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ABSTRACT

Réaction of molecular oxygen as a modulated molecular beam
with the basal plane df pytolytic‘graphite was investigated.

The graphite surface participated in the reaction in an
unusuai fashion. Oxidation tends to create a highly reactive
surface while thermal annealing tends to deactivate the surface.
The iﬁbalance of theéé two competiﬁg processes results in slow
cﬂanges in surface reactivity during the course of an expériment,
which 1s manifest as hysteresis in the rafe of €O production.

The surfacé chemical reaction occurs on a much smaller time scale_
than the processes responsible for hysteresis. The data indicate
that a two-branch, two-site mech;nism explains both the hysteresis
and the surface chemistiy. Surface migration of adsorbed oxygen

is shown to be a step in the production of CO. Carbon dioxide was
bérely detectible; 1its prﬁduction rate was two orders of magnitude

smaller than that of carbon monoxide at all'tempe:atures.
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I. INTRODUCTION

A modulated molecular beam technique has been used to study
the low pressure, high temperature oxidation of the basal plane
surface of'pyrdlytic gfaphite. The primary products of the
reaction (CO and CO ) were monitored mass epectrometrically using
the phase lock detection technique described in Part I of this
series.1 Independent control of the reactant gas temperature
and piessure.‘surface temperature, and modulation frequency of
the reactant oxygen beam enabled us to p:obé the aurfaqe
processes 1in gfeater detail than would have been possible by the
conventional techniques of heterogeneous kihetics;

As early as 1915, the first attempt to elucidate the mech-

anism of the oxidation of carbon was made by Langmiur.z Since then,

.

"many studies of the kinetics of this_reaction have appeared in

the literature.3-10 The practical interest in the carbon-oxygen

system stems from the refractory nature of carbon, which makes it
well suited for devices that are subjecfed to high temperatures
and corrosive environmeﬁts. Oﬁr purpose, however, is to under-
stand the mechanism of the oxygen-graphite re#ction.

With growing interest in working with well-characterized
specimens,.oxidation has beeﬁ studied using natutrally occuring
graphite single crystéls. Such'crystals; although too small for

burning to yield gross dimensional changes, are ideal for micro-
11-14

"scopic examination. Thus, studies of the surface morphology

- changes accompanying oxidation have indicated that sites of

preferred attack can often be ideutified.ls Obgervations of the

growth of‘orienied etch pits have been used.to estimate the rates



of oxidation in diffgteﬁt_crystallographic directions and to

speculate on the nature of the elementat& steps involved 1in

the oxidation,proceds;l6

II. EXPERIMENTAL

The experimental gpéaratus, target'pfeparétion, de;ection
technique, signal proce#aing, and thg method of relating reacfion
models‘tq‘the measured app#rent téhction probabilities and
reaction pﬁasé lagézwasvdeécfibed in Part I'of this'series;

Ultia high pdrity bxygen gas was used in the o#idation
studies. fhe manufacturet-aupplied?analyaie of this gas 1is
shown in Table 1. The 4 pph krypton specifigation was verified

- by the mass'spectrometer in our reaction system.

III. RESULTS

‘A, Amplitude Hysteresis
The apparent reacfion probability for CO (thé most
prominent product) for aﬁ oxfgeh beam intensity of 3.4x10 %mote-
cules/cmz-seé modulated at ;6sz is plotted in Fig. 1. The data
exhibit hysteresis behavior‘similar to that observed by other

3

investigators. Upon continuously increasing target temperature,

the apparent re@dtion'probability rises from the noise at
T_=1030°K gnd attains a maiimum value of nearly 0.0l at T°=1450°K.
From this point to the highést temperature, 1800°K, the feactivity
slowly decreases.. Upon retracing the temperature path beginning |
from pointAq in Fig. 1, the'apparent'reaction p:obésility follows

the lower curve (CDA). The two lega’of the 1oop,appeér to join

/
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each other at temperaterea <v1150°K, although ehe loss of
feactivity is very drastic in thia.region and hysteresis would
noé.have been easily observable. We were not abie to "close"
the hysteresis loop at the high tempefaturevend; the segment

CD never retraced the upper. portion CB for any meaauraﬁle temp-
erature sﬁan.

While the reaction probability measurements shown in Fig. 1

were obtained, the CO reaction phase lag was also recorded

(Fig. 2). The most striking feature of this plof is the complete

absence of hysteresis on temperature cycling. We are thus

dealing with a case of "amplitude hysteresis" only.

In addition to the presence of hysteresis in the amplitude

but not in the phase, these two measured quentitiee showed

“another significant difference. The experimehts such as those .

reproduced in Figs. 1 and 2 were repeated a total of four times,
upon different days. The phage measurements for each.run fell
among the points shown on Fig. 2. The reaction probability
measurements, however, differed quite a bit ffom one experiment
to another. The best lines through the ¢ data points for the

co
four identical experiments (of which the data of Fig. 1 is one)

are shown in Fig. 3. The difference between the various curves

is well~bey6nd experimental precision. The shape and location
of the amplitude hysteresis loops appeared to depend uponbhow
long it took to do the experiment. None of the CO signal

. ’ ) ' .
amplitude points was very stable ~ they appeared to be drifting

slowly with time. The pheee angles, however, were quite stable.



All four experiments were performed on thé same pyrolytic
graphite target. |
Two experiments were performed to further explore the

phenoﬁenon.of amplitude hysteresis.

(1) The Annealing Experiment

. With the oxygen beam on at allktimes, a sampié'was
" brought from low ;emperature up to TB-1450°K (near the'ﬁeak
'point B in Fig. 1). Ali expetimenﬁal parameters were then held
-constant ahd the beha§ior.of the CO signallamplitude'with timé
was observed. It was found that the signal slowly decreased :
from point B toward point D, where it stOpbed; The decay of
the CO signal is approximately exponential in time and the data
plotted on Fig. 4 permitted a mean life of 40 min. to be deducedw'
Iﬁ two mean lives, the CO signal decay is 872 complete. in
this interval, 5x1017 carbdn atoms/cmz, or 125 basal plane layers,
were removed. This burn-off corresponds to removal of "9xlO-7 gm-.
atoms C/cmz, which compares favorably with tﬁe value of 3::].0“7 gm-
atoms C/cm2 obtained by Duval3 for the removal of super-reactivity
in his samples. |

From this experiment, we conclude that: (a) the process
responsible for the obsefved amplitude hysteresis is sluggish
comPateq to the time scéle of the surface reactions, which must
occur on the time scale of the beam modulation to be .observable
by the ac ﬁhase-senéitive detection method. The modulation
times are'typicaliy 100 msec, which 18 four orders of magnitude

smaller than the chatacteris;ic time of surfacé reactivity

chamge. (b) The lower curve in Fig. 1 corresponds to the .



"stationary" state; the upper portion of the loop represents a

temporary state of super-reactivity.

(2) Tﬁé Activation Exggr1ment
_ The second experiment was begun with a sample under-

going reécﬁion on the lower branch.of the hysteresis loop (say
between poinﬁs C and D in Fig. 1). The temperature was reduced to
Ts=1125°K (dpprdximately where the branches of the hysteresis loop
join) and held at this temperature for different amounts of time
under two conditions: - (a) reactant beam on and (b) reactant beam
off. After 'this "cooking" period, the temperature was returned to
Ts=l450°K (points B or D in Fig. 1) and the CO signal was measured.

The results of the experiment just described are shown in
Fig., 5. The times in parentheses indicate the "cooking" time at
- 1125°K. If the beam was off during cooking,.return
from the low temperature to 1450°K followed the lower branch of the
hysteresis lbop; when fhe oxygen beam was on. during the cooking
‘interval, the oxidation raté at 1450°K was in the vicinity of the
upper“branch of the hysteresis loop. Moreover, the CO signal at
1450°K was higher the longer the sample wés cqoked in oxygen at the
low temperature. From these observations we conclude that the
oxidation process itself causes the réactivity of the surface to
increase.

