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REACTIONS OF MODULATED MOLECULAR BEAMS WITH PYROLYTIC GRAPHITE
III. Oxidation of the Prism Plane
by D. R. Olander, R, Jones, J. A. Schwarz, and W. Siekhaus

Inorganic Materials Research Division of the Lawrence Berkeley
Laboratory and the Department of Nuclear Engineering, University
of California, Berkeley, Calif. 94720

ABSTRACT

" The reaction of a modulated beam of molecular oxygen with the
prism plane of pyrolytic graphite was investigated. Diffusional pro-
cesses in the bulk dominated the response of the emission rates of
CO and COZ. . The phase lags of these products relative to the
impinging reactant beam indicated that the surface reactions were
strongly affected by diffusion of oxygen in the grain boundaries then
into the grains of the pyrolytic graphite structure. This double diffusion
process so strongly demodulated the product signals that the apparent
reactivity of the prism plane was less than that of the basal plane.
This reactivity inversion is peculiar to the ac modulated beam method
and would not occur in dc (steady state) experiments. The reactivity of
graphite which had been annealed to 30b0°c was found to be an order of
magnitude larger than that of the unannealed material. This increase in
'reactivity was due to reduction of the demodulation effect which resulted
from closing off diffusional paths in the bulk during annealing.
Hysteresis of the type found in the basal plane reaction was observed in
the prism plane reaction as well. Approximately one tenth as much CO2
was produced by the reaction as CO. Reaction with a beam enriched in
oxygen-18 did not show complete statistical mixing of the isotopes of
oxygen in the CO2 product. This observation suggested that a significant
portion of the CO2 product was formed by a direct reaction of surface
carbon with molecuhnrdxygen; The oxygen contained in the CO2 product pro-
duced by this mechanism are the partnefs in the impinging o, molecule.



I. INTRODUCTION
Many studies of graphite oxidation have shown that the rate of
reaction‘On-thé prism planev is greater than that on the basal plane.-
by faétors of 2.5 to 1001;‘ This difference in reactivity is usually
ascribed to thé'more}chemically active nature'cf carbon atoms at the
edges of termihated basal plaqes'comparéd with atoms within the
‘planes. The study of prism plane oxidation presented in this paper
aims_at”éxplaining the mechanism of this reaction. |
II. EXPERIMENTAL
Experimental techniques and data reduction methodé have been

presented in Part I of this seriesz. Prismlplane targets were given
a preliminary high tempefatureloxidation to remove gross surface
fla&s aha'lboée chaff’éausgd'by polishing. During this preconditioning
period, the reactivity decreased until it reached an equilibrium value
stable oﬁerumonﬁhs of experimentation.

| Several_samples 6f the as-received pyrolytic graphite were used -
in the present experimentsf All showed the same chemical behavior to
within a factor of two. The bulk of the data reported here were
obtained from a single specimen. A Samplemof the high temperature-
annealéd‘gréphite was also tested.

III. RESULTS

A. Surface Morphology

Fig. 1 shows the prism plane specimen used in,;pis‘study;_ The |
top photomicrograph shows the surface structuré»after the polishing . -
procédure‘describédvin Part I. The bottom photomicrograph shows the
sample after it. was retired from service. The broad band across .
ﬁhe center.iéia crack whiéh prob#bly developed as a resulﬁvof repeated

therma1 cyc1ing. The structure 6f'thelreacted surface on either side



. of the crack'v'sbowe ridges. running‘paravllel to the basal planes
ﬁ(which are perpendicular.to the plane of the photo). The ridges,
whioh‘are'~ SOOOR apart,-may represent the height that the cones
attain’before;nuoleation af new growth cones on tbp'of old ones;

Several'crevices'or'small pOresfcan be seen. These may represent
the "kinks" which are partially closed by high temperature annealing.
Whereas the surface of the oxidized basal plane resembles a shell-
torn battle field, the reacted prism plhne looks like the edge of a
vclosed book which had not been well tritmmed.

B. Variation of the _Eparent Reaction Probability,with Surface

- Temperature
The variation of ecofwith target temperature at two modulation

frequencies is Shown in Fig. 2. The apparent reaction probability

is lower than that observed on the basal plane for the same temperature

in the range 1100-1800°K. Whereas ¢ for the basal plane‘passed

'thrOugh'a maXimum»atbabout’1450°K,'the apparent reaction probability
on the prism plane continually increases with aurface temperature.

Earlier data not shown in Fig. 2 indicate that € continues to

CO
increase very rapidly for Ts > 2400°K. At T = 2700°K, a value of
€co ©f 0.13 was observed. There was no sign that the reaction
probability was levelling off. |

Previous studies have shown the prism plane reaction to be
‘considerably faster than reaction on the basal planes.l The rates
measured by these dc experiments are‘representative of the true
reaction probability, uhereae the modulated beam technique yields
'apparent'reaotion probabilities,:whicn differ from the former by a

frequency dependent demodulation factor.v Demodulation is evident in



Fig. 2 by the factor‘of‘two éeparation of the data for 16 Hz and
200 Hz. We wéxe not able to measure the dc (or zero frequency)
reactionvprobability becaﬁse the high background at mass:28
‘required beam'modulatidn’at least for signaléto-hdise reduction.

We cannot say that the true reaction probability of oxygen oh'thé
prism,plahe is greater than that'oh the basal plahe at a particular
temperature-from the.daté’of Fig. 2 until a reaction model which
permité'removallof thé demodulation effect is formulated.

Fig. 2.also shoﬁs the same type of hyéteresis found on the basal
‘plane targets. The gap between the two branches is approximately the
same as that found for the basal plahe. The slow drift of the signal
to an eQuilib:ium-value fOllowihg'change of surface temperature was
also obsérved;v'BecaUSé of the higher temperatures attainable with
prism plahe samples, thé hysteresis loops were closed at the high

temperature end.

