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since In [CH,] is only a weak function of temperature. Now the 
left-hand side of eq 10 divided by R gives E,, the activation energy 
for radical formation. Thus 

E,  E E , / 2  (11) 
or the activation energy for CH3' radical formation should be 
approximately half the activation energy for CH4 conversion, 
which in fact was observed. 

Conclusions 
For the oxidative coupling of methane there is good qualitative 

agreement between the (C2 yield)'/2 and the formation of methyl 
radicals, either when the type of catalyst is not varied greatly or 
when the partial pressures of reactants and products are not 
significantly different. Carbon dioxide is an important variable 

which must be considered when making comparisons between 
reactor systems and catalysts. Quantitative comparisons between 
the rates of radical formation and C2 product formation provide 
evidence for the importance of the gas-phase coupling reaction 
in the formation of ethane as a primary product. The activation 
energies for CH4 conversion and methyl radical formation also 
are consistent with a radical coupling mechanism. 
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The potential dependence of optical second harmonic generation from polycrystalline platinum electrodes is presented for 
aqueous sulfuric and perchloric acid solutions. The second harmonic signal from the metal surface increases dramatically 
during the electrochemical deposition of hydrogen; this increase is quantitatively related to the charge passed during the 
chemisorption of the hydrogen species. Differences in the second harmonic signal for the weakly and strongly adsorbed hydrogen 
occur only in the presence of sulfate and bisulfate ions. The second harmonic signal for sulfuric acid solutions also increases 
as a function of potential in the double-layer region; this increase is attributed to the specific adsorption of sulfate and bisulfate 
ions and disappears during the formation of an oxide monolayer on the platinum surface. 

Introduction 
The process of second harmonic generation (SHG) exhibits a 

unique optical sensitivity to the interface of two centrosymmetric 
media.' This sensitivity is being exploited at  a variety of con- 
densed-phase interfaces; in particular, SHG has been employed 
in the examination of metal electrode surfaces. In the absence 
of any molecular transitions a t  the incident laser or second har- 
monic wavelengths, the second harmonic intensity from these 
interfaces is dominated by the nonlinear susceptibility of the 
surface metal atoms. This second harmonic signal has been used 
previously to measure changes in the charge density on the 
electrode surface: to optically monitor the specific adsorption of 
 anion^,^ to follow the formation of oxide,4 hydrogen,5 and un- 
derpotentially deposited metal2V6 monolayers, and to probe the 
structure of single-crystal electrode surfaces via the dependence 
of the second harmonic intensity on the angles between the po- 
larization vectors of the fundamental and second harmonic beams 
with respect to the crystal axes.' In our own studies,5 we have 
most recently examined silver electrodes in nonaqueous solvents, 
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using the second harmonic signal to quantitate the adsorption of 
hydrogen during the evolution of molecular hydrogen. In this 
paper we extend our SHG studies to platinum electrodes in 
aqueous solutions. Our interest in platinum electrodes stems from 
several points: (i) for comparison with our previous work, the 
process of hydrogen adsorption at  platinum electrodes is an 
electrochemically reversible process that has been studied inten- 
sively; (ii) there is a large body of linear electroreflectance data8 
at  platinum electrodes in sulfuric acid solutions with which to 
compare the SHG measurements; and (iii) as a long term goal 
we wish to extend our SHG studies to molecular SHG from both 
electroactive and electroinactive species chemisorbed onto poly- 
crystalline platinum electrodes. 

In this paper we report that the generation of light a t  289 nm 
at  platinum electrodes in sulfuric and perchloric acid solutions 
has a potential dependence that can be broken into the three 
different potential regions in which monolayer oxide formation, 
double-layer charging, and hydrogen atom chemisorption are 
occurring. In sulfuric acid solutions, we find that the second 
harmonic signal from the platinum surface increases during 
double-layer charging due to the contact adsorption of bisulfate 
and sulfate. This specific anionic adsorption depends upon the 
electrode potential and increases to a maximum level just prior 
to the commencement of monolayer oxide formation. A slow 
decrease in the second harmonic signal occurs during the formation 
of the oxide monolayer due to the desorption of the bisulfate and 

(8) (a) McIntyre, D. E. Adv. Electrochem. Electrochem. Eng. 1973,9,61. 
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Figure 1. Schematic diagram of the experimental apparatus for second 
harmonic generation studies of platinum electrodes in aqueous acid so- 
lutions. 

sulfate species. Upon return to the double-layer region, the 
platinum metal surface is regenerated, and the second harmonic 
signal again increases due to the anionic chemisorption. 