The hysteresis in amplitude is believed to be a manifestation
of slow variations in the reactivity of the graphite surface,
which is driven in opposite directions by two phenomena: (1) The
oxidation pfocess. whfch produces a redctiye surface and (2) thermal

'

annealing, which deactivates the surface. At low temp-



eratures”(rqughly to the right of the ?éak at B in Fig. 1),
thermal annealing is very sloﬁ, but the reaction rate is appreciable;
the surface tends to Becoﬁe,acﬁivated by'oxidétion in this‘regioq.
At higherlﬁemperatureq (to the left of point B), therﬁal anngaling
begins to compete successfuliy with oxidative activation of the
surface, and it is possible to slowly anneai out the excess
reactivity introduced at 1ow temperatures., - At very high téﬁp-
eratures (which our experiment could not reach) hysteresis would
'be expected to disafpear'£ecause thermal proceesen alone would
control the activity of the surface.

Qualitatively, the amplitude hysteresis ioop of Fig. 1
arises ffom the following sequence of events: as the target
temperature is raised from point A, the oxidation process generates‘
reactivity at a rate which the still slow thermal annealing
processes are unable to destroy. Consequently, the surface
beéomes excessively reactivg as the tehperaiu:e is raised from
A to B, the extent of the excess reactivity depending upon the
time spent going from A to B and the oxygen beam intensity.
The reaction pfobability levels off at B primérily_because the

production of CO ib_limitéd by the rate of arrival of 0, at the.

2
surface (i)e., all of the oxygen which "s:icks" on the surface
reacts). This phenomenon would normally result in a plateau‘

of constéht reaction probability over a substantial temperature
range (asvin the casélof Hz dissociation on a metall7). However,
the plateaﬁ does not occﬁr in the present case becauée, in

addition to arrival-limited reaction, the surface reactivity

decreases due to the onset of appreciahle thermal annealing



. between points B and C.

" In the return path CDA, excess reactivity is not present.

As noted above, excess reactivity is produced only at low temp-

‘eratures, and its effect has been largely destroyed by the high

temperature annealing which occurs while the sample is at point

C. Thus, the return path from C to D is one of "normal" reactivity,
but excess reactivity is generatéd dﬁring the temperature descent
from D to A, Tﬂus, excess reactivity may be gener&ted'either during

cooling from D to A or while heating from A to B. The hysteresis

"loops for apparently identical experiments are different (see Fig.

3) because the time spent at various points'of the cycle was not

controlled, and undoubtedly differed from one experiment to anpcher.
We have not yetlgescribed what the rather imprecise term

"reactivity" means. We postpone tﬁis discussion until later, but

at this time indicate that we believe it pertains to the nature

of the-gr#phite surface proper, probably in its content of point

defects or kinks and ledges but perhaps also its roughness. 1In

these experiments, it 1s'c1ear that the surface participates in

the overall reaction in a much more complex fﬁshion than passively

supplying the atoms to make product molecules; Fortunately, the

reéponae of the surface is much more sluggish than the speed of

the chemical reaction, so that sepafation of the two effects 13.

possible. - |

B. Effect of Beaﬁ'rnfensity

The variation of the CO signal amplitude with beam

intensity (equivalent oxygen pressure at the surface)



‘was determined at several temperntureé in the _

range 103041800°K. The resu1té are shown in Fig. 6, where CO
‘'signal and o#ygen beam intensity are'plottéd on logarithmic
scales, The signal amplitudé has beeﬁ arbitrarily scaled and
the data at each surface témperature have been placed conven-
iently above each other in proceeding to higher temperatures.
If the otherwise useful apparent réactidn ptobabiii;y, €co?
had been plotted; the upper curves would have been'akaardly

intertwined because of the maximum in the € -Ts plot of Fig. 1.

Cco
The slope of the curves drawn through the data (which will"

be discussed later) gives the effective order of the reaction

with respect to oxygen pressure. At high temperatures (R1200°K),

a first order reactiog i8 observed, but as the temperature is
reduced, the reaction begins to obey progreﬁaively lower order
kinetics. The low temperature kinetics are not of the simple
power-law type, however, since thé(lineﬁ of Fig. 6 are diatinctly
curved. The_#pparent order of the reaction atvtbe lowest temp-
erature studied is less than one half. Pressure hystereéia; as
deécribedvby Duval? was not observed.

C. Effect of Beam Temperature

The feaction rate was measured as a function of tﬁe
temperature of the incident beam. Thé Arrhenius plot of the CO
signal versus beam temperature in Fig. 7 shows essentially
zero slope at both surface temperatures investigated. Assuming
that a beam molecule makes only one collision with the surface
vbeforexreacting or scattering, these results suggeet that the

kineticsvof the surface reaction are independent of the thermo~



dynamic state of the reactant gas. The surface processes

do not depend upon the translational energy of the incident 02
/ : '

molecules or the proportion which are in excited rotational or

vibrational states.

D. Frequency Scan

with

Figs. 8 and 9 show the variation of ¢CO and €co

frequency at Ts=1305°K.

The reaction phase lag (Fig. 8) is seen tb vary slowly with
the modulation frequency. This'observation is of‘central importance
'in determining a reaction mechanism, for it demonstrates that
thg reaction cannot be proceeding by a simple Ozvadéorﬁtion -

CO desorption mechanism, guCh as: 02(3)*2C0kads)+206(g). This
reaction‘is formally described by the simple (i.e., non~reactive)
'adsorption-dééorption anaiysis presented in Part I (see Sec.
I1IC). '1f, as in Fig. 8, the reaction phdse>lag is 10° at
50Hz, then Eq(20) of Part I shows that at a frequency of 500 Hz,
the phase lag should have been 60°, whereas thé obaervéd phase
lag at SOOIﬁz is only 25°,

The observed insensitivity of phase behavior to modulation
frequency is indicative of a branched process consisting of a fast
and a slow step in pafallel. It is a geqeral feature of such
processes that the phase iag may bé‘quite insensitive to modulation
frequency.' Essentially, the signal is a vector sum of thé signals
from the fast and slow branch. At low frequencies both branches
act at full strength at zero phase, but as the frequency is in-

creased the slower process begins to be demodulated - losing

amplitude and exhibiting a phase lag. The phase lag of the
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total (sum). signal inéreases also, Eventually;

demodulation Secomes‘ao severe that the slow process

contributes notﬁing. Of.coutse, the faster process soomner

or later becomes demodulated and follows

the same cdurée as its slower partﬁer.' If the two branches
pr;ceed at rates separated by a factor of 10, or 80, the combin-
ation of the two branches maintains a fairly flat phase responée'
over a wide frequency rangé, The curve in Fig. 8 mﬁrked "theory"
is based upon a mechanism ﬁhich incorporates a two-branched
process (Sec. 1IV).

In addition to insensitivity of reaction phase lag to
modulation frequency,.the apparent-teacﬁion probability of a two
branch process shouid also be a slowly decreaaing function of
modulation frequency. Fig. 9 shows that this expectation is
confirmed.

E. Detection of co, Reaction Product

-Only a small amount of 002 was produced'by the reaction.

The CO2 signal was uaﬁally'twb orders of'magnitudé smaller than
the CO signal. Because the signals were near the limit of
detectability, only a few experiments measuring 002 production
were.performed. Fig..lo shows the variation of the apparent
reaction probability as a function of surface temperature. It
is clear that the CO, yield is not decreasing with increasing
tempetature,ias,a purely thermodynamic arg;men}la would suggest.

The Cozireactibn.phase lag corresponding'to the apparent

reaction probabilities shown in Fig. 10 were exceedingly difficult

to measure, but appear to be v30°, independent of temperature.
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 Fig. 11 shows a plot of the C02 aignal ve. oxygen beam intensity

at constanc frequency and surface temperature. To within
experimental accuracy, the production of CO2 ie first order in

oxygen beam intensity.

IV. REACTION MECHANISM

The method of interpreting data obtained in a modulated

molecular beam experiment follows the sequence:

: Phase lag & Compare
Reaction ] Surface Mass : o .

Model 3 Balances integration apparent —» with.
reaction data
probability

. i)
correct model

The process of tranélating a proposed mechanism into a
reaction phase lag (¢) and an apparent reaction probability (e)
which may be compared with experiment is quité tedious for non-
liﬂear proéesses. Coneeqﬁently, we have developed the following
criteria for sel§cting likely mechanisms withéut extensive cut-
andQCry efforts. |

First, the model should reflect the quélitative features of
the data. This type of gross agreement of model and data usually
can be discerﬁed before de;ailed model calculations are performed.