C. 'Variation‘gg the Reaction Phase Lag with Target Temperature

The cafbon‘monOXidé'phase lags obtained at the same time as the
apparent reaction probabilities.shown in Fig._2 are plotted in Fig. 3.
SeVeral features of the data are noteworthy:

(1) The phase lag is essentially independent of target
temperature from 11@0 to 2400°K. Such behavior is most unexpected,
since all reaction models based upon purelyvsu:face processes pfedict
that the phase lag shbuld approach zero at temperatures where the
"surface reédtibn fate constants are large coﬁpared to the chopping
frequency.' - |

(2) There is essentiélly nb difference in the phase lag for
chopping frequénciesvof‘lslnz ana:zOo Hz, which is also incompatible



- with a purely surface reaction (unless the reaction involves at least
,foﬁr_parallelfbranches with appropriate rate constantsB).

(3 ‘There is a hint of hysteresis in the phase lag measurements
betheen 1400°K'ahd 2000°K. -The phase meagured while decreasing
target témperaturé was somewhat‘largef than that méasured while
heatihg up the farget.' |

Except for target temperatures below 1100°K, we do not believe
ﬁhaﬁ'the scatter in the points of Fig; 3 is due to the precisibﬁ of
" the phasehénglé‘measuréments.b For the relatively'étrohg signals for
which the data were obtained, the phase is reproducible to'v within 1 or
2 degrees. ‘The scatter'in’rig. 3 is believed to be due to uncontroll-
able variationsvin the sample proper induced by changing target

temperature.

D. Frequenéy Scan

' The results of a ffequency’scan at a target temperature of
2100°K are shown in Figs. 4 and 5. At the lowest attainable frequency
(3 Hz), the CO signal lagged the 0, scattered signal by a bit more
than 20°, and the apparent reaction probability was increasing as
w°1/4. We.were thus never able to remove demodulation from the
signal, and consequéntly; we could not obtain the true reaction
probability even by eXtrapolétion to w = 0. |

E. Variation of the Beam Intensity

‘Fig. 6 shows the effect of beam intensity variations upon the
CO signal amplitude. Over a 100 fold beam intensity variation, the
reaction is.first order in oxygen pressure. The expériments at
2300°K and 2370°K were amohg thé first performed and show greater

scatter than do‘the'points at 2020°K. Additional experiments at
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temperatures dowh to 1450°K (not'showh on Fig. 6)'aiso showed first -
order behaviof. 'By way of cbmparison, the basal plane reaction was
fouhd to be first ofder in oxygen beam intensity for target
temperatures abdve 1200°K.

F. Room Temperature Reaction

The reaction products CO and CO2 were observed even when both
the solid and the gas were at room temperature (300°K). In all cases
except one, the product signals from thie "room temperature reaction"

5

were barely detectable (e ~ 10" °). The reason that'the sample

(o{0)
shown in Fig. 1 was removed from the vacuum system was because of an
abnormally large apparent reaction probability at room temperature.
Just prior to removal, it exhibited €co ~ 16-3 at Ts = 300°K. The
foliowing‘observations were made in order to clarify the charactef of
this signal: .

(1) The signal had a definite phase relationship to the reflected 0,
signal. It lagged'by 10 - 20°. By contrast, when scattered from the
target, impurities in the beam such as the 4 ppm krypton, exhibited no
phase lag except that due to transit and complex impedance (see Eq. (7)
Part I). ' Noise in the instrument bears no phase relationship to the
02 signal. In any case, the signal associated with the reectioh
probability of 10~3 was far larger than the noise.

(2) Thevimpurities in the primary molecular beam at masses 28 and 44
were measpred with the‘mass_speetrometer located on‘the beam axis
(see Fig. 2'qf‘Part I). These masses represented less than 5 x 10'"'5 |
of the beam signal, and exhibited the expected transit phase lag'only,

(3) The graphite specimen was replaced by a quartz disk of the same



dimensionsffnoico or'CO2 reaction product was found in £he beam
 scattered from this target. Only the small quantity of mass 28 and
44 impurities_in phase with the O, were observed.

We believe that the signalsvmeasured at room temperature
represent a true chemical reaction - that le, continuous production
of Cd and Coz_from a room temperature target bombarded_with_oxygen.
The abnormally large room temperature reactivity of the aforementioned
sample at the end of its lifetime is believed to be due to accumulation

o of tungsten on the surface exposed to the molecular

_beam. Tuhgsten is deposited in visible amounts on the rear face of
the target by evaporation'frcm the filament of the electron Seam heaterr
: surface_migration of metals on pyrolytic graphite has been found tc be
’rather'easy4;“ o  so that tungsten transport from the rear to
the front'of the'sample is quite possible.. ln addition, openin§ of
the crack in the sample (Fig. 1) undoubt edly facilitated tungsten
contamination of the front face. o I

The front face of the target which showed the high room temperature
reactiv1ty was scraped to obtain a 1 mg_sample for neutron activation
analysis. 'This analysis showed 10 ppm of tungsten which is considerably
higher than that cf the fresh specimens (~ 10 ppb). When the scraped
specimen was reinserted into the vacuum system, the reaction probabi-
lity was found to be "normal" (i.e., a room temperature reaction o .
~3).

