CM - Once the sample was heated to 548 K, the peak shifted
by flowing it through a liquid nitrogen trap before introducing to 2077 cn! and the intensity of this peak decreased over time.

it to the sample. When catalytic experiments were performed, 1h€ crystal was cooled to 300 K. The post-heating cycle

the chamber acted as a batch reactor. For SFG experimentsieduency of the CO peak was red-shifted to 2087 twhereas

the chamber was equipped with a Gafindow at the end of the fltteql amplitude remained essentially the same as before
an inverted flange to allow the IR light to reach the sample the heating cycle. The chamber was evacuateditd§ ® Torr,

with minimal gas phase absorption. The path length from the @nd an Auger spectrum was acquired. The spectrum was
window to the crystal is approximately 4 cm. To normalize for dominated by carbon, indicating CO decomposed at 548 K on
any gas phase absorbance of the IR beam, an IR cell wasP(557) at a pressure of 40 Torr of CO.

attached to the sample loop to allow for the acquisition of gas | he same experiment was performed on the Pt(111) and Pt-
phase IR transmission spectra of gas mixtures. (100) crystal faces, and CO dissociation was observed in both

Carbon can be deposited on Pt(557) by heating to 548 K in case$* To summarize the results for CO dissociation on the
high-pressure C@ In this work, CO oxidation was performed three single crystal surfaces, Figure 1 shows the frequency as a

on both initially clean and initially carbon covered surfaces. function of temperature for these surfaces. The frequency of

The initially carbon covered surfaces were prepared by heatingthe CO spectral feature decreases until a critical temperature is

the crystal in the desired pressure of CO before introducing O rgachgd _whe_re dis_sociation and carbon_ _deposition occur. (.:O
dissociation is obviously structure sensitive, because the dis-

sociation temperatures for Pt(111), Pt(557), and Pt(100) are 673,
548, and 500 K respectively.

Surface Structure Sensitivity of CO Dissociation on Pt- Surface Structure Sensitivity of CO Oxidation Ignition
(557), Pt(111), and Pt(100)In this section, the results for  with Excess Q on Pt(557), Pt(111), and Pt(100)CO oxidation
experiments that explore the properties of Pt single crystals experiments with excess pressure gf@re performed on the
under high-pressure CO and high temperatures are disctissed. (557), (111), and (100) faces of platinum. Only the results for
The pressure of CO used in these experiments (40 Torr) is thePt(557) will be discussed due to the qualitative similarities
same as that used during the CO oxidation reactions with excessamong all three crystal faces. After the Pt(557) single crystal
oxygen. These high-pressure CO experiments are done to helpurface was cleaned as described above, it was introduced to
understand the interaction of CO with platinum as a function 40 Torr of CO, 100 Torr of @ and 630 Torr of He at 300 K.
of temperature and the mechanism of ignition under oxidation SFG spectra at different temperatures during the experiment are
conditions. After a crystal was cleaned using the procedure shown as a stacked plot in Figure 2. Each spectrum is the
described above, it was exposed to 40 Torr of CO. SFG spectraaverage of three consecutive scans. At 300 K, a single resonance
were acquired at 300 K. The samples were heated sequentiallyis observed centered at 2094 tindue to a saturated coverage
to higher temperatures, and at each temperature SFG scans weref top-site CO. The sample was heated to 473 K, and the CO
obtained and averaged. At a particular temperature for eachpeak red-shifted to 2085 crh The CO peak retained the same
crystal, the SFG spectra evolved with time. The sample was frequency and intensity as the temperature was increased to 623

Results



CO Dissociation on Platinum Crystal Surfaces

[ " Above ignition at 733 K

+ 2085 cm” e, i
LAY
Y 623K ]

®essessesseserse

2085 cm’s* ]

o
o®
...“.-n“"‘“‘."

P

o % 573K ]

:,: = eeeee®

& sseseesseset 2085 cm'; so  "sessesssessres
g \

= r PN b
2 * % 523K
L r m,...u"‘". y

g oeesees 2085 cm"_, '/..\. ®eseccssescses

oo \
- ".....M”,..--' .