In both sulfuric and perchloric acid solutions the second har- 
monic signal increases during the chemisorption of strongly and 
weakly bound hydrogen species onto the platinum surface. A 
comparison of the second harmonic signal with the amount of 
charge passed during the hydrogen deposition reaction reveals that 
the nonlinear susceptibility of the surface is linearly related to 
the surface coverage of the adsorbed hydrogen species. In per- 
chloric acid media the increase in the surface nonlinear suscep- 
tibility is the same for both strongly and weakly adsorbed hy- 
drogen, whereas in the presence of bisulfate and sulfate ions the 
chemisorption of the weakly adsorbed hydrogen species has a 
greater effect on the S H G  from the platinum surface than the 
deposition of strongly adsorbed hydrogen. 

Experimental Considerations 
The SHG electrochemistry experiments were performed in a 

two-window Teflon cell which permitted an incident laser angle 
of 60° relative to the surface normal. The working electrode was 
a 6.35-mm-diameter platinum (99.99% purity) plug that was 
imbedded into a Teflon rod and then polished until optically 
smooth with 0.05-km alumina. A saturated calomel electrode 
(SCE) or a AglAgCl electrode that was isolated from the acid 
solutions with a cracked glass frit served as the reference electrode: 
all potentials in this paper are reported vs SCE. A platinum wire 
counter electrode completed the standard three-electrode con- 
figuration that was controlled with a PAR 173/175 potentiostat. 
Millipore-filtered water was used in all the experiments, the 
perchloric acid was double-distilled (GFS Chemicals), and the 
sulfuric acid and all other reagents were of Puriss (Fluka Chemical 
Corp.) purity. 

The experimental apparatus for the S H G  studies is depicted 
schematically in Figure 1. The second harmonic light was 
generated at  the platinum surface from a train (10 pulses/s) of 
IO-ns pulses of p-polarized 578-nm light from a single-stage am- 
plified dye laser that was pumped with the doubled output of a 
Quantel Model 580 Nd:YAG laser. The incident and reflected 
fundamental beams were at  60' relative to the surface normal, 
whereas the second harmonic beam emerged at 5 8 O  due to the 
change in the index of refraction of water from 578 to 289 nm. 
The second harmonic light was passed through filters and a 
0,156-m spectrometer to eliminate any residual fundamental laser 
light and any fluorescence caused by two-photon absorption; the 
ultraviolet light pulses were subsequently detected with a Ham- 
amatsu R928 photomultiplier tube. The second harmonic signal 
was observed to be monochromatic within the bandwidth of the 
spectrometer (2 nm) and had a pulse shape of 15 ns, which, 
represents a convolution of the laser pulse width and the spread 
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Figure 2. The cyclic voltammogram for a polycrystalline platinum 
electrode in a 0.5 M sulfuric acid solution. Scan rate: 10 mV/s. 

time of the photomultiplier tube. The incoming train of second 
harmonic light pulses were averaged with a Stanford Research 
SR250 boxcar averager; this second harmonic signal, the current, 
and the electrode potential were captured simultaneously with a 
IBM PC computer as a function of time. 

Laser-induced heating, desorption, and surface damage are 
significant concerns at  platinum surfaces due to the lower re- 
flectivity and thermal conductivity of platinum metal as compared 
to silver. In the range of laser power densities of 1-12 mJ/cm2, 
the second harmonic signal intensity from the surface was found 
to vary as the square of the incident power. Above these power 
densities, we observed laser-induced currents due to potential 
changes at  the electrode, deviations from the quadratic dependence 
due to changes in the optical constants of the metal from surface 
heating, and eventually, at very high power densities, visible surface 
damage. We therefore used the onset of laser-induced currents 
as an experimental measure of the surface damage threshold and 
kept our power densities below this level in our measurements. 

