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Vibrational Spectroscopy and Kinetics on Pt(111) and Pt(100) Single-Crystal Surfaces

Kaitlin M. Bratlie, Christopher J. Kliewer, and Gabor A. Somorjai*

Department of Chemistry, Usrsity of California, Berkeley, California 94720, and Materials Scienceidion,
Lawrence Berkeley National Laboratory, Berkeley, California 94720

Receied: April 28, 2006; In Final Form: June 6, 2006

Sum frequency generation (SFG) surface vibrational spectroscopy and kinetic measurements using gas
chromatography have identified at least two reaction pathways for benzene hydrogenation on the Pt(100) and
Pt(111) single-crystal surfaces at Torr pressures. Kinetic studies at low temperature8781) show that
benzene hydrogenation does not proceed through cyclohexene. A Langi#mshelwood-type rate law for

the low-temperature reaction pathway is identified. The rate-determining step for this pathway is the addition
of the first hydrogen atom to adsorbed benzene for both single-crystal surfaces, which is verified by the
spectroscopic observation of adsorbed benzene at low temperatures on both the Pt(100) and Pt(111) crystal
faces. Low-temperature SFG studies reveal chemisorbed and physisorbed benzene on both surfaces. At higher
temperatures (370440 K), hydrogenation of benzene toallyl c-C¢Hy is observed only on the Pt(100)
surface. Previous single-crystal studies have identifiedllyl c-CsHg as the rate-determining step for
cyclohexene hydrogenation to cyclohexane.

1. Introduction SCHEME 1: Schematic Diagram of (a) Dienyl
Chemisorbed Benzene (¢Hs) and (b) z-allyl c-CgHog

Intermediates

(a) (®) aq.

corresponding to the(2v/3 x 3)rectstructure in a background

of 10 Torr of benzené&’ Between the ordered regions, individual
benzene molecules were observed by STNDn the basis of

the SFG results, the individual molecules were assumed to be
physisorbed benzene, while the ordered regions corresponded
to the chemisorbed benzene. Conducting these experiments on
Pt(100) will further our knowledge of this reaction, in particular
how structure affects the reaction pathway.

Benzene hydrogenation is an industrially relevant reaction
for several essential steps in petroleum refining and downstream
chemical processinbldentifying reactive surface intermediates
and rate laws are key issues in understanding the mechanism
of benzene hydrogenation. Furthermore, understanding how
these surface intermediates and rate laws are affected by surface
structure is important in extending our knowledge of single
crystals to industrial catalysts.

Benzene adsorption on platinum at low pressuresQ(®
Torr) has been studied using various surface-analytical tech-
niques, including low-energy electron diffraction (LEED)ear-
edge X-ray absorption fine structure spectroscopy (NEXAFS),
calorimetry? thermal desorption spectroscopielectron energy
loss spectroscopy (EELS)? scanning tunneling microscopy
(STM),10 and reflectior-absorption infrared spectroscopyt?

In addition, possible adsorption energies for different adsorption

sites and surface species have been studied by density functiona

theory (DFT)13-15 STM! and DF T studies show that benzene
preferentially adsorbs to bridge sites in the low coverage limit
and to the threefold hollow at high coverages on the Pt(111)
crystal face. The low- and high-coverage species have two
distinct vibrational signatures, as studied by EE®Syhich

correspond to chemisorbed and physisorbed benzene. Thoma

et al? proposed that the chemisorbed species is a dienyl benzene . . -
oy g 4 surface specific signal. Because the SFG signal arises solely

hand, is thought of as flat lying on the basis of NEXAFS
studies?

High-pressure reactions of benzene on Pt(111) have been

investigated using sum frequency generation (SFG) vibrational
spectroscopyl” and high-pressure STM. These studies

| In this study, SFG vibrational spectroscopy and gas chroma-
tography (GC) are used to investigate benzene hydrogenation
at high temperatures (3t@40 K) to elicit structure effect
information. Media with centrosymmetry and isotropic gases
do not appear in the SFG spectrum under the electric dipole
approximation. Since bulk platinum has a center of inversion,
jbls contribution to the SFG signal is negligible. The symmetry
at the surface of the platinum crystal is broken, giving rise to a
from the adsorbates, SFG is a more sensitive tool to study
interfaces than are infrared absorption and Raman spec-
troscopies. Electron spectroscopies typically cannot be employed
under the ambient pressure conditions necessary to perform
catalytic reactions.