0 oo
2094 cm™ £,
'
/

r e 300K]
ccssseseee®’ .
soscee .WM

1 1 1 1 1
1900 1950 2000 2050 2100 2150 2200
Frequency (cm™)

Figure 2. SFG spectra of Pt(557) at a pressure of 40 Torr of CO and
100 Torr of Q as a function of temperature. The CO peak was absent
once ignition was reached, indicating the surface was no longer CO
covered above ignition.
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Figure 3. SFG spectra of Pt(557) before and after CO oxidation at a
pressure of 40 Torr of CO and 100 Torr of,.OChanges in the
vibrational spectra are reversible, indicating the platinum surface is
unchanged by this reaction.

K. The turnover rate for the production of G@t 623 K was
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Figure 4. SFG spectrum of a clean platinum surface at a pressure of
40 Torr of CO is compared to the SFG spectrum of the surface at 300
K after the oxidation reaction at a pressure of 40 Torr of CO and 100
Torr of O,. The oxidation reaction took place on an initially carbon
covered Pt(557) surface. The large SFG background indicates the
surface is carbon oxide covered. The SFG background from a clean
platinum crystal is given as a reference.

TABLE 1: Temperature Ranges (K) for the Onset of Rapid
CO Dissociation and the Transition from Surface Reaction
Controlled Kinetics to Mass Transport Controlled Kinetics
(Ignition)

Pt(100) Pt(557) Pt(111)

CO dissociation temp 500+ 10 550+10 673+10
(40 Torr CO)

oxidation ignition temp 500+ 20 640+20 620+ 20

(40 Torr CO, 100 Torr @)

Even though the SFG spectra were very similar for all three
crystal faces during CO oxidation at these pressure conditions,
the ignition temperature was considerably different for the Pt-
(100) surface as compared with the Pt(111) and Pt(557) surfaces.
Table 1 compares the CO dissociation and the CO oxidation
ignition temperatures for the three surfaces. As evident from
the table, a similar trend for the structure sensitivity of both
CO dissociation and ignition is observed. Both ignition and CO
dissociation occur at a higher temperature for the (111) surface
than Pt(100). The CO ignition temperature for Pt(111) and Pt-
(557) are very similar to each other within experimental error,

20 (molecules/site)/s. Once the sample was heated to the ignitionindicating CO oxidation occurs mainly on the (111) terraces.

temperature, 64@ 20 K, the temperature jumped to 723 K. This agrees with other studies, which indicated the (111) terrace
The turnover rate was calculated to be 1400 (molecules/site)/s,sites are more important for CO oxidation than step $it8g°
and the SFG spectrum was featureless. If the sample was cooled To determine how carbon affects the reaction under excess
below the ignition point, the reaction was quenched and the O,, a carbon covered Pt(557) surface was prepared as described
CO resonant peak recovered to the same frequency and intensitybove, and the reaction was performed. As soon as 100 Torr of
observed before ignition, as shown in Figure 3. O, was added at 548 K, any residual CO peak disappeared,
For all three surfaces, the qualitative features of the SFG and the SFG background increased significantly. The implication
spectra are essentially the same. Below the ignition temperature of this large background will be discussed below. Once the
the CO peak slowly shifts as a function of temperature until ignition temperature was reached (640 K), the background
the ignition temperature is reached. At the ignition temperature, increased as a function of temperature and did not decrease as
the crystal temperature increases rapidly, and the CO peakthe sample was cooled back to room temperature. The CO peak
decreases rapidly. Once above the ignition temperature, nodoes not recover when the sample is cooled to room temperature
spectral feature is observed for these pressure conditions.  under these pressure conditions, as shown in Figure 4. The
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Figure 6. SFG spectra of Pt(557) at a pressure of 100 Torr of CO and
1000 5.0 40 Torr of G as a function of temperature. The CO top site peak red-
B - T T - T T T 1T
L shifted in frequency as the temperature was raised. No distinct ignition
950 das temperature is seen in this case. Instead, a smooth change in temperature
L Temperature T is observed at all temperatures. Thus, the system was able to change
900 - e 3 from surface reaction controlled kinetics to mass transport controlled
L 140 5 kinetics without experiencing the instability associated with ignition.
850 < g
< r SFG background 135 g. reaction reveals both a large carbon peak and a large oxygen
g 800F at 2075 cm” ] 0B peak. Thus, the SFG background originates from an oxidized
JCp— 17 ¢ carbon species.
OEOJ- : Jos CO Oxidation with Excess CO on Pt(557) After the Pt-
o 700 | (557) crystal was determined by AES to be clean, 100 Torr of
T 120 CO, 40 Torr of Q, and 630 Torr of He were introduced to the
0 ] chamber. At 300 K, a single SFG peak at 2100-¢rwas
Igniti
600 L gnition 40Torr €O, 100 Tor0, 7 18 observed. The crystal was heated gradually.to 1023 K. As the
L 1 crystal was heated, the SFG peak slowly shifted to 2040'cm
170 J S S S N I R — 1.0 at 1048 K, as shown in Figure 6. Detectable {oduction
0 5 w0 1 20 25 30 began at 673 K, although the turnover rate did not become high
Time (990 (molecules/site)/s) until 723 K. The crystal was allowed
Figure 5. Temperature profile and SFG signal as a function of time to cool, and the post-reaction SFG spectrum was identical to
for Pt(557) at a pressure of 40 Torr of CO and 100 Torr of The the pre-reaction spectrum. As previously reported, the ignition