Results and Discussion 
The cathodic and anodic currents observed from a platinum 

electrode in a 0.5 M HS04 solution while the potential is scanned 
linearly between +1.1 and -0.3 V at a rate of 10 mV/s are shown 
in Figure 2. The depicted currents are the steady-state response 
and are obtained after repeated cycling in order to destroy any 
impurities either adsorbed onto the surface or residing within a 
diffusion layer near the electrode. Similar curves were obtained 
from perchloric acid solutions. Three well-known regions appear 
in the cyclic voltammogram: (i) double-layer charging as the 
electrode is scanned positively from 0 to +0.500 V, (ii) oxide 
monolayer formation as the electrode is scanned from +0.500 to + 1.100 V and subsequent oxide monolayer stripping on the return 
sweep at  a peak potential of +0.450 V, and (iii) hydrogen 
chemisorption and desorption as the potential is scanned between 
0 and -0.300 V. The two reversible peaks at  -0.090 and -0.208 
V correspond to the electrochemical deposition of two different 
types of adsorbed hydrogen (denoted as strongly (H,) and weakly 
(H,) adsorbed hydrogen, respectively). Studies of single-crystal 
platinum electrodes9J0 show that these two peaks correspond to 
hydrogen adsorption onto different crystal faces, and electrore- 
flectance measurements indicate that the bonding characteristics 
of these two hydrogen species are quite different. The chemi- 
sorption of H, increases the reflectivity of the electrode, and the 
1s electron is thought to be delocalized into the s-band of the metal 
surface. In contrast, H, decreases the reflectivity of the surface 
upon chemisorption and is thought to form a localized H-Pt bond. 
As shown by other authors,1° we can calculate the charge passed 

(9) Will, F .  G .  J .  Electrochem. SOC. 1965, 112, 451. 
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Figure 3. The second harmonic signal (arbitrary units) during a cyclic 
voltammogram from a polycrystalline platinum electrode in a 0.5 M 
sulfuric acid solution. Scan rate: 10 mV/s. 

-63 0 

-54.0 
- 
2 
0) -45.0 

V 5 -36.0 ‘ -27 0 I 
D 
C 

3 
.- 

8 
CT) 

-9.0 

0 . 0  
- 4  

c 
-200 0 200 400 600 800 1000 

Potential (rnV vs. SCE) 
Figure 4. The second harmonic signal (arbitrary units) during a cyclic 
voltammogram from a polycrystalline platinum electrode in a 0.35 M 
perchloric acid solution. Scan rate: 10 mV/s. 

during hydrogen depi t ion  by subtraction of the currents obtained 
from an acid solution containing 1 mM potassium iodide (in which 
there is complete blocking of the hydrogen adsorption). The total 
charge from these corrected currents is used as a measure of the 
effective surface area of the electrode, assuming that there is 
approximately 254 and 25 1 pC/cmZ for a complete monolayer 
of adsorbed hydrogen on platinum in sulfuric and perchloric acid 
solutions, respectively.10 

The second harmonic signals that we observe from the platinum 
electrode in 0.5 M H2S04 and 0.35 M HCIOl during potential 
cycling at  scan rates of 10 mV/s are shown in Figures 3 and 4, 
respectively. The second harmonic signal changes in each of the 
three regions mentioned above (by differing amounts depending 
on the acid), demonstrating that the second harmonic signal 
reflects the chemical processes that are occurring on the electrode 
surface. We address the nonlinear optical response from the 
surface in the three regions separately: 

1 .  Double-Layer Charging Region. As the electrode potential 
is scanned positively from 0 to ca. +OS00 V, a small potential- 
independent current is observed due the charging of the electrical 
double layer. On platinum electrodes the exact location of the 
potential of zero charge (pzc) is of some dispute but is thought 
to reside approximately at -0.100 V.” Figure 3 shows that the 
second harmonic signal reaches a minimum near that potential 
and rises steadily until +OS00 V. This increase in the second 

(11)  Frumkin, A. N.; Petrii, 0. A. Electrochim. Acta 1975, 20, 347. 
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Figure 5. The optically determined relative surface coverage, c0, of 
adsorbed bisulfate as a function of potential in the double-layer region 
during a positive potential sweep in a 0.5 M sulfuric acid solution. 

harmonic signal occurs to a much smaller degree in perchloric 
acid solutions; the addition of millimolar quantities of sulfuric acid 
results in a second harmonic signal analogous to that for the 0.5 
M H2S04 solution. We attribute the increase in the second 
harmonic signal to the modification of the surface nonlinear 
susceptibility by specific anion adsorption. We will call this anion 
adsorption “bisulfate adsorption” after the majority species a t  this 
pH, even though it is known from FTIR measurements that both 
bisulfate and sulfate ions are present on the electrode surface.’2 
An increase in the surface second harmonic signal also occurs in 
the presence of halide ions; these results will be reported in a later 
paper. The lack of a large increase in the second harmonic signal 
from perchloric acid media is indicative of the very weak ad- 
sorption of perchlorate ions onto the platinum surface. 