observe both chemisorbed and physisorbed benzene under high-_Here, we report evidence for chemisorbed dienyl benzene

pressure conditions. STM observed small ordered regions(CGHG) as the reactive surface intermediate for benzene hydro-

genation on both the Pt(100) and Pt(111) surfaces at high
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K). Both surfaces exhibit chemisorbed and physisorbed benzene

coadsorbed at low temperatures. Differences arise as the lgec U |)¢NR(2)ei‘¢’NR + z+é7q|2 Q)
temperature is increasedt-allyl c-C¢Hg (see Scheme 1b)is TR~ gt Il

observed on the Pt(100) surface at high temperatures and not o . U
on the Pt(111) surface. Previous studies showstkaityl c-CgHg whereyn® is the nonresonant nonlinear susceptibiléys is

is the most abundant surface intermediate during cyclohexene!h€ Phase associated with the nonresonant backgrayis,

hydrogenatiori®1° These studies also suggest that the hydro- tr}ethstrgngctjh otf_tr;eqth (\j/i?ratiorl;al modemR ifs the freque}ntﬁy
genation ofz-allyl c-CgHyg is the rate-determining step (RDS) of the incident infrared faser beamg IS e frequency ot the

in forming cyclohexane. Kinetic studies on benzene hydrogena- qf[h V|_brat|onal ”?Qderq IS the natural line W'dt.h of thqth
. . iy vibrational transition, an@”. is the phase associated with the
tion to cyclohexane at low temperatures have identified a rate

law where the RDS is the addition of the first hydrogen to gth vibrational transition. Detailed descriptions on the HP/UHV
\#h@r 6
benzene. Herein, we discuss the temperature-, pressure-, anayStem and SFG measurement can be found else e

structure-dependent surface chemistry of benzene hydrogenationy pegyits

on Pt(100) and Pt(111).
3.1. Turnover Rates, Reaction Orders, and Arrhenius

Parameters for Benzene Hydrogenation to Cyclohexane
under Varied Pressures of Benzene and Hydrogen on Pt-
All experiments were carried out in a high-pressure/ultrahigh- (100) and Pt(111).Figure 1 shows the kinetic data obtained
vacuum (HP/UHV) system on a prepared Pt(100) or Pt(111) for 100 Torr of B and 7.5, 10, 12.5, and 15 Torr of penzene
single-crystal surface. The HP/UHV system consists of a UHV OVer a range of temperatures (3440 K). The production of
chamber operating at a base pressure of 20-° Torr and a cyclohexane is displayed at different temperatures by the

high-pressure (HP) cell isolated from the UHV chamber by a tUrnover rates (TORs) [molecub¥ site !-s1] shown in Figure
gate valve. The UHV chamber is equipped with an Auger la. The TORs are calculated on the basis of the assumption

electron spectrometer (AES), a quadrupole mass spectromete t’hat every platinum atom is an active site. The errors associated

and an AF sputter gun. Two Cafconflat windows on the HP with the measurements are shown as error bars in Figure la.
cell allow transmission of infrared (IR), visible (VIS), and sum The corresponding Arrhenius plots of the TORs are given in

L ! . Figure 1b. TORs were also collected for a constant benzene
frequency radiation for SFG experiments. The HP cell is pressure (10 Torr) with a varied,hpressure (10, 50, 100, and
equipped with a recirculation loop that |ncIudgs a d|aphragm 150 Torr). The TORs for cyclohexane formation are shown in
pump and a septum for gas chromatographic analysis. The

) . ; Figure 2a with the resultant Arrhenius plots in Figure 2b. Above
reactant and product gases are constantly mixed via a reC|rcuIa-370 K, the observed TORs for cyclohexane deviate from the
tion pump, while kinetic data is acquired by periodically ’

; i . 8 X linear Arrhenius line; this results from a change in the surface
sampling the reaction mixture and measuring the relative gas- coverage of the adsorbed species, as previously discissed.
phase composition (flame ionization detection and 0.1%