temperature and SFG signal were monitored as the crystal temperaturetemperature is dependent on the CO tor@io5 As the ratio

mzsé%szgéok tcviégmt(;%ﬂ;?&pza%geé (g\n)n%?e'qgﬁ&fﬁﬁpepé?t'&gm’ increases, the ignition temperature increases. No distinct ignition

crystal was slowly ramped to the ignition temperature as we monitored temperature is seen in the excess CO case. Instead, a smooth
the CO top site peak at 2085 cinOnce the ignition temperature was ~ change in temperature is observed at all temperatures. Thus,
reached, the intensity of the CO peak immediately decreased. As thethe system was able to change from surface reaction controlled

temperature of the crystal was cooled below the ignition temperature, kinetics to mass transport controlled kinetics without experienc-
the intensity of the CO peak immediately recovered. The SFG ing the instability associated with ignitidn.

background did not change during the experiment, indicating the L
platinum surface remained clean. (B) On initially carbon covered —CO oxidation under excess CO was also performed on an

platinum' the SFG background was monitored at 2075 cithe SFG initiaIIy carbon covered platinum surface by first heating the
background increased as ignition occurred, indicating the presence ofPt(557) single crystal in 100 Torr of CO at 573 K. After 20
carbon oxide on the platinum surface under these reaction conditions.min of heating, 40 Torr of @ and 630 Torr of He were
introduced into the chamber. Immediately, any residual CO peak
turnover rates below (548 K) and above ignition (723 K) were vanished, and the SFG background increased substantially. The
20 and 1280 (molecules/site)/s, respectively. Figure 5 shows SFG background was monitored as a function of temperature,
the temperature and SFG intensity traces as a function of timeas shown in Figure 7. A high turnover rate for £@oduction
for both the initially clean (A) and initially carbon covered (B)  began at 673 K, 50 deg lower than observed on the initially
surface under excess>OAs shown in (A), the CO peak clean surface. As the sample temperature was increased to 723
disappears immediately upon ignition and no change in the SFGK, the SFG background increased substantially. A small SFG
background is observed. On an initially carbon covered surface peak at 2070 cm was also observed in addition to the large
(B), the SFG background increases dramatically upon ignition background at 723 K. With a continuing increase of the
and stays large as the reaction proceeds. temperature above 723 K, the SFG background began to
Auger spectra of both the initially clean and initially carbon decrease, and the small peak decreased in frequency as well.
covered platinum surfaces were acquired after CO oxidation. By 1023 K, the SFG spectrum was flat without any features or
The spectrum of the initially clean surface after CO oxidation large background. The spectrum at 300 K after the crystal was
revealed a small carbon peak in addition to the platinum peaks. heated to 1023 K is very similar to the spectrum at 300 K before
This is attributed to electron beam dissociation of CO. The dissociating CO, which indicates the surface is free of the carbon
spectrum of the initially carbon covered platinum surface after oxide species.
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Figure 7. SFG spectra of an initially carbon covered Pt(557) surface at a pressure of 100 Torr of CO and 40 TLoA t#fr@e SFG background,
due to carbon oxide on the surface, was seen at temperatures as low as 573 K. As the surface was heated, the SFG background intensity went
through a maximum at 723 K. The SFG background intensity then decreased as the temperature was raised even further. At 1023 K, we observed
a flat, featureless spectrum very similar to the spectrum of clean platinum (shown in Figure 4). This indicates the carbon oxide species responsible
for the large SFG background can be removed from the surface at high enough temperatures at these reaction conditions.