Second, the model ahould have the emalleét number of adjustable
constants to fit the available experimehtal data; Each of the

cénstants should describe some elementary process (e.g., desorption,

- surface migration). The numerical values of the constants obtained
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by fitting the data to the model ehould‘be pﬁysically reasonable;

The aspects of the present data which maylbe-compared with
potential mechanisms are: |

(1) The reaction phase lag at high temperatures is less
sensitive to modulation frequency than expected for a one step
kinetic proceés. Thus, we seek models with twovﬁarallel routes
for producing the CO :eactiod produét.

-(2) Alﬁhough the reaction 1is first order at high femp-
eratures, at lower temperatures the kinétic order is less than
one and not.of thé simplelpower law type. Behavior such as this
suggests that the primary acé of oxygen chemiscrption is'reduced
by the coverage of active cénters on the surface by bouﬁd Cco. |
When ﬁhe surface is cohpletely covered with product (which occﬁrs
at low temperatures), the apparent reaction order ﬁouid be zero.
When the teﬁpera;ure is sufficiently high to :apidly desordb all

product CO as it is formed, the reaction would be first order in

\
.

beam intensity.
The general notions express;d by (1) and (2) above are in
accord with the model of graphite oxidation'pfopOBed by Strickland-
Constable.4 However, the two branches in his ﬁodel are both of
the reactive adsorption-desorption type. Our results, on the
other hand, suggests that.the two branchesvare of different
character. |
(3) The hyatéresia phenomenon discussed in Sec. IIIA ocCufs
in signal amplitude but not phase. Hysteresis auggeéts'that there

-

are two.typeé of active sites involved in the reaction.
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A. Reaction Model

Oxygen chemisorbs on A-type sites té form a bound CO
and at the same time reiééses the partner,o#ygen atom as a mobile
adsorbed spécies.- The oxygen atom deposited on the surface in this.
fashion does not‘desorb to the gas.phase (its binding energy

19 which makes 1ts mean residence time on the

is 100 kcal/mole,
surface quite large). Neither does it recombine with another
migrating .0 a;om to teconatitﬁte 02 ~ 1f such a process were
important, the reaction would have béen non-linear (since it would

require an elementary step with a rate proportional to the square

of the surface concentration of adsorbed atomic oxygen). Yet in the

600° range from 1200-1800°K, the CO signal was proportional to the

oxygen beam intensity. Thus, the only remaining route for the

adsorbed ‘atomic oxygen is reaction to form/CO. We expect that

the adsorbed oxygen.atom is free to migrate over the surface and

find a‘B-type site with which.to react to form bound CO. The CO

on the surface, formed either on A sites by direct 02 chemisorption

or subsequent to migration of adsorbed oxygen atoms to B sites,

desorbs to pro§1de the signal monitored by the mass ﬁpectrometer.
To provide a net generation of A sites (as required for

hysteresis), we assume that'upon releaée of CO from a B site,

that a fresh A site may be .created., Only a small fraction of the



B sites need to be convérted to A sites as a consequence of CO
desorption in order ﬁo provide a net production of A aiﬁes at
the rateé charécteriétic of the,requnse times of the surfaqe
(Sec. IIIA).- The converéion of some B sites fo A
sites by desorption of CO is responeible for the increased
reactivity generated by oxidation. This site couvetsion feature
is also shared with the Strickland- -Constable mode1.4

These processes are’ aummarized by the teaction mechanism.

kg
| (CO),4s * CO(B) +5, _
0,(g) + sA--'2 o (1)
T ' k k’d o
+ (CO) 4o * CO(g) + s

A or S

B
The rate of the first step is governed by the intensity of
' the molecular beam and the sticking probabiiity n, which is the
" probability that an Ozhmolecqle impinging on the surface

interacts strongly enough to form the species O ‘and (co)ads

ads
The fraction 1-n of the inpinging‘02 molecules which do not
interact in this fashion are scattered from the surface.

Sticking can occur only upon certain active regions of the

surface, which we have called A sites. Moreover, the A site

14

cannot be harboring a bound CO 1f it 1is to be able to dissociatively

adsorb an incoming 02 molecule. The reduction of‘n due to
coverage of A sites is responsible for the departure from first

order kinetics at low temperature.

20,21 22,23

A number of theoretical and experimental®™”’ studies

have been made in an attempt to describe the analytical form of
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the cdvefage dependence of the sticking probability of simple

~ gases on metal surfaces. We do not need to consider the forms

which require adjacent unoccupied sites for'gimulténedus adsorption
of both partﬁers of a diatomic molecule. In our model, only one
oxygen atom is bound to the site while the other is mobile, hence

only one free A site is needed for chemisorption of the 02

molecule. Formulas such as the one proposed by Kisliuk2°'21

are
computationally difficult and involve more than one adjustable
constant. Therefore, we have chosen to repreaeht the coverage

dependence of the sticking probability by.:he simple linear

function:

n - "d(l'“A/NA) : (2)

 where n, is the sticking probability on a bare au:face. n, is

A

the surface concentration of CO bound on A sites and N, is the

A
total number of A sites per cm2 of surface (occupied or not). The
sticking probability in the limit of zero coverage is written

as the product of a cross section and the density of A sites:
n -CJN‘A | ' ' (3)

The bare surface sticking probability n, has been broken

{
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down into the two factors 0 and N, because the long term changes

A
in the latter‘quﬁntiti are Bélie#ed to be.responsible for
hystéresia. Cbnéequently; the.cross eecﬁion_O, and not the bare
surfacé sticking pfobability'no, is the 1nvariant property of

"the surface. The croés section may be visuélized as an area of
the surface surrounding an A site upon wﬁich the 02 chemisorption
process can'ocqur. Possible orientation requirements on an
impinging Qz molecule (i,e., a atetic‘f&ctor) are also included
in the cross section, so‘that 0 may not reﬁresent'a real area
of the-surface;

The CO desorption step is pictured simply as removal of
the bound séecies frdm the surface to the gas phase as a result
of thermal fluctuations which‘océasionally supply sufficient
energy to ruﬁture the bond between CO and the surf#ce. "Thus,
the pre-exponential factof of the desorption rate constant k

]'2-1013se<:-'1 and the activation

d
should be on the order of 10

energy of kd should tépresent’the binding energy of CO on

graphite. It 18 possible that the desorption rate cohstants for

the two branches might be different. We have not permitted this

degree of flexibility in the model since it would have intro-

duced two additional constants to be determined from the data.
The first order rate constant k deﬁcribes the migration

of adsorbed bxygen atoms from A sites where they are created to

B site where reaction to form bound CO occurs. Justification

of this interpretation is presented in Sec. VD. PFor the present,

k may be regarded simply as the'first order raté constant whichﬁ-

governs the reaction of 0.

ds with B sites to form bound CO.
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B. The Surface Mass Balances

The reaction model just described 1s combined with
mass balances on each identifiable intermediate in the reaction.
In the preseht.model, there are three_surface‘intermediates: oads’
with surface'éoncentracion n'; and CO bound to A and B sites,

with surface concentrations denoted by n, and n respectively.

BO
The mass balances on theée spacies are: .

dnl . GN,1_(1-n,/N,)g(t) - kn' 5 (4)
dt A7o A" A .

dnA ‘ v _ : _ v
_dT = ONAIO(I-nA‘/NA.)g(t) - kdnA (5)
dnB _ - .

It kn kdnB ’ | (6)

By Eqs(2) and (3), the gfoup UNA(I—nA/NA) is identified
with theﬂsticking probability n, and the firét term on the right
hand sides of Eqs(4) and (5) repréaent the rate at which the

reactant molecules supply O ‘and (CO)A to the surface. The

ads
modulated supply of reactants 1is a conaequencé-of the gating

function g(t), which is pe:iodic with a repetition time on the
order of tens of milliseconds. We know from the discussion of

hysteresis that the site density N, is a slowly varying function

A
of time. We may uncouple long-term A site annealing or growth
from the rapid response of the surface reaction intermediates to
the modulated reactant beam because the difference in the time

constants of these two processes is very large. Therefore, we

assume that the site density N, does not change significantly over
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the period of one modulation cycle, which is the interval over
which Eqs(4), (5) and (6) are integrated.