If a reaction probability of 10-3 were to persist in an ordinary'

probability of ~ 10

atmospheric'ehvironment, a one inch cube of graphite would be consumed
in less than 1/2 hour. Of course, surface conditions in the high

vacuum of the experimental apparatus are vastly different from those



in the atmosphere, where the pressure is 1011

times larger. In the
ordinary atmosphere outside of the vacuum chamber;"the surface of the
~graphite is brotected from oxidation by layers 6f adsorbed gases and
other atmosphe:ic impurities. These protective coatings are removed
by heating the graphite to high temperatures and surface cleanliness
is maintained by the high vacuum environmeﬁt of thevexperimental
apparatus. Nevertheless; these results suggest that substances which
are assumed to be rather stable in an ordinary atmospheric environment
may in éact'be quite reactive in an "ultraclean" condition. |
’IV. REACTION.’ MECHANISM FOR CO PRODUCTION

Except for the presence of hysteresis on temperature cycling and
the fact that CO and CO, were the reaction products, the basal and
prism planes of pyrolytic graphite behave in very different ways. The
information which is most suggestive of a mechanism for CO productioﬁ
on the prism plane is the phase lag data of Figs. 3 and 4. The phase
lag was found to be independent of (1) surface temperature over a
1300°K range, (2) beam pressure, and (3) modulation frequenéy up to
about 200 Hz. Such behavior suggests that processes other than surface

reaction are involved.

A. The Double-Diffusion Model

The soiution-diffusion process discussed in Part I2 exhibits
regions in which the phase lag is independent of frequency and
temperature. However, the constant phase lag for this process is
45°, whereas the phase'lags of Figs. 3 and 4 are between 20 and 30°.
In order to explain a temperature and frequency independent phase lag |

of this order, two back to-back diffusional processes are required.



Coupléd diffusion systems are encountered in materials where
both grain bOuﬁdary'and'lattice diffusion influence penetration of
solute into.the medium. Wolfe ét'al4 have shown that metal diffusion
into pyrolytic graphite proceeds via the grain boundaries (the
boundaries of the growth cones) and thence by the subgrains, or small
- angle tilt boundaries within the grains. They found that diffusion
was highly aniéotropic;-diffuéion coefficients in the direction
parallel to the basal planes weré 2 to 3 orders of ﬁaénitude g;gater
than that perpendicular to the basal planés. Thué, although bulk
diffusional effects may not have been important in the basal plane
study of Part II, the very much larger diffusion coefficients'in the
prism plane oriéntation makes diffusional limitations to the shrface
reaction a distinct possibility. The,reactiqn is modeled as follows:

(1) 02 chemisorbs upoh gurface‘sites witﬁ a sticking probability
No* Since the témperature fange of the prfsm plane meaéurements
extended much'higher than in the basal plane measurements, reduction
of the sticking probability.by coverage of bound CO is neglected.
This’assumption is substahtiated by the first order dependence of the
CO signal upon beam intensity at all témperatures studied. The baré‘
surface stickiné coefficient may vary with sﬁrface temperature due to

the mechanisms which are responsible for hysteresis.

(2) Dissociation of molecular oxygen produces two adsorbed

'

oxygen atoms, which is removed by two competing processes. . One process
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leads to bound CO which instantaneously desorbs. The other process
is solution in the grain boundaries and subsequeht diffusion into the.
bulk.

(3) The rate of the reaction step which ultimately leads to CO
is taken to be ptoportional to the surface coﬁcen#ration of adsorbéd
oxygen. The rate cpnstant for this_step is denoted by k. We are not
able to determine whether this step is confrolled by a surfacé
migration process (as was fouhd for the basal planes) or by a surface
chemical reaction. |

(4) The oxygen migration in the grain boundaries acts as the
feed to the diffusional processes within the graihs.‘ Wolfe et al4
consider three processes by which metal atoms penetrate the.grains of
pyrolytic graphite: (a) lattice diffusion by a vacancy mechanism,
which they rejected because the formation energy of vacancies in
graghite is greater than the activation energy of solute diffusion;

(b) interstitial diffusion between basal planes'of the structure; and
(c) diffusion along subgrain boundaries. They rejectéé interstitial
diffusion of.metal atoms because of the high interaction energy and
the inéolubilify of the metals in graphite. However, oxygeh is a
considerably.smaller species than the metals they investigated and

may be able to diffuse interstitially in graphite. Moreover, we have
found that pyrolytic.graphite_which had been outgassed in vacuum above
1000°C gains considerable weight when stored in dry air for sevefai
days. Oxyéen (and'perhaps'nitrogen as well) apparently penetrates the
material quife readily, either by intersfitial diffusion or diffusion
‘along subgrain boundaries. |

The overall reaction described by (1) - (4) above may be written
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as:

n : '
_ _ 0 , _
Oz(g) —— 20ad8»————-+ CO(g)

1 S
. , ' (1
T ’
: -

Where 0ad denotes atomic oxygen adsorbed on the surface, and
Ogb and 0g denote oxygen in the grain boundaries and in the_grains,
respectiveiy.v The double diffusion process in the bulk is depicted
schemeticaily'in Fig. 7. The grain boundaries are represented by
semi infinite slabs of thickness & which are perpendicular to the
surface. The spacing between slabs is denoted by L.

Mlgration along grain boundaries is governed by the dlffusion

equation6
' 2
3C1 ] Cl 2D2 (
—= = D. + (2)
ot | 1 ay2 _ 3: 0"

where D,y is the diffusion coefficient of oxygen in the grain beundary
and Cl(y, t) is the cohcenrration of oxygen in the grain boundaries.
C2 (x,y,t) is the‘bxygen centent at a distance x within a grain, as
measured from the nearest érain boundary. The point in the grein
_boundary from which x ie reckoned is a distance y from the surface.
The last term on the right of Eqr (2) represents the loss of oxygen
from the grain boundary by diffusion into the grains.