AT- Apparent activation energies and preexponentials for hydroge-
1000 on a Graphpac GC 80/100 packed column (Alltech)).  nation to cyclohexane are listed in Table 1. These experiments
The Pt(100) and Pt(111) crystals were cleaned by sputteringhave been carried out on the Pt(111) surface previétialyd
with Ar™ (1 keV) for 20 min, heating to 1123 K in the presence are summarized in Table 1.
of 5 x 1077 Torr of O, for 2 min, and then annealing at 1123 The rate law for benzene hydrogenation can be described by
K for 2 min. AES and LEED were used to verify the cleanliness a standard empirical power law
of the Pt(100) or Pt(111) surface after several cleaning cycles.
The Pt(100) or Pt(111) sample was then transferred into the r= kpceHeaszb (2)
HP cell for SFG reaction studies. Benzen290.0%, EM
Science) was purified by several freezgump—thaw cycles wherer is the rate of reactiorcg, and py, are the pressures
before introduction into the HP cell. Prior to the experiment, of the reactant gases (benzene angl fdspectively)a andb
benzene was checked for impurities by means of GC. Such are the reaction orders with respect to the reactant species, and
impurities were below 0.5% and consisted of mostly light Kis the rate constant. The rate constant can be expressed as
alkanes below € _ERT
SFG measurements were performed using a mode-locked Nd: k= Ae )

YAG laser (1064 nm fundamental having a 20 ps pulse width \yhereA is the preexponential factdE, is the activation energy,
operating at a 20 Hz repetition rate) to create a tunable IR R js the gas constant, arilis temperature. The exponergs
(1800-4000 cnt?) and a second harmonic VIS (532 nm) beam. and b are determined over a range of reaction temperatures
The VIS beam (20QuJ) and the IR (20QuJ) beams were  (310-370 K) using

spatially and temporally overlapped on the Pt(111) surface with

incident angles of 55 and 80with respect to the surface normal. _|_dInr )
All spectra were taken using a ppp polarization combination aln P, )

(SFG, VIS, and IR beams were all p-polarized). The generated "

SFG beam was sent through a monochromator, and the signalrhe benzene andeaction orders for cyclohexane production
intensity was detected with a photomultiplier tube and a gated on both the Pt(111) and Pt(100) surfaces are listed in Table 1.
integrator as the IR beam was scanned over the frequency range The most noticeable feature visible in Figures 1a and 2a is
of interest. The sum frequency output was normalized by the the sharp dip in the turnover plot at approximately 390 K. This
intensity of the incident infrared beam at the surface. This is is attributed to the onset of cyclohexene formation on the
necessary because gas molecules absorb some of the incomingurface, resulting from a competing pathway. Cyclohexene
radiation. Spectra were curve fit using a previously reported production is observed at 370 K for benzene hydrogenation on
proceduré®?'to a form of the equation Pt(111)'6 Cyclohexene has a larger sticking coefficient 0.2

2. Experimental Section
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1T (K Figure 2. (a) TORs, in molecules per Pt atom per second, for benzene

Figure 1. (a) TORs, in molecules per Pt atom per second, for benzene (10 Torr) in the presence ofH10, 50, 100, and 150 Torr) on Pt(100)
(7.5, 10, 12.5, and 15 Torr) in the presence of(H00 Torr) on Pt- to form cyclohexane. (b) Arrhenius plots of the corresponding TORs.
(100) to form cyclohexane. (b) Arrhenius plots of the corresponding The decrease in the TOR for cyclohexane production at 380 K followed
TORSs. The decrease in the TOR for cyclohexane production at 380 K by a sharp increase at 390 K is attributed to the onset of cyclohexene
followed by a sharp increase at 390 K is attributed to the onset of production. Cyclohexene has a higher sticking probability on platinum,
cyclohexene production. Cyclohexene has a higher sticking probability resulting in further hydrogenation to cyclohexane. The non-Arrhenius
on platinum, resulting in further hydrogenation to cyclohexane. The behavior above 370 K is explained in terms of changes in the surface
non-Arrhenius behavior above 370 K is explained in terms of changes coverage of the adsorbates. Apparent activation energies and preex-
in the surface coverage of the adsorbates. Apparent activation energieponentials are listed in Table 1. Dotted lines were drawn as visual aids.
and preexponentials are listed in Table 1. Dotted lines were drawn as

visual aids. single and two double carbertarbon bonds. The two singly

bound carbon atoms are also bound to the platinum surface,

than cyclohexane<0.1%) on Pt(111), which allows the gas- giving rise to the s hybridization character in the spectral
phase precursor to remain on the surface and further hydroge-signature. Unlike the Pt(111) surface, the peaks at 2945 and
natel® We presume that adsorbed cyclohexene is formed on 3030 cnt! do not simultaneously grow and decay with
Pt(100) during the reaction at high temperatures on the basistemperature variations. Furthermore, the peak at 2943 ogal
of these results. shifts to 2940 cm? as the temperature is increased, and a new