Since the surface mass b#lancesﬁcontain non~linear terms,
the "brute force" technique of éalculating the response of the
reaction systgﬁ to the modulated beam must be used.24 The beam
arriving &ﬁ the target 1is ne#rly square-chopﬁed. 80 thaﬁ g(t)
may be taken as unity during the "on" portion of the modulation
cycle (- %,ﬁ t < 0) and zero during the "off" portion (0 t S %).

Eqs(4)~(6) may be solved sequentially. Eq(5) is‘first solQed
for the concentration n, during the off and on periods. This
solution is tﬁen used 1n_Eq(6) to determine n' and finally Eq(6)

is integrated to yield ny. The results are:

n | -k.(1+2)t ,
A(on) _ _1 d ' _
N, i+z T ©1° | (7

(8)
NA 1
n ' =k, (1+2) ¢ _ k.t
W - - (1 Y+z) ere * + '1Y ege "+ ege O
A _ =Y+e -y 3
' 9)
:212551 - |- ] a,e7kt 4 d‘e-kdt ' (10)
NAA 1-y 2 3 :
where
Z = oxolkd' 4 | ' ‘ (11)

Y = k/k, | - - - (12)
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) y 1 1) - |
The solutions for n(on) and n(off) are not shown, but involve the
same parameters as the solutions for n, and nge The constants
cl...d3 are deterninea by the cyclic matching conditions, which
require that:

T L v

n(on)(O) - n(off)(O) : : ‘ - (13a)
T R ’
n(onf?w) - n(off)(m) (13b)
where n represents n,, ng, or n'}_ There are six matching conditions

which suffice to fix the six constants of 1htegration.

The rate constants k andvkd may. be expressed in Arrhenius

form by:
-E/RT -
k = Ae ~ ° | | . S (18)
-E . /RT
d 8 ,
ky = Age : | v (15)

where A and Ad are frequency factors, E and Ed are activation
energies, R is8 the gas constant and Ts is the temperature of the
surface. The time variation of the surface concentrations n,
and np over a modulation cycle are determined in terms of three

experimentally controllable variables, w,"rB and Io' and the six
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parameters of the model:

preFexponential factors A and Ad

activation energies E and Ed
A-site cross section ©

A-gite dehsity NA'
The rate of CO desorption from the surface is kd(nA+nB);

of which only the first Fourier component is required. The funda~

mental components of the Fourier sine and cosine integrals of the

surface concentration are given by:

m/w
W ' |
. 5. = A(on) B(on)]sinmtdt + J InA(off) + nB(off)]sinw;dt
-w/w 0, '
| (16)
n/w
w : _
C- — [nA(on) (on)]coewtdt + l [nA(off) + nn(dff)]cosw;dt
-7 : ' 0 :

Finally, the apparent reaction-probabilityAﬁnd reaction phase lag

are givgn in terms of the Fourier sine and cosine integrals by:

) =
13
o

boo = ~tan 1 (L/S). | (18)

g 1s the first Fourier component of the gating function (2/7 for
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a‘sqnare chopped beam). Additional details of the solution method

\

are given in Ref. 25.

C. Determination. of the Kinetic Parameters

Although the reaction model cdntaing six parameters,
the wide range of experimental variables afforded'by the modulated
molecular beam.technique pe;mité selection of experimental con-
ditions in which only one or two of the parameters govern the
overall reaction. 1In addition,.simpler solutions for eco ahd
¢C0 are obtainéble in the témperature regioﬁ where the overall
process is first order.

5

(1) The Surface Migration Rate Constant

/

At high tempeiatures, the surface concentration of
bound CO is low because the desorption rate constant kd is’large.

Consequently, the non-linear term nA/N in the surface mass

A
balances of Eqs(4) and (5) may be neglected compared to unity.

" The linear equations may be readily solved by the techniques

developed in Part I;'from'which the apparent reaction probability

and reaction phase lag are found to be:‘

€co = N, - . (19)

14+a

¢CO = tan a | E (20)

where

R
(gl -
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i

w
b+ =
b = - e (22)
: k w
SR
kd‘ k

At low modulation frequencies and ovet most pf the high temp-
erature region, the approximation k/k, <<1 may be applied to Eq(21)

and the CO phase lag reduces to!

w/k
2 + (w/k)?

tan ¢CO - »(23)
The‘variation of reaction phase lag with surface temperature

at 16 Hz (of which the data in Fig, 2 represeﬁt a portion) were

used to determine the rate constant k at surfac¢ temperatures

21300°K by app1ication of Eq(23). The results are plotted in

Arrhenius fashion in Fig. 12. The best line through the data

yields an activation energy of 30%5 kcal/mole and a pre-exponential

1 ' '

factor of"2;5x107sec- .

(2) The Desorption Rate Constant at One Temperature

The variation of the reaction phase lag with freq-

uency at 1305°K has been utilized to determiné k, at this particular

d
temperature. Becadse high'moduyation freguencies are invoived,
the ¢C0 was taken from the complete phase expression, 'Eq(20) and
(21), instead of Eq(23). A family of curves of ¢CO vs w/k para-
metric in the ratio k/kd was constructed and compared'to the data
shown in Fig. 8. From this gfaphical comparison, the ratio

ﬁk/kd)13osox-0.0210.01 was found to best fit the data. The curve

for this value of the rate constant ratio is marked "theory" on

Fig. 8. Determination of ka'at a single temperature by the freq-.



uency scan provides a relation betﬁeen the parameters Ad and Ed
of Eq(15).

Use of the known values of k and k at 1305°K in Eq(19)

d
provides a check on the variation of the apparegt reaction prob-
ability during the frequency scan, The curve marked "theory"

in Fig. 9 shows such a comparison. The theoretical curve has been
scaled to match the data at 16 Hz (since ofher techniques will be
héed to determine-the-bare_surface.sticking probability in Eq(19)).
The rather good agréement on Fig. 9 indicates that the high temp- |

erature features of the reaction have been adequately described

by the proposed model.

(3) The Desorption Activation Enetgy and the Chemisorption

Cross Section

Determination of the remaiqing'parameters of the

model requires examination of the phase lag and reaction probability
data in the low temﬁerature regibn where the process is non-linear.
In this region, the coverage nA/NA is comparable to unity becausé
the desorption rate constant decreases rapidly with temperature,
thus "clogging” the surface with bound CO. The complete mathematical
solution described in Sec. IVB, which involves the cross section
,O in addition to the parameters k and kd’ isvrequired.l

The‘followingvmethod, accomplished by computer, was uéed to
establish the activation energy of the desorption step. A value

of E, was selected and the corresponding value of A, determined

d

from the known value oka at 1305°K., With both rate constants

d
now specified, the apparent reaction probability and reaction phase

lag were calculated from the complete solution as a function of
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surface temperature for different values of the cfoss section o.
The combihati&n of Ed‘and ¢ which best fit the apparent reaccion‘
probability data‘shoﬁn in Fig. 1 and the 1owes£ ﬁet of readtion
" order data of Fig. 6 (at Ts-1030°K)'was sought. Heavy reliance
’was thereby placed upon‘the lowest temperature measurements because
of their généitivity.to the parémeters Eé and 0 which govern

coverage of active sites by bound CO.

Fitting the €co

-Ts datg reqﬁires that either the upper or
lower branches of thé hysteresis loop be chosen a priori as the
plateau ac:aiqed by the theoretical curve. The theory'does not
include the possibility of variation of thevsticking probability
with temperature causéd'by changes in the A site density. However,
~this phenomenon undoubtedly occurs during the period thaﬁ-both

the uppe; and'lowe: branches of Figf 1 were measured.-‘We have
chosen to matcﬁ the thépry to the lower Branch because it rep-
resehts a stationary state with an A site_density which is probably

1

more nearly equal to that in the température region where ECO

rapidly falls off from the plateau value.
The fitting procedure yielded values of Ed-SO kcal/mole and
0-7532. The chemisorption cross section corresponds to an active

site diameter of 10&, which encompasses an area equivalent to iS

basal plane hexagons. ~ We estimate that combination of ﬁﬁe possible

A site density variaﬁion in the eCO-Ts data with uncertainties in
sutface temperature measurements and beanm inﬁénsity computations

results in an uncertainty of 5 kcal/mole in Ed and a factor to

two in O.
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(4) Concentration of A Sites

The reaction model prédicts that the apparent reaction
probability should becbme‘constgnt at high temperature. This limit
‘;19 the dc reaction_probability.. It may be obtained by setting

w/k=0 in Eqs(19), (21), and (22):
(eCO_)dc - ZONA | S (24)

The experimental results of Fig. 1 do not exhibit the predicted
plateau because of the slow decrease in NA due to annealing at high

temperatures. F'urt:hermore,vNA is different in each of the four

experiments shown in Fig.-3 and for the two branches of each
"hysteresis loop. A typical value of the A site density is rep-

resented by the plateau of the lower branchvof the loops shown in

CO)dc + 5x10°3, Using this value
' 11 -2

and o=7532 in Eq(24) yields an A site density,of.3x10 cm .,

Fig. 1, from which we obtain (e

On a square_pitch; the spacing between A sites is &1803.