The surface concentration of adsorbed oxygen is related to the
concentratlon in the grain bqundary just beneath the surface by the

solubility H, or:

C;(0,t) = Hnt) o (3)
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where n(t) is the concentration of adsorbed oxygen, which is assumed

-

to be uniform over the surface. The surface mass balance on adsorbed

oxygen provides one boundary condition tevK. (2).

ac ' 3c
dn 1 1} - k S " |
at - E(W)Lo = 2ng Io g(t) g0t *gh 24 )Y=0 W

In Eq. (4), I is the intensity of the oxygen beam striking the
surface and g(t) is the gating function of the modulated beam. The
second term on the right of Eq. (4) represents the loss of adsorbed
oxyeen by the‘reection which produces CO and the last term is the
- flux of oxygen into the bulk via grain boundary diffusion.

The second boundary condition te Eq. (2) is:
Cl(w,t) = 0 (5)

Diffusion of oxygen within the grains is governed‘byz

2
802 ' 0 C

'5?‘”’2—7 o - » (6)
Lattice diffusion parallel to the grain boundary is neglected. The
first boundary condition on Eq. (6) assumes that the concentration
of oxygen at the internal surface of the grain is equal to that in

the grain boundary at that location or:
C,(0,y,t) = C;(y,t) | (7N

To supply the second boundary condition, we assume that the grain
dimensions are large compared to the depth of pehetration of the

concentration waves set up by the modulation, which leads to:

ac, S S | |
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In the Appendix, these equations are solved for a'periodic
'gating function and the reactidn product vector is deﬁermined by the

method outlined in Part I for a linear process. The results are:

2 o . :
€0 ' _ ‘ | ' (9)
(A +32)
tan ¢,, = B/A - - | (10)

where A and B are given by:
A=1+F,(0)8 | B € 3 ¥
B=R+ FB(.bf)s | (12)

The dimensionless constants which contain the physical-chemical

parameters govérning the process are:

5R'='w/k,‘the surface reaction parameter - (13)
\/"HDD2 | , -
—_—EE____ the,aolubllipy parameter o ' (14)
(52N/D2)1/2, the diffusion parameter. (15)

The functions FA and FB.

are given by Egs. (A-15a) and (A-15b)
of the Appendix. They are plotted on Fig. 8.

B. Analysis of the Frequency Scan
Substitution of Egs. (11) and (12) into Eq. (10) yields:
. R + SFB(ﬁ) | B
tan. ¢CO = IT—W (16)
Consider the limiting case of rapid diffusion within the grains
(& < 0.1). For this aituation, Fig. 8 showé that:
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Fp = &'cos(1/8) | (17)
Fp = V&sin(n/8) | ( (18)

If in addition, oxygen solubility in the grain boundaries is
large enough to render S VZ;>> R and unity, Eq. (16) reduces to:

¢co = /8 | S (19)

Thus, a phase lag of 22 1/2°, independent of all experimental
conditions, is predicted when couéled solution-diffusion dominates the
overall procéss. This phase lag is approximately what is observed in
Figs. 3 and 4 for low modulation frequencies.

We noté that the double diffusion mechanism is necessary to
produce fhe éonstant phése lag of 22 1/25. A single diffusion process
alone is hot sufficient. 1If diffusion in thg grains is suppressed by

making & large, Fig. 8 shoWs‘that'FA = F d7/2. 1In the region of

B
complete control by grain boundary Qiffusion (S &>> R and unity),
Eq. (16) shows that'¢Co = 45°, és was-found for.a similar single
diffusion mechanism in Part 1I. |

The limiting phase lag of 22 1/2° contains no information on the
chemical or diffusional parameters of the system. However, theaphaée
was observed to increase at chopping frequencies greater than ~ 200 Hz.
This is attributed to the effect of the parameter R in Eq. (16), which
is directly proportional to frequency. The frequency dependence of

¢co may'be‘most'easily seen by referring the frequency-dependent terms

“to the aténdard,frequéncy‘of 16 Hz. Thus we set

R = R (s/100) B ‘ (20)
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Qhefe R; - 100/k; and

&= &, w0t - | (21)
where & = (‘.100,52/132)1/ 2,
Substituting Eqs. (17), (18), (20) and (21) into Eq. (16) and

[

peglecting unity in the denominator yields:

tan ¢gp = aw/100) ¥4 4+ tan (r/8) o (22)
wheré:
R, | » o
o ' o (23)

) SVCE; cos (1/8)
is a frequency independent constaﬁt.
' The data <_'>f Fig. 4 wei:é fit to Eq. (22), and a value of
a = 0.030 + 0.008 was deterﬁined. The éolid_line‘in Fig. 4 representé
Eq. (22) with this value of a. - | |

The theoretical curve falls below the measured phase lags at

frequencies greater than 500 Hz. -

R T et e e e et e e . C e e e e o e

A  possible source of the

-

discrepancy is  the use of the limiting forms of F, and F_ for A,
(Egqs. (17) and (18)). 1If &, is chosen as 0.1 and the exact forms of

FA and F_, are used, the dashed éurve of Fig. 4 results. Although

B
agreement with the high frequency poihts is somewhat improved, the

points at intermediate frequencies are not well matched by the

A

o = 0.1 plot.

The apparent-réaction,probability corresponding tovthe-reaction
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phase lag of Eq. (22) may be shown to be:

2no
[57732 cos (1/8)

g5 {2+ [olsgn) "+ eanf3)] } |

co ~
100 100

where a is given by Eq. (23).
The data of Fig. 5 were matched to Eg. (24) at 45 Hz, which

yielded a value of 2.5 x 10-3

for the constant in the numerator. The
resu;ting curve using a = 0.03 is in good agreement with the measured
apparent reaction probabilities. |

The fact that the frequency dependencies of ¢ and ¢CO both

co
égree with the measurements does not provide additional insight into
the reaction mechanism. The phasevlag and apparent reaction probability'
are related by the Gibbs~-Duhem-like relation which was described in
Part I for linear processes. The agreement,between theory and experi-
ment in Fig. 5 merely demonstrates that‘the amplitude data are consis-
tent with the phase measurements. |