If the nonlinear susceptibility of the surface changes linearly 
with the surface coverage of chemisorbed bisulfate, then the second 
harmonic intensity I (2w)  should vary with the relative surface 
coverage 0 as 

(1) 

where Z ( ~ W ) ~  is the second harmonic signal from the surface in 
the absence of chemisorption and c is a constant that can be 
determined by the second harmonic signal a t  maximum surface 
coverage (0 = 1). This equation assumes that there is no phase 
shift in the surface nonlinear susceptibility upon chemisorption. 
Figure 5 plots the function “c0” (= [ Z ( ~ W ) / Z ( ~ W ) ~ ] ~ / ~  - 1) as the 
potential is scanned positively from -0.100 to +OS00 V. The 
amount of chemisorption asymptotically approaches a maximum 
at  +OS00 V. The observation of a potential dependence for the 
adsorption of bisulfate agrees with the qualitative findings of FTIR 
measurements.IZ 

2. Oxide Formation Region. As the potential is scanned 
positively beyond +OS00 V, we observe an anodic current due 
to the formation of a monolayer of oxide on the platinum surface. 
The chemical composition of the oxide layer is not known exactly 
but is thought to have a stoichiometry of two oxygen atoms for 
every surface platinum atom.13 As evidenced by the cyclic 
voltammogram (Figure 2) ,  the formation of this chemisorbed layer 
is a kinetically slow process. Large changes are observed in the 
ellip~ometric’~ and electroreflectance8 data from platinum elec- 
trodes during the formation of this oxide layer. In sulfuric acid 
solutions (Figure 3) we observe a decrease in the second harmonic 
signal during this potential range as the bisulfate ions slowly 
desorb. The lack of large increases in the second harmonic signal 

~ ( 2 ~ )  = ~ ( 2 ~ ) ~ ( 1  + ce)2 

(12) Seki, H., private communication. 
(13) Woods, R. Electroanal. Chem. 1976, 9, 1. 
(14) Hyde, P. J.; Maggiore C. J.; Redondo, A,; Srinivasan, S.; Gottesfeld, 
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Figure 6. The cathodic current after iodide background subtraction (a) 
and the second harmonic signal (b) as a function of potential in the 
hydrogen adsorption region for a 0.35 M perchloric acid solution. 

during oxide formation eliminates the possibility of a noncen- 
trosymmetric bulk oxide layer existing on the surface. The dif- 
ferences between the electroreflectance data and the second 
harmonic signal emphasize that at electrode surfaces the changes 
in the second harmonic intensity are dominated by contributions 
from the metal surface atoms. The electroreflectance data, 
however, are a combination of the index of refraction changes of 
the metal, chemisorbed layer, and double layer. 

As the potential is swept negatively, the oxide is eventually 
stripped off of the surface with a peak potential of +0.450 V. 
Upon renewal of the platinum surface, the second harmonic signal 
returns a t  a potential of +0.300 V to a level that is dictated by 
the chemisorption of bisulfate. This return occurs a t  +0.400 V 
for a scan rate of 1 mV/s; the observed scan rate dependence 
indicates that the reduction of the oxide monolayer is kinetically 
limited. The pattern of loss and subsequent return of second 
harmonic signal is reproducible throughout cycling of the potential. 
The stability of the second harmonic signal indicates that the 
optical signal, like the current, is not sensitive to any “roughening” 
(on the one- to two-monolayer level) that occurs during oxide 
formation. This insensitivity is in contrast to the changes that 
have been observed at  silver surfaces.15 