(5) Summary ‘

' The following parameters have seen determined by
comparing the reaction model proposed in Sec. IVA to the data from
the modulated molecular beam experiments:

7

k = 2.5x10 'exp(-B0,000IRTa)sec-l

ky = 3x1012 exp@ﬁO,OOO/RTB)aec-l

g = 7532

N, « 3x10'! sitee/cmz
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'V. DISCUSSION

A, Agreement'BEtweenNTheory and Experiment

AWhen used in the mathematical model of the reaction,

. the values of the parameters of the reaction model summarized {
above produce the thgoreticél curves in Figs., 2, 6, 8, and 9. !;
. X i

The curves drawn in Fig., 1 are not based upon theory. Fig. 13

with the data on the lower

compares the computed values of €., ;

branch of Fig; 1. The decrease of €co aﬁ high surface temperatures

is not included in thé model, which assumes a single value of NA'
The generally gopd agreement between the theory and the data

warrants acceptance of the broad outlines of the proposed model.

In addition to the trbublesome long-term variations in the A site

density (which affe;ts all € measurements), the model has other P

co
‘weak points. It does not even closely reproducé the very distinct
phase lag maximum evident in the data of Fig. 2 - the best the
theory can do is a sort of wiggle at the témperature where the
maximum occnrg. However, the decrease in ¢Co'occurs in the very
iow temperature region from 1100‘to'1030°x where, according to
Fig. 1, the signal amplitudes are an order of magnitude less than
the maximum valﬁes. The phase measurements of these weak signals | <
are the least reliabie. Also, theoretically predicted phase lags
are veryvausceptible to minor ommissions in the.model. It is quitel
possible that the decrease‘in the phase lag below 1100°K is due
to.another mechanism for CO production (not included in the model)
which occurs rapidly (zero phase iag) but in small quantities., As
the 1atgér (but slower) component becomes demodulated, thé smaller;
v fést.component coﬁld reduce: the total phase‘angie@ofjthe signal,

therebdy cauaing the maximum in Fig. 2.

. T o



27

It is pbsaibie thgf'a more realistic ﬂescription of the
‘coverage deﬁéndence of the éticking prdbability‘than the simple
linear function of Eq(Z) may have given better agreement with the
low cemperaturelphase lag measurements.,

It‘has been our eﬁﬁerience with model calculations
that thé reacﬁidﬁ phase lag is the quantity
which is the most sensitive to either small alterationslin the
‘model or to small changes in the parameters of a model. This
extreme aens;tivity of the phase lag is an advantage in that it
readily permits elimination of many potenti#l mechanisms, but it
is a disadvantage in that it 1is very difficult to obtain quantitative
agreement'wiﬁh phase lag data unless the model 18 practically
peffegt. Nonetheless, the phasé lag is moré valuable than the
reactionvpfoﬁabilityvfor analyzing the data from a modulated
molecular beam experiment for the reason mentioned above and also
because it §oes not depend upon the bare surface sticking prob-

ability, as dQes €co*

B. Generation and Annealing of A-Sites
We examine the reaponaé of the A ﬁi;e density to the
oxidation process. and to temperature changes. Our object is two-
fold: Firat,vwe wisﬂ to demonstrate that the A site density does
22£ respond on the time scale of the modulation, 80 thatvthe

assumption of constant N, in Eqs(4) and (5) is justified, and

A
second, we wish to describe the long term transients discussed in
-Sec. IIIA in terms of slow changes in the surface concentration
of A sites.

We do not know the specific surface configurations with which

the A site may be identified. We know that the A sites are numerous



| 28
(the. site density of ¢3x1011 inferred from the data corresponds
to one A site for every 14;000 surface carbon_gtoms) and their
ability to initiate chemisorption of impinging oxygen molecules is r

quite long range (having a cross section of 753). The& are suscept~
ible to creation by oxidation and destruction by thermél.annealing
'ﬁrocessea, which suggests that they are not associated with the
emergence ofvdislocations at the surface.
A surfacevbalanée on the total A site density.(whether
occupied by a bound CO or not) would include the following terms:
(1) Production by thermal ﬁrocesses, at a rate denoted by k+;,
(2) Net generation by the'oxidationvprocess.
This source comes from the small fraction 8 of the B sitesvwhich,
as a result of desorption of bound CO, is eitherbtransformed-to
A sites or create A sites. The rate at which B sites react with
oads is kn‘, and all of th?’boupd CO thus formed ditimately
desorbs. Nearly all bf such deeorption.évehts mérely re-open
the original B site, but a few generate anrA site either in additiop
to or 1nstéad of the otiginai B site. The net rate of oxidative
generation of A sites from B sites is'Gkn'} |
(3) Type'A sites may anneal out by a firét order procéss
(presumably by diffusion to sinks) described by a rate constant

k- and proportional to the‘concentra:ion of free A sites. | o

(4) The A sites may also be removed by annihilation with
each other, in a manner similar to the reaction of vacancies and
interstitials in the bulk solid. We take this process to be

second order in free A sites and described by a rate constant K.
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With these cdntributldns}-theﬂsurface balance on A sites

is:

dNAa

dt

=kt o+ Skn' - KN, - k(N,en,)? (25)

7

The demonstration that the variation in N, during a modulation
cycle is negiigible compared to the average A site density on ;he'
surface is as follows: - If Eq(25) (neglecting the first and_last
terms on_the7rigﬁt hand side fof simplicity) ie8 applied to the

annealing experiment described in Sec. IIIA, we find that k_

1 4 -1

must, be on the order of (40 min) ~ or 4x10 'sec ~. Since the

reécéivity of the sample (and hence NA) decreased in this experi-
ment, the first order annealing term in Eq(25) must have been

larger in magnitude than the oxidative generation term. Because

of symmetric chopping, the average beam intensity was %Io. The

average value of kn' during this anneal was one half of the oxi-

dation rate, or for an average beam intensity of %(3x101§)molecu1es/

cmz—sec'and'é reaction probability of n5x103

\ P o .
lsséc 1cm 2. The very fact that the surface reactivity

,we find that k<n'>
v4x10
decreased with time despité an oxidhtion rate of this magniéude
means that the fraction § 1n-the second term on the right of Eq(ZS".

was no greater than:

KN, by a1 gl i
8 S ety = L4x10 D (3x10 1) o 34,076

(4x1077)

Thus, only a very small fraction of the bound CO species

' desorbing from a B site result in creation of an A site.
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We can now show that the change in A site concentration over
a moduldtion‘cycie is small compared to the average density of

such sites. When subject to an oxygeﬁ beam of intensity 3x1016

molecules/tmz—sec and a prqbébility ofvprodﬁcing CO of 5::10"3

per 02 molecule, the number of B sites/cmz'which release CO during

| 3
)

th; 5 msec "on" time of a 100 Hz modulated beam is %(3x1016)(5x10-
éxloll. Of this number of B sites which have "processed" a CO
species, a fraction 3:(10'_6 trénsform'into an A site, or ’\a106 new
A sites/cmzuare created by the oxidation processvduring a single
modulation cycle. Since thévaverage density of A sites is &3x1011,

the perturbation on N, during a modulation cycle is a few parts

A
in a milliog. Thé_decoupling of Eq(25) from Eqs(4) and (5) is
thereby juqtified. However, wefe § on the order of unity, very
sizeable shifts in the A site density would have occurred during
modulation, and Eqs (4), (5), and (25) would have to have been solved
simultaneously by the methods indicated in Sed. IVB.