In terms of the»diffﬁsional parameters of the system, the value

of a of Eq.'(23) which was determined by fitting the phase lag data

corresponds to:
' \ L -4 __.3/4
: =6 x 10 sec
H 61/2011/2-0217?i A

at 2100‘K. The ratio of a and the numerator of Eq. (24) is R6/2no = 12,

or, in terms of the kinetic parameters,

Y
n,k = 4 sec

The signal amplitude of Fig. 5 represents very significant
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demodulation due to the double diffusion process. If we take o
 to be the reaction probabiiity meesured at the very highest tempera-
ture of this study (ECO = 0.1), then the above results yield |

k ~ 40 sec-l at 2100°K. By contrast} the surface migration rate :

constant determined for the basal plane in Part II is ~ 2 x 104 sec™?
at 2100°K. If k in the prism plane reaction meehanism represents
surface mlgratlon, this process must be much more highly hindered
than on the basal plane.

C. Temperature Dependence of the CO Phase Lag

The lack of temperature dependence of the CO phase lag suggests
that restrictions which resulted in Eq. (19) are valid at all

temperatures investigated here. These restrictions are:

1/2

.U= (m6 /D ) 0.1

| H51/2 172, 1/4 1/4 o
S\/3 = V2 11‘ k s> 1

Observance of the latter restriction implies that the quantity

J is not highly activated. If it were, we would have expected it

to be of order unity someﬁhere in the 1300°K tempereture range covered
by Fig. 3. | ,

The above conditions imply that the phase lag at low frequency
should be 22 1/2° for all surface temperatures,vwhich qualitagively‘ .
agrees with the data of Fié; 3. The fact that‘the phase iags at 16 Hz |
and.ZOO Hz were practicaily indistinguishable suggests that the
reaction parameter is nevei: comparable to S\/S' at low frequencies.
If it were, a‘Separation.of the data for the two frequencies would

have been observed.
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The rise inlthe_phase to ~ 30° at high and low temperatures
may be due to loss of the "double diffusion" character of the procese.
If at low temperature, D2 becomes small enough so that the parameter
£Ybecomes comparable to unity, the»phase lag starts to revert to
single diffusion behaviof (diffusion in the grain boundaries only).
Conversely, at high temperature, grain boundary diffusion may become
.small compared to direct bulk diffusion into the grains from the
surface, which is also a single diffusionvprOCess. Similar regimes

of grain boundary end volume diffusion control are commonly observed

in polycrystalline metals and ceramicss. o ;

[EPUUSR G e e o

D. Temperature Dependence of the CO Apparent Reaction Probability

The very complex variation of ¢ 0 with target temperature at

C
constant frequency‘shoﬁn in Fig. 2 is attributed to three effects:

(1) Decrease in S\ﬁaz-wifh increasing temperature, which,
according to Eq. (24), produces largef apparent reaction probabilities
(S\ﬂsg must still be large compered.with unity.tp maintain the 22 1/2°
phase lag).

(2) Chanées in né due to surface healing processes of the type
described in connection with the basal plane reaction of Part II.

Such a process in undoubtedly occurging in the prism plane system as
well, since hysteresis 15 evident in Fig. 2.
(3) Possible reduction in the sticking probabilitfvdue to

coverage of active dissociating sites by bound CO at very low

temperatures ('1's < 1200°K).'-This region was not examined for reaction
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order becéuéerf the low signal levels..
The'apparentvreaction probability increases moderately between 1000
and 1300°K. Between 1300°K and 2000°K, the temperature coefficient
of eco‘is evenvsméller._ Thereafter, eco increases fapidly, with no
tendency to level off at the highest temperature attained (2700°K).
The lack 6f simple Arrhenius behavior in the apparent
reaction probability is in part due to the surface healing process

which was responsible for the decrease in ¢ on thé basal plane

co
(Part II). Physical alterations of the bulk material which affects
the grain boundAry and sub grain diffusion parameters undoubtedly
occurs because of temperatufelchanges. | |

- The separation of the two hysteresis loops of Fig. 2 is
satisfactoriiy described'by Eq. (24) with the bracketed term in the

1

‘denominator'apprOXimatgd by (cos %); (because of the low modulation

frequencies). ' The two loops are nearly exactly separated by a

factor of (200/16)1/4

= 1.9, which strongly supports the double-
diffusion model. The separatioﬁ becomes somewhat greater than a
factor of ﬁﬁo a£ the very highest and the'lowéét tempetétures, which
'is consistent with the transformation to a single diffusion process
at either extreme. At the same time that the phase lag shifts from
22“1/2° towards 45°, the apparent reaction probability should change

1/4

from a w to a w-l/z fréqﬁency dependence.

E. Annealed Graphite

.The reactivity of annealed pyrolytic graphite in the basal plane
orientatioh'was much lower than that of the as-received material

(Part II). The very same material cut for a prism plané reaction
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surface was found to be the most reactive specihen encountered in this
investigation.( The appareht reaction pfobabilities for CO shown in
Fig. 9 are an order of magnitudé éreatér than those observed on |
as—geceived material (Fig. 2). |

The phase lag of.the Cco préduct shown in Fig. 10 is also quite
different froh that of the as-received material (Fig. 3). Rather than
remaining constant at 20 - 30°,_¢CO for the annealed specimen decreases
from ~ 30° at low'temperaturés'to ~ 10° at high temperatures.