7000 ———F———F———T——T——T——T—— T and SFG intensity traces as a function of time for both the
| initially clean (A) and initially carbon covered (B) surfaces. The

— | temperature was ramped linearly and no sudden jump to indicate
/ ignition occurred. On the initially clean surface (A), the spectral
feature decreases in intensity linearly (although peak position
does red-shift) and no appreciable change in the background is
observed. The initially carbon covered surface (B) shows the
= background reaches a maximum around 723 K and then
decreases until the background is negligible around 1023 K,
indicating the surface is free of the carbon oxide species.

CO Oxidation with Equal Pressures of CO and G on Pt-

(557).The Pt(557) crystal was cleaned as described above and
/O/ introduced to 70 Torr of CO, 70 Torr of Dand 630 Torr of
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He at 300 K. The sample was gradually heated to just below
1000~ o o § the ignition temperature. Interestingly, the SFG background
L L L) began to increase around 623 K, unlike the other two pressure
650 700 750 800 850 900 950 1000 1050 regimes where the SFG background does not increase under
Temperature (K) oxidation conditions for an initially clean crystal. As the sample
Figure 8. Comparison of the turnover rates for both initially clean is heated higher, the background increases. As stated previously,
and initially carbon covered Pt(557) as a function of temperature at a thq background is due to a carbon oxide species on the surface.
pressure of 100 Torr of CO and 40 Torr of.OThe carbon oxide Because carbon was not deposited before the reaction began,

covered Pt surface had a higher turnover rate at low temperatures, - . . e o
indicating the carbon oxide covered Pt surface is a better CO oxidation CO IS actually dissociating under these oxidizing conditions.

catalyst than the initially clean Pt surface at these pressures and atThe reaction rate at 673 K, which is below the ignition
temperatures below 873 K. temperature for these conditions, is 900 (molecules/site)/s. The

Figure 8 compares the turnover rates versus temperature forignition temperature was 700 K, and upon ignition the temper-
the initially clean and initially carbon covered platinum surfaces ature increased to 790 K. The turnover rate at 790 K was 4300
under excess CO. The turnover rate on the initially carbon (molecules/site)/s. After the reaction, the sample was cooled,
covered surface is much higher at low temperatures than onand the SFG spectrum revealed an irreversible change happened
the initially clean surface. Around 873 K, the turnover rates during reaction (Figure 10). The peak position for both spectra
become essentially the same. The rates converge for the twads 2100 cnt?, although CO is adsorbed on a modified platinum
different surfaces when the SFG background decreases for thesurface after ignition. The modified surface has a carbon oxide
initially carbon covered surface, indicating any residual carbon species coadsorbed with CO, which explains the increased
oxide is being gasified away. Figure 9 shows the temperature background.

Turnover Rate (molecules/site/sec)
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' Figure 10. SFG spectra of Pt(557) at a pressure of 70 Torr of CO and
70 Torr of G, before and after reaction. Although the frequency of the
900 - 420 ¢, top site CO peak is the same in both spectra, the peak is superimposed
g 8 upon a large SFG background in the post-reaction spectrum. This
o - indicates the platinum surface was modified during the oxidation
2 800 | 4156 @ reaction and now contains a carbon oxide species.
© >
g ﬁ (molecules/site)/s. Because the SFG background was still
§ 700 | d10® considerable, the carbon was not oxidized away as in the case
= £ with excess CO. Figure 11 shows the temperature and SFG
1 intensity traces as a function of time for both the initially clean
60| SFG background o5 (11A) and initially carbon covered (11B) surfaces. On the
= at2175 cm | initially clean surface, the background is observed to increase
1 1 1 1 . as a function of temperature and reaches a maximum shortly
500 1 L L L n 00 . e . . .
0 20 20 50 30 100 gfte'tr. ignition. Also, the CO peak disappears immediately upon
ignition.
Time g