3: Hydrogen Atom Adsorption Region. As the potential scan 
continues negative of the pzc, a monolayer of hydrogen atoms is 
adsorbed onto the platinum surface prior to H2 evolution. As seen 
in Figures 3 and 4, the second harmonic signal increases dra- 
matically as the hydrogen layer is formed for both sulfuric and 
perchloric acid solutions. The signal increase in perchloric acid 
is larger than that for sulfuric acid; this difference can be attributed 
to the presence of the bisulfate ion during hydrogen deposition. 
In both acids the observed increase is not totally reversible at a 
scan rate of 10 mV/s (as evidenced by the hysteresis loop observed 
in both figures); however, a t  a scan rate of 1 mV/s the hysteresis 
is diminished. In the presence of iodide, there is blocking of the 
hydrogen adsorption and the second harmonic signal is greatly 
diminished in this potential region. Figures 6 and 7 plot the 
corrected currents (curve a) and the second harmonic signal (curve 
b) during the deposition of hydrogen for a 0.35 M HC104 solution 
and a 0.5 M H2S04 solution, respectively. As seen in Figure 7, 
in sulfuric acid solutions there is no immediate increase in the 
second harmonic signal with the commencement of hydrogen 
adsorption. This delay can be attributed to the remaining presence 
of chemisorbed bisulfate. 

From the corrected currents we can quantitate the amount of 
charge passed during the chemisorption of monatomic hydrogen, 
and from this charge we get an estimate of the surface coverage 
of hydrogen atoms. As in the case of bisulfate adsorption, we can 
also calculate the function c19 for adsorbed hydrogen from the 
second harmonic signal. These optically measured surface cov- 
erages can be compared with the electrochemically determined 

(15) Richmond, G. L. Chem. Phys. Left. 1985, 113, 359. 
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of charge, q, for a 0.35 M perchloric acid solution (a) and a 0.5 M 
sulfuric acid solution (b). The constant c is different for each acid. 

values. Figure 8 plots d, the relative surface coverage of adsorbed 
hydrogen, versus q, the charge passed due to hydrogen chemi- 
sorption, for the two acid solutions. For the 0.35 M HC104 
solution, the function c0 is linear with respect to q throughout the 
hydrogen adsorption region. For the 0.5 M H2S04 solution, a 
break is observed in c8 a t  a charge that coincides with the peak 
current due to the chemisorption of H,. A similar break is also 
observed when small amounts of bisulfate are added to 0.5 M 
perchloric acid solutions. This break can be seen clearly in the 
second harmonic signal plotted in Figure 7 and is attributed to 
the desorption of bisulfate ions. 

The increase in second harmonic signal during the hydrogen 
adsorption is in direct contrast with the decrease that we observed 
previously from silver electrodes in nonaqueous  solvent^.^ This 
increase could be due to one of three possibilities: (i) a contribution 
from the intrinsic nonlinear susceptibility of the adsorbed hydrogen 
species, (ii) an increase in the free electron charge density on the 
platinum surface, or (iii) a change with adsorption in the platinum 
d-band contribution to the nonlinear susceptibility. The fact that 
we see increases in the second harmonic signal for both H, and 
H, makes the first and second cases unlikely since the electronic 
structure of the two hydrogen species is thought to vary sub- 
stantially. This suggests that the nonlinear susceptibility of the 
surface metal atoms is dominated by the bound (d-band) electrons. 
In the two different metals, platinum and silver, hydrogen ad- 
sorption could affect the d-band contribution to the nonlinear 
polarizability in a different manner. We will reserve judgment 
on this problem until we can monitor the SHG from these elec- 
trodes at  a variety of wavelengths. However, these results and 
those of other authors’ suggest that the wavelength dependence 
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of the SHG from a variety of metal electrodes (e.g., Au, Pt, Cu, 
Ag) should vary sharply. 