Both the apparent.reaction ptbbability and the phése lag data
support the bulk solution-diffusion model which was advanced to
explain the behavior of the as-réceived prism plane graphite. High -
temperature anhealing of p&rblYtié graphite removes the substructure
in the bulk which was responsible for easy penetration of oxygen into
the as-received material. The dominant diffusional drain upon the
population of surface oxygen atoms is thereby reduced and the demodu-
‘lation which was a manifestation of this loss meéhanism, is also
rendered'inOperétiVe by‘anneaiing; Consequently, the apparent reaction
probability increases and the phase lag decreases. Exactly thg same
effect of annealing wés'repqrted by Wolfe et a14, who found that the
diffusion coefficients perpendicular to the c direction of the annealed
graphite were betﬁeen three and four orders of magnitude smaller than

[
those measured in the unannealed specimens.

It is clear that reduction of the diffusion coefficient in the
grain or subgrain boundaries-and/or removal of the grain boundaries by
annealing permits more of the "surface" character of the reaction to

be observed in the modulated molecular beam experiment. In terms
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of the model presented earlier, this‘éffect is reflected by a drastic
.reductionvin the solubility parametef S (EQ. (14));_due either to
lower values of_DI, D2 and the grain boundary-thicknéss § or an
increase in the averagé spéding of gréin"boundaries; L, or in a
combination of all of these effects. The surface rate constant k is
probably not as matkedly affected.by high temperature anneéling as
are the structural properties of the bulk material.' As a result of
the reductidn in the parameter S, the second terms on the right of
Eqgs. (11) and (12) are combar#ble to unity and R in the annealed
material, instéad of dominating the quantities A and B. Therefore,
the phase lagvof Fig. 10 shows more of the usual tan ¢C0 = R = w/k
behavior normally associated with a single surface reaction. '

Because of the higher apparent reaction probability and
concomitant éleaner signals, expériments could be performed more
quickly and some additional features of amplitude hysteresis could be
invéstigated. We were able to verify the symmetricai nature of the
hysteresis'described by Duval7. Increase of.the target temperature_
results in 'a CO signal which is initially higher thah the equilibrium
value to which it slowly decays. Conversely, reduction of target
temperaﬁure initially produces‘a low CO signal which subsequently
increases with time to an equilibrium value.

Fig. 9 aiso shows’thag the_hysteresis loop crosées itself at low
temﬁeratures. At Ts =l1400°K, the'reaction probability on the
increasing tempefatﬁre branch is greatér than that found during a

{

temperature décrease. Below 1400°K, however, €co

temperature-decreasing branch. This behavior implies that more time

is greater on the

was spent in:theocriticéliragiOn between 1300 - 1500°K (where oxidation
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: creates;aétive’sites at a reasonable ratés) during the temperature

décreasé than during‘the measurements made while‘increasing temperature.

The longér time was due to the larger number of data points accumu¥
lated during thé temperature reduction branch of Fig. 9. We do not

know how the hysteresis loop was closed at the‘very lowest temperature.

V. CO, PRODUCTION

A. Target Témperéture and Beam IntensityiVariations

Fig. 11 shows the dependence of the 002 appérent reaction

is practi-
2
increase

prdbability'updn target temperature. At Ty = 1100°K, €co

cally as large as €... With increésing temperature, €
Cco : CQ2

less rapidly than does'en,s, and by T, = 2400°K, the C0,/CO ratio in
the produét is ~ 0.1. No hysteresis is observed for the 002 product.

| €co. 2ppears to be increasing rapidly at high temperatures, as did €co®
2
Fig. 12 shows the CO2 reaction phase lag obtained with the

measurements of reaction probability. As with CO, ¢CO remains between
_ ' _ _ 2
20 and 30° over a 1300°K temperature range.

Fig. 13 shows the CO2 reaction to be first order with respect
' to oxygen beam intensity above 2000°K.

B. 1Isotope Mixing in the CO, Product

2 . .
Additional insight into the CO2 reaction was obtained by utilizing

' a reactant molecular beam consisting of about half 018018 and half

016016 The enriched gas was obtained from the Oak Ridge National

18 17

Laboratory and contained 99.2 atom § O"°, 0.2 atom % O and 0.6

atom % 016; This gas was bled into the inlét system through a variable
leak and was mixed with the.uaual reaétant oxygen‘of natural isotopic

 composition. The gas mixture passed through the cold trap which

18-18

removed the Co2 impurity in the heavy oxygen.
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The initial composition of the gaS'scattered from the room

temperature target is Showh in Table 1. The mass 44 signal’'is mostly

16-16
2

Because of the absence of background at masses 46 and 48 (at least at

the start of‘thé experiments), the modulated signals due to COlGO18

and co}®1® vere quite clean. The signals due'to these species

noise due to the residual background of CO in the vacuum chamber.

definitely lag the oxygen signals, and are believed to be products
of the room teﬁperatdre reaétidn (See IIIF). _Tbéether, masses 46 and
48 represent a‘room temperature reaction probabiiity of -~ 10_5.‘
'Thevisotope mixing experiment was cohduCted at '1‘B = 1450°K,vwhere
the CO2 signals were sizeable. However; in the 3 hours required for
accurate meashrement of masses 44, 46, and 48 with the target hot, the
l018018 component of the mixed'gas decreased by a faétor of/four (only
a Oné half liter flask of the heavy oxygen was available). Conse-
quéntly, the isotopic content of the reactant beam differed for.each
of the measurements of the carbon dioxide isotopes.. The ratio of the
signélé at masses 32 and 36 was meaéured at the beginning and at the
end of the expe:iment énd’the isotopic cdmposition of the reactant gas
at any intermediate time was estimated by assuming exponential decay
of the 018018 flow.