3.2. Temperature Dependence of the Major Surface peak appears at 2865 cfn It becomes clear by comparison
Species under Varied Pressures of Benzene and Hydrogen that the SFG spectra in Figure 3 are similar to previous SFG
on Pt(100) and Pt(111): SFG Vibrational Spectroscopy  data ofz-allyl c-CeHg on Pt(100)° The SFQ@° spectrum of
Results and Peak AssignmentsFigure 3 shows the SFG  z-allyl c-CgHg on Pt(100) is characterized by two peaks@ir
spectra of the surface species present on Pt(100) at 15 Torr of(CH,) = 2865 andvasyn{(CHz) = 2940 cnt?, with the vasynr
benzene and 100 Torr oftt various temperatures. At 300 K, (CHp) peak being approximately twice as intense as the
three peaks are observed at 2945, 3030, and 3060.crhe vsym(CHz) peak. Hence, the modes in Figure 3 are assigned as
mode at 3060 crmt decreases in intensity as the temperature is follows: vsy(CHz) = 2865 cnT?, vaeyn(CHz) = 2940 cnr,
increased and disappears completely at 380 K. This peak hasy(H—C—C—) = 2945 cn1?, »(C—H)(vinylic) = 3030 cn1l,
been previously identified by SP&and EELS as the aromatic ~ and »(C—H)(aromatic)= 3060 cnt!. Cooling the platinum
C—H stretch of the physisorbed benzene. The intensity of the surface temperature from 440 to 300 K reveals the reversible
peak at 3030 cmt neither increases nor decreases as the behavior of the surface composition.
temperature is increased. This mode is also present on the Pt- The same surface species are present at other pressure
(111) surface and is assigned by SE@® the vinylic stretch of combinations (7.5 and 12.5 Torr of benzene under 100 Torr of
a dienyl chemisorbed benzene (see Scheme 1a). The mode at, and 10 Torr of benzene under 10, 50, 100, and 150 Torr of
2945 cnrlis also observed on the Pt(111) surface and assignedH,) on the Pt(100) surface. Both chemisorbed and physisorbed
to the sp hybridized G-H stretch of the dienyl chemisorbed benzene are coadsorbed at 300 K. Heating the crystal surface
benzene. Dienyl chemisorbed benzene is composed of fourto 340 K forms sw-allyl c-CgHg on the surface, which is
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TABLE 1: Pre-exponentials (in molecules per Pt atom per second), Apparent Activation Energies (in kcal/mol), Orders for
Both H, and Benzene, Isokinetic Temperature (in K), and the Critical Vibration (in cm~1) for Cyclohexane Production under a
Constant Pressure of 10 Torr of Benzene while Varying K and under a Constant Pressure of 100 Torr of H while Varying
Benzene on Pt(11%f and Pt(100)

Pt(111) Pt(100)
In(A/molecules site! s™1) EJ/(kcal mol?) In(A/molecules site! s71) Ed/(kcal mol?)
10.5 Torr benzene
11.2 Torr K 3.0+£0.3 7.0+ 0.2 5.4+ 0.8 8.7+ 0.5
52 Torr B 4.7+ 05 8.0+ 0.3 6.3+ 0.3 9.4+ 0.2
105 Torr B 7.3+£0.1 9.8+ 0.1 14.9+ 0.2 15.7+ 0.1
158 Torr K 85+0.7 10.6+ 0.4 11.2+0.1 12.5+ 0.1
105 Torr K
7.9 Torr Bz 6.0+ 0.3 9.3+ 0.3 20.0£ 0.2 18.9+ 0.1
10.5 Torr Bz 7.3:0.1 9.8+ 0.1 17.1+£1.2 16.8+ 0.8
13.3 Torr Bz 5.9+ 0.1 8.9+ 0.1 14.9+ 0.2 15.7+ 0.1
16.5 Torr Bz 8.1+ 0.7 10.5£ 0.2 12.4+ 0.2 13.6+ 0.1
order Pt(111) order Pt(100)
benzene -114+01 -1.1+0.3
H> 0.6+ 0.01 0.6+ 0.02
Til(K) vl(cm™)
cyclohexane 35& 5 501+ 7