We turn to the description of the long term variations in A
site densitya Because 6f the very large diffefence in the response
4times of the surface chemcial processes and:the:site'density, the
oxidation rate kn' of Eq(25) may be replaced with its average
value over a modulation cycle. The apptOpriate average may be
obtained from Eqs(4) and (5) by setting g(t) = % and dn'/dt =
dnA/dt = 0 and solving the resulting algebraic equgtions for the

average surface concentrations <n'> and <n,>. When these results

A
are substituted into Eq(25), there results:
N -]; . GIO )'(‘— ‘1
dN 271, - : '
A - + -. .k. . L P K . . . . 2
at k' + &k VG Ny - =7 Ny (26)
~ 14 2 o "I‘QI
2l % 1+ 2|2
L. cd . 2 kd
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This differential equafion describes the change in thg concen-
tration of A sites on the graphtte surface due to temperature
- changes Qrvoxidétion. A single experiment which produéed all of the
data sﬁown on Fig. 1 requires:on the order of 8 hr, during which
time the sufface temperaturevis constantly qhanged in order to
obtain the various data points. At‘eagh change in Ts’ the rate

A

driven towards a new stationary value in accord with the rate

constants k+;'k-, kd and K aéduire différént values, and N, 1is

equation'of:Eq(ZG). In the experimeﬁtal program>utilized in the
present investigation, equilibrium surféces were not always attained,
as evidedced by the qxistence of hyateresis'and by the lack of
reprodhéibility of the hyéﬁeresia loops shown in Fig. 3. If
sufficient time were allowed at each experimentalucondition. the
surface would have achieved a stationary reactivity and no hysferesis
~would have been observed. This was impractical, however, since
at low temperatures;‘attainment of an equilibrium surface probably
requires many days. |
In the following discussion, the last term in Eq(24) will be

neglected and 1t will bé'assuhed that the preﬂominant annealing
mechanism is the linear oné.*

! Whether the A site density tends to increase or decrease
is governed by the sign of the quantity in the brackets of the

second term on the right of Eq(26). Since k™ is a function of

temperature, the bracketed term 1is zero at a temperature given

by:

The quadratic annealing process is required to provide a mech-
anism for limiting the A esite density when the bracketed quantity
in the secoqd term on the right of Eq(26) 1is positive.



k-(T*) = %6010 . ‘ ‘ ‘ (-27)

At T<T*,vtﬁe brécke;ed.term in Eq(26) is pésitive and there
is a net growth of A sites~by oxidation, which will continue until
limited by the quadratic ahnealing‘term. .Fét T>T*, the linear
th;rmal annééling process 1is more rﬁpid thah oxidative generétion
of A sites and the bracketed term in Eq(26) i8 negative. From the
experiment described in Sec. IIIA, it was found that sites could
be annealed‘out at Ts-1450°K, but growth of sités'oécurred with
the same beamn 1ntensityAat 1125°K. Therefore, at a beam intensity
of 3x1016 molecules/cmz-sec, T* is somewvhere between these two
temperatures.

The relation between Eq(26) and the hysteresis phenomenon
can be best understood by regarding the procedure followed in
obtaining the daéa'as an extremely slow flash‘filament expériment.
The sample is heated from point A in Fig. 1 to point C in a monatonic
fashion, althdugh tﬁe time constant of the "flash" ié on the order
of hours rather thénJmillisecondg. |

At low temperatures‘(say Ta=1000°K). the.rate constaﬁts k+,
kK, aﬁd kd are all very small and Eq(26) reduces to dNA/dt=0. Oor,
the A site deﬁsity characteristic of the previous high temperature
history of the sample has been quenched in. As the temperature
is raised to the,v;cinity of point A in Fig. 1, kd,bacomes large
-enoUgh so that measufgblevquantities of CO are produced (i.e., the
group oIolkd is §f order ten). Thé thermal annealing rate consﬁanﬁs

. * .
are still small, but since T<T , the bracketed term in Eq(26)

»
is positive., At some temperature between 1000°K and T , the



bracketed term in Eq(26).a;tainsvita maximum positive value.
This 1s.the'temberature range in which A sites are created quite‘
regdily by oxidation, Passihg'through this température region
sufficiently slowiy pérmits the excess A sites required for the
' upper branch of the hysteresis loop to be generated. |

As the surface temperature approaches the value at point B
in Fig. 1 the bracketed coefficients of Eq(26) becomes zero and
then turns negative. The excéss_A sites generated by oxidation
at low témpérature begin to be gnnealed out. This process con-
tinues from B to C. At very high temperatures (not attained in fig.
1), the bracketed quantity in Eq(26) reduces to -1, and the A eiﬁe
density iS'complétely indépendent of the oxidation process.

Return of the sample to low temperatureé follows the path CDA
" because the bracketed coefficient of Eq(26) remains negative until
the surface temperature drops below T*,'which is probably where
the two branches of the hysteresis loop join.

Thé foregoing explanation of the hys;ereaie phenomenon closgly.
parallels the description originally présentgd by Duvala.- 
However, the identification of A sites with atomic~size configurationa
which possess many of the features of point surfacg defects raises
the following concéptuai problem. It has been shown that the
annealing éf A sites requires about 80 min at 1450°K (Sec. IIIA),
buring this time, the oxygen beam was eroding the target. The

17 atoms of carbon/cmz,[

burnoff during the transient amounted to leb
or 125 layers of a perfect basal surface. -If the.
A sites are surface ehtiﬁiea, how does the supersaturation of the

original surface with A sites persist throﬁghout a burnoff of this
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magnitude? After a few minutes, the original auxfacé is completely
gone, yet the mémory~that 1t was supersaturated with A‘aites is
felt in the.newly uncovered layers. The answer is that the removal
‘of the bound CO attached tol#n'A site by the act of chemieorption
produces anothér A site in A'nearby position in the same layer

or in-fhe layer beneath the one which contained the original A
éite.» Thus, the A sites propagate into the ﬁolid during burnoff;
annealing 1§ simply the occasional disappearance of an A site in
the inte:valibetween thevreleaae of a bound CO and the capture of

an impinging oxygen molecule.

C. Surface Roughening
| The surface of the single pyrolytic graphite sample
used in this study originaily had been polished to a high luster.
After removal from the vacuﬁm system following several moqths of
experimentation,‘ ‘ | texturing &ue to‘oxidation wasg
evident. The region.pf thg surface which had been heated but

which was not 111umiﬁated by the primary molecular beam was still

shiny. Scanning electron micrographs of the target before and after

the experimental program are shown in Fig. 14. Extensive oxidation
at the coﬁpargtively high temperatures and high rates characteriati§
of the presént'study apparently represent conditions far too

chaotic to permit formation of the hearly ﬁerfect hexagonal etch
pits observed in the low temperature oxidation 6f single crystal
flakes of natural graphite{%S',» The surface in Fig. 14 strongly .
resembles the re;enfly'diacovered "white carbon" allotrope of

carbon.ZG-}.
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Fig. 14 indic&tes.that the actual area of the surface 1s
undogbtédly considerably greater than the'superficial area, More-
over, it 1is difficult to sustain an argument that the reaction
occurs updn'perfect basal planes 6f,th§.grgphitevlattica, deepitg
the fact that a specimen of thia.orientatiﬁn was utilized. The
actual surface upon which reaction occurs is so bock-marked thaf
a realistic‘desctiption of the sticking probability of the bare
su:f;cé'(i.e., free from bound CO) must include the additionai
area created by éoughening,.the possibility that.é portion of
this area 18 shadowed from direct line-of-eigpt of the incoming
moleéular ﬁeap, and theCpossibility of more than ome collision
with the surface. Tﬁhs;’instead of Eq(3), the bare sticking
,probability is probably Setter,describéd by: |

RS -.RSm[f(ONA)

+ (1-f) (oN (28)

prism A)baaall

where: - : .