Conclusions 
In summary, we have demonstrated that the second harmonic 

signal from platinum electrodes is sensitive to the surface changes 
which occur during an electrochemical cycle. The processes of 
specific anion adsorption and hydrogen atom chemisorption both 
increase the second harmonic signal from the platinum surface. 
The SHG measurements show that the chemisorption of bisulfate 
ions in the double-layer region varies with potential, reaching a 
minimum near the pzc. In the oxide region, the second harmonic 
signal slowly decreases during the replacement of the chemisorbed 
bisulfate with the oxide monolayer. In the hydrogen adsorption 
region, the second harmonic signal quantitatively increases during 
the chemisorption of strongly and weakly bound hydrogen; this 
increase also detects the desorption of bisulfate ions during the 
deposition process. These results, along with our studies on silver 
electrodes, suggest that the changes in the nonlinear susceptibility 
of the metal surface during chemisorption are dominated by 
changes in the contributions from the bound (d-band) electrons. 
The measurements reported here demonstrate that for certain 
adsorbates (e.g., hydrogen, anions) it is possible to quantitatively 
follow the chemisorption process by indirectly monitoring changes 

in the second harmonic signal from the platinum surface atoms. 
Having quantified the “nonresonant” second harmonic signal from 
platinum electrodes, we are now in a position to analyze the 
“resonant” molecular SHG contribution16 from chemisorbed 
species (for which there is a wealth of electrochemical data 
available at platinum electrodes);” this contribution can potentially 
provide a direct measurement of surface coverage and molecular 
orientation with molecular specificity obtained by the proper 
selection of second harmonic wavelength. 
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Infrared spectroscopy has been used to show that trimethylgallium, Ga(CH3)3, reacts with the AlOH groups on alumina 
to yield A1OGa(CHJ2 (I) and CH4. The number of Lewis acid/base sites increases with the temperature of activation, 
and the Lewis acid sites react with Ga(CH3)3 to yield AlCH3 (11) while the base sites yield species I. Spectral subtraction 
techniques have permitted the determination of the relative extinction coefficients of I and I1 which in turn has allowed us 
to determine simultaneously the ratio of the number of molecules that react with Lewis acid/base sites to those that react 
with AlOH sites, as a function of the temperature of activation of alumina. The results for the Lewis/OH site ratio have 
been compared with those that have been obtained from the water loss method, and we have found that the site ratio is lower 
at higher temperatures. Therefore, the data are probably a more accurate measure of the number of accessible sites that 
can react with molecules having dimensions similar to those of Ga(CH3)3. 

Introduction 
Alumina is widely used as a catalyst and as a catalyst support,’-3 

and it is generally accepted that there can be as many as five types 
of surface hydroxyl groups. Dehydroxylation produces Lewis acid 
and base sites as follows: 

(1) 
Because the catalytic activity of alumina can be related to the 
numbers of hydroxyl groups and Lewis acid/base sites, it is, 
therefore, of interest to know the relative numbers of these types 
of sites. 

We have recently shown4 that trimethylgallium (TMG) reacts 
with silanol (SiOH) groups on silica to yield SiOGa(CH3)2 and 
CH4. A similar reaction could be envisaged with AlOH groups 
on A1203: 

2A10H - Al+ + A10- + H 2 0  

(1) KnBzinger, H.; Ratnasamy, P. Catal. Rev.-Sci. Eng. 1978, 27, 31. 
(2) KnBzinger, H. Stud. SurJ Sci. Catal. 1985, 20, 1 1  1. 
(3) Zecchina, A.; Colluccia, C.; Morterra, C. Appl. Spectrosc. Rev. 1985, 

(4) Morrow, B. A.; McFarlane, R. A. J .  Phys. Chem. 1986, 90, 3192. 
21, 259. 

AlOH + Ga(CH3)3 - A10Ga(CH3)2 + CH, (2) 

Additionally, a reaction with the Lewis acidlbase sites created 
via the dehydroxylation process in reaction 1 might occur as 
follows: 

(3) 

Although species I would be produced via reactions 2 and 3, species 
I1 would be created by only reaction 3. The present investigation 
was undertaken in order to see whether an infrared study of the 
reaction of TMG with A1203 could be used to verify that reaction 
3 occurs and to use this data to determine simultaneously the ratio 
of surface AlOH groups to Lewis acid/base sites by quantitatively 
determining the relative proportions of species I and I1 produced 
from reactions 2 and 3. The results are compared with those 
obtained from other methods (see be lo^).^*^-^ 

I 

AI+ + A10- - AIOGa(CH3), + AI-CH3 
I I1 

(5) Peri, J. B. J .  Phys. Chem. 1965, 69, 211. 
(6) Hendriksen, B. A,; Pearce, D. R.; Rudham, R. J. Catal. 1972,24,82. 
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