coadsorbed with physisorbed and chemisorbed benzene. Furthe€s species in the conversion of benzene to cyclohexane. This
increasing the temperature to 380 K desorbs the physisorbedchoice of RDS is in agreement with the spectroscopic evidence
benzene, leaving-allyl c-C¢Hg and chemisorbed benzene on that shows only adsorbed benzene present on both the Pt(111)
the surface. Cooling the surface reverses the reaction, resultingand Pt(100) crystal surfaces at low temperatures. The rate of
in physisorbed benzene being the dominant surface species. benzene hydrogenation to cyclohexane can be written as
Figure 4 shows the SFG spectra of the surface species present
on Pt(111) under 10 Torr of benzene and 10 Torr patvaried Mg, = Ko One (5)
temperatures. Much like the benzene hydrogenation on Pt(100),
the spectrum at 300 K exhibits three peaks at 2945, 3030, and
3060 cnTl. These three peaks represent physisorbed and dienyl
chemisorbed benzene. As the surface temperature is increase
to 380 K, the physisorbed benzene desorbs. The two peaks that
are assigned to the dienyl chemisorbed benzene simultaneously O = KHZPH2 0. (6)
increase in intensity as the surface temperature is increased to
420 K. On the basis of these peaks growing and decaying in wherepy, is the pressure of the gas-phase Fhe coverage of
unison as the temperature is varied coupled with the notable benzenefcy, is also determined by the equilibrium of gas-

where the coverage of adsorbed hydrogép, is determined
gom the equilibrium of gas-phase;tnd adsorbed hydrogen,

absence of asyn(CH,) peak, we conclude that-allyl c-CsHg phase benzene and adsorbed benzene,

is not present on the Pt(111) surface. Cooling the surface reveals

that, like that on Pt(100), the benzene hydrogenation reaction Oc - = Kipep 0- (7
6 '6 6 '6

is reversible on Pt(111).

wherepc, is the pressure of gas-phase benzene. Inserting eqs

4. Discussion > f
6 and 7 into eq 5 results in

4.1. Langmuir—Hinshelwood Mechanism and Suggested
Reaction Pathways for Benzene Hydrogenation to Cyclo- _
hexane on Pt(111) and Pt(100)The reaction orders found in s k2K1V K Pegpioy/ Pr, (8)
Table 1 for the hydrogenation of benzene on both Pt(111) and ) o
Pt(100) corresponds to a Langmutiinshelwood-type mech- ~ The site balance for the system is given by
anism where the RDS is the surface reaction between an

adsorbed benzene molecule and one adsorbed hydrogen atom. 1=06.+ 0yt O ©)
The proposed mechanism for benzene hydrogenation to cyclo-
hexane involves the following elementary reaction steps: which leads to a LangmuirHinshelwood-type rate expression
K for benzene hydrogenation to cyclohexane,
H,
H, + 2% =@= 2H* (R1)
2 i kaprpCGHex/ Pr, (10)
CegHg —
K, @A+ KlpCeHs + KH2pH2)2
CeHg + * <B=  CoHy* (R2)

wherekapp = Kiko KHz' The rate expression allows the order
K, of benzene to vary from-1 to first-order and the order of H
CeHg* + H* — CH* +* (R3) to vary from —1/2 to half-order. Since benzene adsorption at
low temperatures (300 K T =< 400 K) is favorable and there
According to Saeys et al¥, CsHg* is the most stable adsorbed is a high gas-phase pressure of benz&apg,, is much larger
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Figure 3. Temperature-dependent SFG spectra of surface species onrigure 4. Temperature-dependent SFG spectra of surface species on
Pt(100) under 15 Torr of benzene and 100 Torr efitdthe range of Pt(111) under 10 Torr of benzene and 10 Torr ofifithe range of
300-440 K. The top SFG spectrum was taken after the metal surface 300-440 K. The top SFG spectrum was taken after the metal surface
was cooled from 440 to 300 K. Gk$), CHy(a), vinylic (H—C=C-), was cooled from 440 to 300 K.-HC—C—, vinylic (H—C=C-), and

and physisorbed benzene (phys. Bz) bands are identified. Markersphysisorbed benzene (phys. Bz) bands are identified. Markers represent
represent experimental data, and solid lines represent the curve fits. experimental data, and solid lines represent the curve fits.