_ 2. C ‘
R = cm” of actual surface area = roughness factor

;mz of superficial area

area illuminated by the molecular beam
' total area

m = gverage number of coilisions_which a reactant molecule
makes with the surface before scattering

f = fraction of the actual surface consisting of prism planes

‘0 and NA repreaeht the cross section and A site dens;ties

on either'che prismatic and basal portionsnof the surface. "A sites"
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denote‘those aétive regions capable‘of dissoéiatively adsorbing
an 0, moiecdle; The site densities and cfosg sections én the two
types'of'surface may be very differenf. In facf, in view of the.
widely held view that the prismatic plane is more reactive than

‘the basal plane, (ONA) may be nearly zero and the observed

basal
reaction may be occurring only on the portion of the roughened
surface containing epraed’prism planes,

" The qugntities s, m,'and f are, to a’firdt approximation,
functions of the roughness paraméter R only. Clearly, when R=1,
S=1,Im-i and f=0. As a result of o#idation, the surface may
attain a.maximum roughness, which corresponds to a minimum value
of S and maximum valués of m and £f. The quantiti S 1s also known
as the shadowing function, and has been invéstigated for certaiﬁ
types of surface roughness by Beckmann (27). )
Although the analysis of‘the hysteresis phenomenon presented

in the preVious section was based upon variation of N, only, the

A
effect is in general due ﬁo variation in the'sticking Probabilityv
n,- According to Eq(28), the bare sticking ﬁrobability can vary
either due to changes‘in NA or:in the roughness faécor R, or to
both. 'The limiting case in which R is constant and only NA varies
may be described as the "site annealing" model. The opposite
extreme, in which NAvis constant and R varies describes a "surface
" annealing" model. |

In th;_surf&ce annealing mechanism, oxidation 1ncréaaes
reactivity simply by roughening the surface and providing more
surface area and hence more A sites in thé region of the target

111uminated by the molecular beam. The most stable crystallographic
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face of pyrblytic.graphité-is undoubtedly the basal plahe, so that
the therm#l annealing.procéss would tend to B;ooth out the rough
sufface and reduce the pdrameter R. The surface annealing model
contains the‘ihgrediente needed to provide an.explanation.of the
observed ampiitude hyQCeresis equaily as convincing as the site
annealihg model discussed in the preceding section; in the former
‘model, the top branch of the hysteresis loop is associated with

a rough surface and the lower branch with a smooth surface. This
mechanism presupposes that a roughened surface of pyrolytic graphite.
is capable of fhermal smoothing on the time scale‘of hours at
tgmpe:atures_aéllow as 1500°K. Such an annealing process involves
changing the morphology of the entire surface and requires the
motion_of.mgny,carbon atoms. This process seems ;ees likeiy‘than
the motion of telativel} few atomi¢ si?e defects (the A sites)

3 found

- required in the site annealing model. Moreover, Duval
that although the surfaces of the isotropic gréphicg_he ugsed in
his study were indeed roughened by oxidation, the roughness parameter

R was not a function of the extent of burnoff; rather, it reached

a steady value,

'D;. Infefpretation of the Rate Constant k
' The identification of the gsurface migration step is an
exahple of.thé usefulness df'the phasellag information provided
‘by modulated moleéular béam experiments.' This step could not
possibly havé.Been observed in dec experiments of any kind, since
it leads to the same product as the dixecﬁ, upper branch of the
reaction mechanism shown by Eq(1l); it aimpiy does B0 &t a different

rate.
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The frequency scan data of Fig. 8 indicated that both a fast
and a slow process were contributing to the CO emission, but did
not prbvide any information about the nature of the two processes.
The parameters of the taté'canstan;_governing.the slower of the
two steps were deduced from the phése lag vs.'femperature data
shown in Figs. 2 and 12 by treatment accbrding to Eq(23). The
duantity k in this formula is the rate constant of the slower step,
whether it be a desorption, éurface migracidn, or a true "chemical"
process., Tﬁe fact thdt the pre-exponential factor of k was found
to be N107sec-; quiﬁe clearly rules out a simple deaorption'process,/
which should have exhibited a pre-exponential factor five or six

orders of magnitude larger.

(1) Surface Migration
If the lower branch of the reaction of Eq(1) is
a surface migration p:ocess,.the rate constant k depends upon the
surface diffusion coefficient of adsorbed oxygen atoms, Da' and

the density of B sites on the surface, N as can be shown by thé

B’
following-argﬁment: the reciﬁrocal of k 18 the mean lifetime of

an oxygen adatom on the surface. The mean distance over which an

oxygen'ada;om has to migrhte to get to a B site i8 on the order
-1/2 |
B L]
are related to the surface diffusion coefficient by the Einstein

of the spaéing of B sites, whichlie N Ihése two quantitiéa

formula, which is:

(mean di_stance)2 --dns(mean time)

or N;; - 4Ds/k.' Thus, the rate constant is:
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k = 4D N, | - o ' (29)

'In'addiﬁion to the brief argumént'given above, there are
several other ways of arriving at formulas differing from Eq(29)
only by a multiplicative conatant of‘ordér uhity.zs
. The .surface diffusion coefficient 1s given by!

.-E/R'l‘s

2, 1 | (30)

b, = 6[3va
where vV 18 the frequency of O atom vibration parallel to the
surface and a is the length of a diffusive jump. The factor of
six outside of the bfackéts assumes that éhere afe_six equivalent
Jump direc£16n§ from a surface location containing an Oads'

If the B site dgnsity is assumed independént of temperature,
the ﬁigratioﬁ energy in Eq(30) may be identified with the
activation energy of the‘raﬁe constant.k. Subatitutidn of Eq(30)
1n:6 Eq(29) and comparison with Eq(14) shows'thht,the pre~exponential
factor of k is1 | | | ‘ |

A = 6va’Ny f (31)

If a jump frequency of 10;38ec-1 and a jump distance of 2.54
(the distance between centers of basal plane hexagons) are assumed,

7sec—1 is 7x10831tes/cm?.

the B site density corresponding to A=2,5x10
The B site density is 400 timeé‘smalier than the A site
density determined previously. This rather substantial difference

raises the question of why the migrating O‘d.,cannot react with
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the far more numerous A sites in addition to the B sites.

(The reaction model used to”interpret the data does not contain‘
this va:iant-) Our only justification for‘so rigidiy segregating
the functions of the two typés of sites 1s to explain hysteresis.

If A sites could react with 0a to form (Co)ads’ then the rate

ds
constant k would depend upon NA as well as NB‘. However, the
appearance.of NA in the rate constant k requires that hysteresis
occur in the.ph;se lag as well as in the amplitude of the CO

" signal., Since only amplitude hysteresis was observed, we are
forced to conclude that thg agentfresponqible.for hyetgrgsis,
namely the A sites, does not affect -any of the.rate constants wﬁich

determine the phase lag.

(2) Chemical Reaction

In identifying the first step:in ﬁhe lower branch
of the mechanism of Eq(l) withva surface migration process, it
was assumed.that an adatom merely has to get to a B site in order
to form CO. however, if a singlé collision of an oxygen adatoﬁ
and a B site is not sufficient to form bound CO.'the rate constant
-k may refléét the kinetics of avslow irreversible reaction between
Oads and B sites to pgoduce (Co)ads'

The rate of ‘such a reaction may be formulated from absolute
rate theory. The transition state is considered to possess an
"energy E above that of the adsorbed O atom. The partition function
of the activated complex (after removing the single degree of
translational freedom required by abs&iute rate theory) is denoted

4 N
by z , which refers to the vibrational and rotational motion of»

the complex which precedes formation of (Co)ade' The number of
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sites per unit surface area upon which the activated'complex
may reeide'ie taken to be equai'Fo the B site density, NB’

The adsorbed oxygen‘atoma‘ere assumed to be localized part{clee
with three degrees of vibrationel freedom. Inasmuch as the adatom
is strongly bound to the surface, the partition function for
vibration,perpendicular‘to the surface is set equal to unity.

The two degrees of vibration parallel to the surface are charac-
terized by a vibrational frequency v, so that the partition function
for the reactant state is (1 - e-hvlkT )éz.' The adatom equilibrium
positions are assumed to be separated by a distance a, or there

are 1/a2 adsorption eieea-per unit area.