For £hé isotopic composition prevailing at the time of a
paréicular measurement, the fraction of the three 002 isotopes was
computed for the extreme cases of complete isotopic mixing upon
reaction, and no isotopic mixing upon reaction. These results are
shown in Table 2. The mass 46 in the "no-mixing" column comes from
16

oxidatién by (o) o18 in natural oxygen.

|
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Table 3 gives the measured signals at masses 44, 46, and 48, the
total pressure in the source at the time the measurement was made and

18 in the reactant beam at that time. The

the computed‘f:action of O
data 6f Table 3 were compared to'theory byvforming‘the ratios of the
signals at tWo.mass'nuﬁbers and.qorrecting for total pressure differ-
ences at the time of each.meagurement. For example: -

( 6), _ 1.;2)(g.g)= 0.73
44 exp . . . .

wn
-3

The ratio predicted if complete isotopic mixing occurred during the
reaction is obtained by takipg ratios of the entries in Column 3 of
Table 2, each evaluated at the isotope fraction of the reactant beam

at the time the particular signal was measured. Thus:

S48/mixed xis' ' ’ (0.37)2 ‘ |

18 in the reactant gas at the

where X46 and X4g are the fractions of O
time the measurements at masses 46 and 48 were made. These are taken
from Table 3.

Comparison of all of the data with the limiting cases of complete
mixing and no mixing is shown in Fig. 14. The errors associated with
the precision of tpebmeasurement of each signal are_also shown. These
results demonstrate that the reaction which produces CO2 on the surface
;esults in rétios of C02.isotopes which are only 10 - 20% of those
which would_bevexpected fdr complete isotopic mixing. vHowever; the
' . 16,18

amount of_mixéd reaction product CO is definitely greater than

that expectedfif no isotopic mixing occurred.
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C. A Crude Model of the Surface Reactions Producing CO2

'The'observation of tather,incomplete isotopic miking in the CO2
reaction product is quite different fromuthe results obtained by
Walker etlala“who'investigatéd isotopic mixing in the oxidation of
carbon. They found complete mixing in the reaction product: Our
results, on the other hand, suggeéts that although some of the CO2 is
produced‘froﬁ oxygen atoms which belonged to different_oz molecules,
a,Significant portion of the CO2 éonfains ongen atqmé which were
partners in a particular Oz-molecule which had been cheﬁiSOrbed from
the beam. Fig;,14 suggests that 10 - 20% of the CO2 is of the former
-type and 80 - 90% is produced by‘the."direct" reaction of undissociated
O, molecules. | ' | |

,’The direct fraction iélproduced by a #eaction'which is first
ordef in oxygén.beam'intensity, which is in accord with the data of
Fig. 13. The isotopically mixed CO,, however, must be produced by an
elementary surface reaction whose rate varies as the product of the
lsurfa¢e concentrations of thefoxygenvisotopes involved (probably as
reactants 0ads and Coads)’ Had this reaction been the dominant

contributor to the siénal; first order dependence of the CO. signal

2
upon oxygen beam intensity would not have been observed.

The same type of hysteresis which is evident in ¢ should also

co
affect the isotopically mixed co,, which requires oxygen dissociation
lgo bé formed. gowever,‘the.surface features ﬁhich are conducive to
£he formation of CO2 by a direct encounter need not be the same as
thelactive sites which-didsociateloz. Fig..lllshoﬁs that hysteresis

is not found in the Coz~réaction probability, which strongly suggests
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the graphite surface rather than by a surface reaction between 0ad

25

that the active'regiOns of the.qurface responsible for the observed
C02 aré:notvsubject to the samé slow 6xidative generation and thermal
healing prbcésses which characterize the O2 dissociating sites.

The isotopic content of the COo,, the kinetic order and the absence
of hysteresis in €co all suggest that the majdrity of the carbon

2 4 A
dioxide is produced by direct_endounters of an oxygen molecule with

8
and Coads;b However, the CO, phase lag of Fig. 12 exhibits the

characteristic 20‘- 30° temperature independent value which strongly
suggests a double diffnsion process. Had the previous results
indicated an»isotopiCally'm1Xed COz-product, the phase lag could easily
havelbeen explained as that of the atomic oxygen undergoing bulk
solution-diffusion pridr to surface reaction tn form C02. However,
inasmuch és the other evidence suggests that direct C02fis predominant,
the phasa;ag of Fig. 12 can only be explained by double diffusion of
CO, in the gfaphite after formation on the surface.
VI. SUMMARY

Althdugh»the’model‘which has been presented ég;ees with the broad
trends of the .data, it is by no means unique, nor does it consider all
details. Althongh the model assumes that the active sites responsible
for chemisorption of impinging 02 ére uniformly’distributed over the
surface, trénsport into the‘bulk is reétricted to diffusion via the
g;ain bdundaries. Consequently, the migration of chemisorbed bxygen
across the grain'surfaqes.to_the grain boundary mouths should be
considered as»é step in ﬁhé overall proneés.' Inclusion of this step
would establish a higher concéntration of adsorbed oxygen in the center

of the grain;surfacé than in the vicinity of the grain boundaries. In
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the moQdel, hoﬁev?r; such a peribdic variation of the concentration
of Oadsfover_the surface was not considered.

The model also assumes that the species wﬁich migrates on the
sufface and diffusés in the bulk is atomic oxygen.' However, a process
in which chemisorption of O2 formed mobile (CO)ads which subsequently
diffuseq into the bulk and slowly desorbed from the surface would be
vformaliy describéd by the same surface mass balances as were applied
for the'oads surface species. We dovndt have sufficient information
to determine the nature éf the species undergoing diffusion into the
bulk. However, the conclusion that double diffusion dominates the
ac‘response of the system seems to us inescapable, iriespective of
the nature of the species involved. |

We haVe not atteméted»to analyze the hysteresig phenoménon as
thoroughly‘as,was ddne for the basal plane. Hysteresis in ecd 6n
the’prism plang is simiiar in many respects to the amplitude.hysteresis
described in Part II. The observation of phase hysteresis in the
prism plane reaction squéSts that this proceés is more cdmplex than
. on thé basal plane. In ref. 9 it is shown that addition of avsmall,
fast (i.e., zero phaée lag) process to the majbf reaction product
vector of the'douﬁle diffﬁsion process can produce the typé of
,hysteresis shown in Figs; 2 and 3.