Increased SFG Background Signal from a Carbon and
Figure 9. Temperature and SFG signal as a function of time for Pt- Oxygen Containing Surface Speciesn addition to SFG signal
(557) at a pressure of 100 Torr of CO and 40 Torr of @) On an enhancement when the IR beam is at the same frequency as a
initially clean surface, the temperature is ramped linearly, and we do . .
not observe a distinct ignition temperature. The CO peak decreases’iPrational mode, there can also be SFG enhancement when
linearly, and the SFG background remains negligible, indicating carbon the Vvisible beam is near an electronic resonance of a surface
deposition is not occurring under these conditions. (B) On an initially species. If this is the case, the SFG background increases and
carbon covered surface, a distinct ignition temperature is not observed.js considerably higher than the normal SFG nonresonant
The SFG background reaches a maximum at 723 K before decrc_aasingbackground_ In this study, under certain conditions, the SFG
At 1023 K, the SFG background resembles that of clean platinum, ,, -\ oround was found to increase. To determine the cause of
indicating the carbon oxide surface species gasifies above 723 K. . .

this background, control experiments were performed.

The same pressures of CO angWere also explored on an The sample was heated in pure CO or purg t® high
initially carbon covered Pt(557) crystal. After the crystal was temperatures to determine whether either one of these species
cleaned, 70 Torr of CO was introduced into the chamber, and was responsible for the observed background. When the Pt-
the sample was heated to 573 K. After 20 min, 70 Torr f O (557) crystal was heated in high pressures of CO, CO dissociated
was added along with 630 Torr of He. Immediately, any residual and deposited carbidic carbon, as determined by AERhe
CO peak disappeared and the SFG background increased. Aaddition of this carbon species did not contribute to the SFG
623 K, below the ignition temperature, the turnover rate was background, as seen in previous studies. When a clean prepared
800 (molecules/site)/s. This rate is substantially higher than thatplatinum surface is heated in a high pressure gftbe SFG
observed on the initially clean Pt surface under the same background remains at the same level as the nonresonant
conditions at 623 K. The sample was gradually heated and background for clean platinum. AES reveals a clean platinum
ignition was observed at 648 K. This ignition at 648 K is 50 surface, and no evidence of atomic oxygen on the surface is
deg lower than that observed for the initially clean crystal. The observed in the spectrum. This result is expected because
SFG background increased as a function of temperature belowplatinum does not easily oxidize under these conditions, unlike
ignition but did not increase appreciably after ignition, indicating other transition metals.
the relative concentrations of carbon and oxygen on the surface Because the SFG background increased in the presence of
were not changing. Above ignition, at 790 K, the rate was 4400 both CO and @ an experiment was performed where the sample
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Figure 11. Temperature and SFG signal as a function of time for Pt- : I 1

(557) at a pressure of 70 Torr of CO and 70 Torr ef The temperature 25| i

and SFG signal were monitored as the crystal temperature was raised

to the ignition temperature. (A) On an initially clean surface, a sharp I . 1

jump in temperature is observed at 700 K, and the CO peak immediately 20k i

decreased. The SFG background is observed to increase beginning at

573 K and reaches a maximum just after ignition. This indicates carbon ¢ I 1

is being deposited under oxidation conditions and a carbon/oxygen 151 i

species is being formed. (B) On an initially carbon covered surface, §

the ignition temperature was observed at 648 K, 50 deg lower than on I

the clean Pt surface under these conditions. 10l i

was heated first in 40 Torr of CO to deposit carbon onto the I 1

surface. Once the carbon was deposited, the system was 05 -

evacuated. AES revealed a carbon covered platinum surface. | ]
1 1 1 1 1 1

The carbon covered surface was then titrated witk 8077

Torr of O, as a function of temperature starting at 300 K. After 0o oz o8 12 16 20 22

being heated at various temperatures, the crystal was cooled Oxygen/Carbon Auger Ratio

and three SFG spectra were acquired and averaged. Figure 124Acgyre 12. (A) Change in SFG spectra from an initially carbon covered
shows the absolute intensity SFG spectra of Pt(557) underpt(557) surface as the crystal was heated in 507 Torr of O,. The
vacuum after titration in @ and Figure 12B shows the SFG background increased as the temperature was increased, indicating
corresponding Auger spectra. It is important to note that Figure We were forming a carbon oxide species on the surface. Please note
12A is not a stacked plot. There is a direct correlation between this is an absolute intensity plot and not a stacked plot. (B) Auger spectra