than 1+ /Ky py, and the rate expression becomes reaction pathway occurs in a HorittiPolanyi schen?® that

adds hydrogens to benzene adsorbed to the platinum surface in

Kappy/ PH, an ortho fashion. Saeys et'dlalso found that “the thermody-
FoH, = —K 2 (11) namic sink of the energy profile is clearly the adsorbed benzene
1 Pe, and hydrogen. They are likely to be the most-abundant reaction

. . intermediates.” Again, this pathway is consistent with the
This low-temperature rate expression shows the dependence oRpectral evidence showing only adsorbed benzene at low

benzene is-1, and for hydrogen it is half-order, which are  temperatures and the rate expression that arises from the addition
strikingly similar to the experimentally obtained reaction orders of the first hydrogen.

listed in Table 1 for both Pt(111) and Pt(100). The theoretical
rate expression in egs 10 and 11 were verified by fitting to the . . )
experimentally obtained rates. hydr_ogen_atlon o_f cyclohexene to cy_clohexane. Previous inves-

Previous reaction studies of benzene hydrogenation on Pt-tigations into this reaction by Bratlie et #.on the Pt(100)
(111) concluded that at least two reaction pathways exist sinceSUrface and by Yang et &.on the Pt(111) surface identified
gas-phase cyclohexene evolves only at high temperatfires. ;r-allyl c-CgHg as the mqst abundant reactive intermediate and
Furthermore, a decrease and sudden increase in turnover at 378 hydrogenation as a likely RDS for cyclohexene hydrogena-
K coincides with the onset of cyclohexene formation and, hence, tion. The spectrum in Figure 3 clearly showsllyl c-CeHo 0N
another reaction pathway. A similar trend is presumed to also the Pt(100) surface in the presence of benzene; howesalyl
occur on the Pt(100) surface since the turnover plots display ¢-CsHg is not visible on the Pt(111) surface. This indicates that
features similar to those of Pt(111). Sayes ét‘aeveloped a adsorbed cyclohexene more readily dehydrogenates to form
possible reaction pathway by DFT that does not proceed throughz-allyl ¢c-CgHg on the Pt(100) surface than on the Pt(111)
cyclohexene, as the experimental data implies. The proposedsurface.

One of the reaction pathways at higher temperatures is the



17930 J. Phys. Chem. B, Vol. 110, No. 36, 2006 Bratlie et al.

% identified, and its RDS is the addition of the first hydrogen to
adsorbed benzene. The rate expression was experimentally
verified by the reaction orders for benzene and hydrogen
obtained from kinetic measurements and by SFG measurements.
At 300 K, physisorbed and chemisorbed benzene were observed
on both single-crystal surfaces. Increasing the temperature
desorbed the physisorbed benzene from both surfaces and
producedr-allyl c-CgHg on the Pt(100) surface only. Heating
mCHA on Pt(111) the single-crystal surfaces to 440 K and subsequently cooling
OCHA on Pt(100) them to 300 K resulted in SFG spectra that were identical to
those obtained before reaction, indicating complete reversibility
of the surface composition for both Pt(100) and Pt(111).
6 8 10 12 14 16 18 2 Chemisorbed benzene was determined to be the reactive surface
E,, keal/mol intermediate responsible for the RDS in the Langmuir
Figure 5. Constable plot for the hydrogenation of benzene to Hlns_helwood-type rate expression. On the baSI_S of previous
cyclohexane on Pt(111) and Pt(100). studies,z-allyl c-CeHg was concluded as the RDS in cyclohex-
ene hydrogenation on both platinum crystal surfaces, a reaction
4.2. Compensation Effect and Isokinetic TemperatureThe that occurs at higher temperatures.
apparent activation energies and preexponential factors for all
pressure combinations on both the Pt(100) and Pt(111) surfaces Acknowledgment. This work was supported by the Director,
are listed in Table 1. Plotting these Arrhenius parameter pairs Office of Energy Research, Office of Basic Energy Sciences,
forms a straight line, presented in Figure 5, which is attributed and Materials Science Division of the U.S. Department of
to the compensation effect. Taking the natural logarithm of eq Energy under Contract DE-AC02-05CH11231.
3 yields

20 4

In(A), molecules/Pt site/sec
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