/
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Table 1. Composition of the mixed gas reflected from a rbom
temperature prism plane graphite target

Mass no.

32
34

36
44
46
a8

/

fraction of total signal

. 0.40

- <

2 x 10

3

0.60
6 x'1076
6 £t 2 x 10
5% 2 x 10

6
6

- phase lag, degq.

0
0
0
23
48

Table 2. Predicted fraction of various isotopes in the product Co2

x = fraction of O

18018

in the Reactant Beam

fraction of total CO, for:

mixing no mfxing
(1-x) 2 (1-x)

2x (1-x) 0.004 (1-x)
, 2 x

X

Product CO2 signals from a target’at‘1450°K

Mass no. &Isotope

44 colfol6

46 colbol8’

48 col8ol®
Table 3.

o frsction of -

Mass no. 0l8 in beam

44 0.55

48 0. 37

Source pressure Signal
- (torr) (microvolts)
4.3 4.9 + 3.4
- 3.7 1.12 + 0.2
3.0

1.25 ¢ 0.4
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- ‘APPENDIX

Reaction‘Product Vector for the Double Diffusion Model

Since'éll processes in the double diffusion réaction model are
;inear;}the'fundaﬁental Fourier terms of the response of the sqrfacé
to the periodic moleculai beam may be obtained by solving for the
» coefficients of the‘fifst Fourier componentéiof-the concentrations

Cl and C

2.' Thus we set

cl (th) = El (Y)eimt | | (a-1)

C2 (XDYI?:) = 62 (er)eiwt‘

where g is the first'Fourier:coéfficient of the gating function of the

chopped beam. It is real. The coefficients N

| 'Ei and 62' are complex since they lag behind the beam
driving funétion. Substitution of Eqs (A-1) into Egs. (2), (4) - (8)

of the text yields the followihg differential equations and boundary

conditions: o |

2. 2

14T, o 2 382) (a-2)
wC, = D + —_— A-

it S | v—i‘dy S T -3 S |

. R dc

k iw = [\ , 1l : -

i + il—) El (0) = 2n°. I,9+¢ DI(ET)O | (A-3)
C; (=) =0 _ | (A-d)v

%

- = ) 2 . i - .
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T,0,y) =T y) o -  (a-6)
(3T, | | |
| (ssr =0 o - - (a-7)

Solution of Bqs. (A=5)= (A-7) yiems:

Eé (X.,Y) = C, (Yexp [.- (9-;%)1/2 Vi x] | ' (A-8) |
where X ahd Y are reduced disgances defined by:

X=2x/6 and  Y=y/&8 (A-9)

‘and A = D,/D, | | o (A-10)

~ Substituting Eq. (A-8) into (A-2) permits the function EI(Y)'to
be determined. The desired quantity is the value of Ei at Y = 0,

which is found to be:

- . Q0 O

G 0 = —=2—3 . | (A-11)
kodo, 1 o
H H LVK

where:

2 ' 2 1172 ' '

£ = a2 %-ﬂ) i+ 242 -g—ﬂ) Vi (A-12)
22 | 2 '

'

The reaction product vector is determineq from the fundamental Fourier

coefficient of the rate of CO production, or:
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-t

kC, (0)
€co®

co_kn_ _ 1 . (a-13)
Iog - H Iog .

Insertion of Eq. (A-1ll) into Eq. (A-3) and writing the results in

terms of the dimenéionleés'parameters of Eqs. (13) - (15) yields:

l-i¢c0 A 2n,
€ e - = o T . - . e
~co 1+ R+ sV 1+ 2OYE)Y2

(A-14)

'The:denominatof of Eq. (A-14) ﬁay be converted ﬁo the form A + Bi

',by using the formulas:

‘V:I.’.'l = cos gi).+ i sin (%l

(1+ai)1/2 -

el R

Upon performing the algebra, A and B are found to be of the form 1

1+a?-1)1/2 1]

given by Eqs. (11) and (12) of the text, where:

' r . . 2172 r 1 '
1/4 . A% 'vgt _ \ o oy i -
2 L'zJi)(l ZJE)J _ L'u cos ‘%) v s#n (g)J (A-15a)

Fp (D)

1/2 [ a1 .
Lu:g#n (%) + v cos (%ll (A-15b)

T, 1 21/4” z)(l g:)
B(' ) 2V2 vZVE_
and

14w®=1

2 )1/2, (A-16)

u = (Vyw2+1). | and vV ea

C I

2
"
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~ The functions FA(.U’) and FB'(.O’) are plotted in Fig. 8. The
apparent reaction probability and the reaction phase lag for the
double diffusion model are given by Egs. (9) and‘(10) in the text.

o s i mn i —— 4 et m 2 o — | b o A e o el a1 = 8} W i v et - s s
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FIGURE CAPTIONS

Photomicrographs of the surface of unannealed pyrolytic graphite
parallel to the basal planes (i.e., the prism plane orientation) :
top - after polishing; bottom - after substantial oxidation by

the molecular beam.

Variation of the CO apparent reaction probability with target
temperature.: Arrows on the curves through the data indicate the
direction of temperature change while the data were obtained.

Phase lag of the CO product.

Frequency scan at 2100°K - phase lag.

Frequency scan at 2100°K - reaction probability.

Kinetic order of the CO signal.

Model for the double diffusion process.

Fﬁnctions in the double diffusion model.

The CO reaction apparent probability - annealed pyrolytic
The CO phase lag - annealed pyrolytic graphite.

Apparent reaction probability of 002.

Phase lag of COZ‘
Kinetic order of the 002 reaction.

Isotopic mixing in the CO, product.

graphite.
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