. - of carbon covered Pt(557) as a function of temperature as it was heated
the intensity of the SFG background and Auger oxygen-to- in 5 x 107 Torr of Oy. (C) SFG background at 2140 chplotted

carbon ratio, as shown in Figure 12C. Clearly, as the O/C ratio 4gainst the corresponding oxygen to carbon Auger peak ratio. The
increases, the SFG background increases. The species givingntensity of the SFG background was found to increase as the oxygen/
rise to the large SFG background is an oxidized carbon species.carbon Auger peak ratio increased.

SFG Background Signal at 2140 cm™
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Various carbon oxides exist on activated carbon. These
species have been characterized using diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) and TPD experi-
ments?’~2° Depending on the surface preparation, different Oxvoe
. . . Xygen
oxide species of carbon can form. A TPD experiment was -’
performed on the carbon oxide species found on Pt(557). CO o Platinum
Carbon

and CQ were monitored by mass spectrometry as a function
of temperature to determine the decomposition temperature of
this unknown species. Both CO and £&volved between 1000  Figure 13. Proposed structure for carboxylic anhydride on the
and 1100 K with similar pressures, indicating a single type of surfaceX’ This species is thought to be responsible for the large SFG
species was decomposing. Because the pressures were Sim”aRackground seen under certain pressure and temperature conditions.
the carbon oxide is likely a carboxylic anhydride species

(—(CO)O(CO)-). the intensity of the SFG background. The rate ob,@@duction
through the reaction of CO and oxygen on the carboxylic
Discussion anhydride covered platinum surface is faster than the rate of

production of CQ from the reaction of adsorbed CO and O on

Both CO dissociation and CO oxidation ignition are structure platinum.
sensitive?* Pt(100) showed the lowest dissociation and ignition  Once above 723 K, the SFG background begins to decrease
temperatures (500 K), whereas Pt(111) exhibited the highestas a function of temperature, indicating the carboxylic anhydride
dissociation and ignition temperatures@20 K). Thus, CO  species is gasifying at these temperatures. By 900 K, the
dissociation is an important step for ignition. background is essentially gone, and the rate is the same as

Much is known about the rates of CO oxidation above and observed on an initially clean Pt(557) surface, indicating the
below ignition, but what remains unclear is the mechanism surface carbon oxide was completely gasified. At these tem-
causing the sudden transition from a CO and O covered surfaceperatures, the reaction kinetics are mass transport controlled.
to an atomic oxygen covered surface. One explanation describes \When CO oxidation was performed at equal pressures of CO
the ignition as the point where CO coverage decreases below aand Q, we found evidence for CO dissociation on an initially
critical coverage, no longer inhibiting oxygen adsorptidn. clean Pt surface under oxidation conditions. Also, the ignition
this view, the CO coverage can decrease either by desorptiontemperature in this pressure regime is 50 deg lower for the
or reaction. Using molecular beams on Pd(110), Bowker and initially carbon covered Pt surface than the initially clean
co-workers showed a surface under CO oxidation conditions is surface. CO dissociation is an important mechanistic step for

already covered with oxygen to about one-fourth of the the ignition of CO oxidation, as supported by the above
saturation value even below ignitiérignition would only occur evidence.
when the CO coverage decreased to below 0.4 monolayer. Carbon and Oxygen Surface SpeciedVhen CO is dissoci-

In addition to this observation about the onset of ignition, ated, carbidic carbon islands are formed on the surface. When
CO dissociation induced carbon deposition must also contributethe initially carbon covered platinum surface is heated in the
to the decrease in CO coverage at the ignition temperature. Thepresence of @ the carbon islands become terminated with
ignition temperature trend for CO oxidation on the three oxygen, which give rise to the SFG background and also allow
platinum crystal faces correlates with the CO dissociation oxygen detection in the Auger spectrum. The background is
temperature trend. The ignition of CO oxidation is controlled due to an electronic resonance of the 532 nm beam with the
by carbon deposition from CO dissociation and is surface carbon oxide species, and the size of the carbon islands will
structure sensitive. determine the amount of oxygen observed in the Auger