Appiying the methods of absolute rate theory to this reaction,
‘the rate per unit area is’ found to be: |

a“N.n'e 5

( -hv/kT )“2 B
l - e : '

kT 2 ) -E/RT
Rate = kn' ;

(32)

Or, the pre-exponential factor of the rate constant k is:

o ‘k:°)(1 o)

* . .
- N— a’n ' - (33)

Since the universal frequency factor kT /h is approximately .
10""sec ', and since the partition funcgion ratio z /(1 -~ e 8y

-2
is probably of order unity, Eq(33) is very nearly equivalent to
Eq(31). Therefore, we cannot decide on the basis of the magnitude

of the pre-exponential factor alone whether the: firet step in the

lower btanch of the mechanism of Bq(l) repreeente surface migration

/
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of O to B sites or the reaction'between'these entities to form bound

ads ,
CO. However, the eubaﬁangial activation energy of 30 kcal/mole éeems
more appréptiate to a surface diffusion process than to a chemical
reaction between as reactive a combination as an 6xjgen adatom and

an active site. Therefére; we believe that the process described

by fhe rate ,constant k i1s a surface migration‘étép of the same

type obsefved in the germanium-chlorine reaction.28

(3) Activation Energy of Surface Migration
| First principles caicula;ions of adatom binding

and migration energies usually yield absolute values considerably
larger than the eiperiméntal results. However, the ratio of the
binding and ﬁigratioﬂ.eﬁe:gies obtained from such calculations is
.considered»reliable. Bennett et a129‘ " have recently calculated
the energetics of oxygen interactions ﬁith graphite. Thelir
calculation yielded the ratio E/E3=0.18, where E§ and E denote
the bindiﬁg and migrﬁtion energies respectively. Applying this
ratio to the migra;ion énergy de;ermined éxperimentally iﬁ the
present study, the binding energy of atomic oxygen on graphite
~should be 30/0.16#170 kcal/moie, which 1is comﬁarable to the

192 kcal/mole strength of thelc-O boud.ap - Experimental values

of‘Ea have been reported as 97 kcal/mole;?‘ ) and 110 kcal/mole-31

E. Nature of the B Sites

The B sites are not subjecﬁ to the oiidative generation
thermal-annealing balance as are the A sites. If the B sites

responded to their environment in the same manner as the A sites,
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we would have obsef#ed phase hysteresis as.WQll as émglitude
hysﬁetesis (inasﬁuch as the B site densiﬁy enters into the r;te'
constant k, which appearslin the phasé lag expression). Because

of the absence of phase hysteresis, we cbnclude that the B site
density either is gnaffeéted by temperature variations or it

re;ponds essghtially instantaneously to changes in surface temp-
‘erature (in the\iatter case, the temperature dependence of'NB :

is added to that of Ds). We suspect that the most likely explanation

1s the one used in determining N namely that the B site density is

B®
'temperatufe independent. The site density of &109cm'2 and thé apparent
resistance of B sites to any environmental influencefSuggests that
these centers may represent the termination of dislocation lines
at the surface 6fvthe.graphite specimen. The targets are subject
to severe thermal stfesses, so that the rather large number of
dislocatidna per'unit area is not surprising. The enhanced
reactivity ﬁo oxidation of the surface where screw dislocations
_emerge has been noted by Thomas and Roécoe.32

We visualize that an oxygen adatom may forﬁ a bound CO on
any carbon atom in ﬁhe highly distorted regioh of a dislocation
core. The binding of an oxygen adatom by a carbon atom within
this region does not prevent other carbon atoms in the same region
from being aétive. This property is different from the behavior
of the A.sites,which, although large (0575K), are 1ncabacitated by
chem:Lsorpt:ion‘.of..'a.s:l.‘_ngle.(_)_2 moleéulg. The strained area surrouhding
an emerging dislohgtion line may be qﬁite~large. so that the B
sité, which encdhpagses‘this_area; #annot be saturated by bound CO.

Even though the'density'bf B sites 1s V400 times smaller than that



of A sites, 1f each B site contains more than 400 active carbon
'ﬁtoms, the capaéity of the B sites for bound CO 18 greater than
thaﬁ of the A sites.';Reactioﬂ ceases by saturation of A sites
before the B sites afe saturated. Therefore, a B~site coverage
dependence has‘not-been included in the kn' rate terms in Eqs (4) ®
and (6).

The B sites are_;hué believed to be large islands of carbon:
atoms cépable of reacting ﬁith adsorbgd oxygen atoms but incapable
of dissociating impinging oxygen molecules. These islande; although
large enough to contain hundreds of carbon atoms, are sufficiently
widely separated that surface migration to_them‘constitutes a
measutable time lag in the oxidation process even at high temp~

eratures,

F. The Desorption Rate Constant for Bound CO

The measured freqﬁency.factor for the CO desorpﬁion
step (3x10125ec—1) is in good agreement with values observed for
many éystems- .

The measured activation energy of 50 kcal/mole for this
step may be compared to the independent measurement of the heat
ofvadaorpgion of CO or ffeshly prepared graphite surfaces, which

. SN
is 42 kcal/mole.31 _ o ‘

#

It seems quite clear that the desorption step has been

properly described by the reaction model.

-Gs Comparison of Lock-in Amplifier Results with Analysis

As discussed in Part 1 of this series, direct measure-
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ment of the productvsignéi waveform is an alternative to the
treatment of the signal by the lock-in amplifier. In order to
ascertain thpt these.two methods are consiotent,'the'following
expeninent wcs undertaken. A digital signal-to-noise averager was
used to recover the CO output signal directly from the mass spect~-
rometer ddring a'moduloted beam expefiment. The surface was at
1175°K andbthe modulation frequency was 16 Hz. Fig. 15 shows the
scattered réactant'beaniptofile and the desorbed CO reaction product
signal along ‘with two curves fit to the data points. The curves
have been ‘normalized to the data points at the end of the "on"

and "off" portions of the modulation cycle.

The solid curves'represent a plot of nA+nB according to Eqs(7)-
(12), with the valuea of the constants determined by the preceeding
analysis. Sincegthe modulated signal is proportional to the
product emission_ratelftom'the sufface, which in turn is proportional
to the surface concen:rotion of bound CO, the data points of Fig. 15
may be conparec_di;ect;y to,theoreticalspfedictiona of nA(t)+nB(t).

The dashed cnivetof'Fig. 15 represents c'eingle exponential
fit to the data atcumulated by the.digital oiénal averager. The.

-1
_form chosen was:

non(t) = 1 - &

, -Ct.
mopp(t) = e
Because of the scatter of the points in Fig. 15 (which could be

teduced by a longer data accumulation period). it 1is not obvious
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“that Eqs(?)—(lZ) of the froposed‘réactiqn model p;ovide a better
dgséription'bf the aneform:than the simple single exponential
function. However, the dgta of Fig. 15 and ;ingle ekponential fits
to waveform heasurémegta at two other temperatures showed that the
fitting parameter C had an unreasonably:lov activation energy of

7 kcal/mole. Thus, any feaction.model,which has but one charac-
teristic ieaction time does not provide meaningful kinetic para-
meters. These results_again indicatévthe need for a two-branch

mechanism to describe the basal plane oxidation process.

H. Annealed Pyrolytic Graphite

A target fabricated from the annealed pyrolytic graphite
in‘the basal plane orientation was tested in a mannei similar to
the aa-rgcgiﬁed material used fér the bulk of this investigation.
Practically no CO signalfwae observed at any température. The
reaction,probabilify on the annealed material is barely at the
limit of system sensitivity, which at mass 44 ieb&leo-s. Heat
trgatment apparently make§ a vast differenéa in thé reactivity:

of pyrolytic graphite.

Ve

'y



Table 1

. Impurity Content of Oxygen

Species
NZ
C02'

co

He
Ne
Kr

Xe

.Hydrocarboné-

" Conceéentration, ppm

"4

3
0
0
0
0
4

-
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FIGURE CAPTIONS

Effect of target temperature on the apparent reaction
probability of CO

Variation of CO phase lag with target temperature
Four hysteresis loops |

Decay of the CO signal following increase of the target
temperature _

Effect of "cooking" the specimen at 1125 K with the
molecular beam either on or off

Kinetic order plots for CO at various temperatures

Variation of CO signal with temperature of the oxygen
molecular beam

Frequency scan_at 1305°K -~ CO phase lag.':

Frequency scan at 1305°K - CO apparent reaction probability

"Apparent reaction probability of 002

Kinetic order plot for co,

Plot to determine the rate constant k from high temperature
phase lag measurements. Error bars represent the estimated
t1° precision of the phase angle measurements

Comparison of CO apparent reaction probability with theory
Scanning electron mierographe basal plane specimens of
unannealed pyrolytic graphite. Top: after polishing;

Bottom: -after'extenaive'oxidation by-the molecular beam

Waveform of the: CO product’ signal obtained by a digital
signal-to-noiee averager., -1175 K, 16 Hz.
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