Effect of Surface Carbon on CO Oxidation and Ignition. spectrum. The intensity of the SFG background is also depend-
CO oxidation experiments were performed and turnover rates ent on the concentration of carbon and oxygen on the surface.
were measured on both initially clean and initially carbon As the carbon-to-oxygen ratio decreases, the SFG background
covered Pt(557) above and below the ignition temperature. Theincreases.

reaction on an initially clean Pt surface under excess@ell- Activated carbon is a common support used in catalysis. There
known. On the basis of previous studies, the reaction follows have been many studies on activated carbon surf&c®3iNhen
Langmuir-Hinshelwood kinetics below ignition, and G activated carbon is introduced to oxidizing conditions, it

produced by the reaction of adsorbed CO and adsorbed atomithecomes oxygen terminated, and many techniques have been
oxygen>619Above ignition, mass transport kinetics control the used to identify the types of carbon oxide species. One such
reaction}213 technique is TPD. Otake and co-workers oxidized an active

When CO oxidation is performed on an initially carbon carbon either by heating in air or by exposing the carbon to
covered Pt(557) surface under excess oxygen, the reactionconcentrated nitric aciéf. When the carbon was heated in air,
kinetics are the same as those on the initially clean Pt(557) sur-they found the surface began to oxidize significantly at 573 K,
face. However, the SFG background increases under theseand upon further heating, the amount of oxidation became much
reaction conditions. This large SFG background is due to a sur- more considerable. These temperatures are similar to those used
face carbon oxide species. On the basis of our kinetic data, thisin this study where the large SFG background is observed to
species is as active for,@issociation as the initially clean Pt.  grow under oxidizing conditions.

When the reaction was performed on an initially carbon  Once the carbon was oxidized, Otake and co-workers
covered Pt(557) surface under excess CO, the rate of CO performed TPD experiments on the syst&€rithe amounts of
production below ignition is significantly higher than on an CO and CQand temperatures at which they are evolved classify
initially clean platinum surface. The surface oxide species, the oxide species present on the surface. They observed two
believed to be carboxylic anhydride (Figure 13), appears to be CO peaks at 900 and 1175 K. One £g2ak at 900 K was also
better at oxidizing CO than an initially clean Pt surface. The observed. Otake and co-workers determined this surface oxide
amount of the carbon oxide surface species is proportional to to be carboxylic anhydride. When this species decomposes, both
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CO and CQevolve simultaneously in equal concentrations. The surface than the initially clean platinum surface. Hence, CO
900 K temperature is very similar to the temperature of CO dissociation is important for ignition. The oxidation of surface
and CQ evolution in our TPD experiments and also of the carbon increases the amount of chemical energy evolved by
gasification of the carbon oxide species under oxidation the system, resulting in a decrease in the ignition temperature.
conditions during catalytic experiments. The concentrations of  This observed carbon oxide species could be important in
CO and CQ evolved in our experiments are essentially equal. other oxidation processes such as methane oxidation. The
Thus, an important carbon oxide species on the Pt surface mustoncentration of this species is dependent on temperature,
be carboxylic anhydride. making it possible to control the amount of this species on the

The electronic resonance with the 532 nm beam may be duesurface. Further experiments will be performed to gain a better
to a metal complex involving platinum atoms and the anhydride understanding of this carbon oxide species. Experiments and
species similar to what is seen for-d transitions in organo-  calculations will be used to assign the electronic SFG resonance
metallic cluster$® Calculations modeling the system are cur- observed during the SFG experiments. A study correlating the
rently being performed and will be published at a later date. intensity of the SFG background and the concentration of carbon
After the carbidic carbon has been deposited through the and oxygen will also be performed using AES, so reaction
dissociation of CO, carbon islands are formed. When these kinetics can be related to the concentration of carbon and oxygen
carbon islands are exposed te @ear 600 K, the carboxylic ~ during reaction. This could greatly help us to understand the
anhydride species forms from the reaction of surface oxygen nature of combustion reactions.
and carbon.
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