the catalytic action. It is still not clear by
what mechanism the H is activated by the
tip and transferred to the carbonaceous
fragments. It is known that hydrogen readi-
ly dissociates over platinum even below 300
K, as shown by H,-D, exchange studies
(10). Because the residence time of the tip
over the area occupied by one cluster is on
the order of milliseconds at our scanning
speeds, the turnover frequency of the H
transfer reaction from the tip is about 2 X
10° 571 per Pt site (assuming the atoms are
being transferred from a single Pt atom on
the STM tip). This is about an order of
magnitude higher than that expected from
comparable studies of the hydrogenation of
ethylene and propylene under similar con-
ditions (11) and several orders of magnitude
higher than hydrogenolysis of C H, species
(12). However, these differences are not
surprising because it is not necessary for
these molecules to be completely hydroge-
nated and removed from the surface in or-
der for them to be unobservable by the
STM.

Isotope exchange reactions of hydrocar-
bons with deuterium gas on Pt(111) have
shown that the exchange kinetics at low
conversions displayed zero activation ener-
gy, a first-order dependence on D, pressure,
and a strong negative-order dependence on
the surface coverage by strongly bound car-
bonaceous species (13, 14). This negative-
order dependence arises from the inhibition
of dissociative chemisorption of deuterium
molecules by the carbonaceous deposits. It
was found that the rate of dissociative deu-
terium chemisorption on the platinum sur-
faces that are partially covered by strongly
chemisorbed carbonaceous species con-
trolled the overall exchange kinetics. From
these observations, it could be argued that
in our case, the STM tip acted as a source of
activated hydrogen, eliminating the need
for a site for dissociative hydrogen chemi-
sorption on the surface and, as a result,
significantly increased ‘the rate of conver-
sion of the hydrocarbon clusters.

We believe that these results demon-
strating the catalytic action of the STM tip
open the way for experiments that will al-
low the study of the local catalytic activity
of surface sites and defects that can at
present only bé studied in an average way
with the more conventional tools and
methods.
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A Redox Fuel Cell That Operates with
Methane as Fuel at 120°C

Steven H. Bergens, Christopher B. Gorman,
G. Tayhas R. Palmore, George M. Whitesides*

Platinum black efficiently catalyzes the oxidation of methane by iron(lll) to generate carbon
dioxide and eight equivalents of iron(ll) in solutions of sulfuric acid in water. The rate of
oxidation increases over 4 hoursto reach ~4.83 X 10~2 moles of iron(ll) per gram atom
of surface platinum per second. A redox fuel cell was assembled that used this reaction
in a liquid reformer to generate soluble reducing equivalents of iron(ll) from methane,
which was electrochemically oxidized to iron(lll) in the cell. A vanadium(V)-(IV)-nitric
acid-O,, redox system catalyzed the electrochemical reduction of O,. The open-circuit
voltage of the cell was 0.48 volt, and the maximum power output of the cell was 8.1
milliwatts per cubic centimeter of graphite felt electrode.

We have operated a redox fuel cell with
methane as fuel at 120°C in which graphite
felt was uséd as the anode and cathode.
Methane is presently the most abundant
hydrocarbon fuel available (1). Because fuel
cells are capable, in theory, of converting
the free energy of oxidation of a fuel direct-
ly into electrical work without the thermo-
dynamic limitations of a heat engine (2),
the use of fuel cells to combust CH, is
potentially an economical and efficient
method of energy production. Unfortunate-
ly, the direct oxidation of alkanes in fuel
cells is slow. The use of alkanes as fuels now
requires that they first be steam-reformed to
generate mixtures of H, and CO, so that H,
can be used as a fuel in a conventional,
H,-O, fuel cell (2).

Kénig, ih a 1982 German patent, report-
ed that Pt on graphite catalyzes the oxida-
tion of CH, by Fe,(SO,); in acidic water to
generate mixtures of Fe(II), CO,, and
CH,0OH (3). It was difficult to prevent
complete oxidation of CH, to CO,, and a
flow system was required to remove
CH,OH from Pt before further oxidation
occurred. The Konig system is among the
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few robust systems that catalytically acti-
vates C-H bonds in the presence of func-
tionalized molecules (H,SO, in water) (1).
Confirmation of the Kénig report has not
been reported, and rate, yield, and turnover
data have not been obtained.

We have confirmed that the Kénig sys-
tem does catalytically activate C-H bonds
under certain, reproducible conditions, and
we have determined the rate and stoichio-
metry of the reaction under these condi-
tions. Further, we circumvented the kinetic
limitations of the direct electrochemical
oxidation of CH,, by using the Kénig system
as an intermediary redox catalyst that trans-
ferred electrons from CH, to the anode of a
redox fuel cell (Fig. 1). We chose the-Ko6nig
system because it operates under conditions
similar to those in fuel cells (strong, aque-
ous acid) and because it effects the com-
plete oxidation of CH,. Although several
reports have described redox catalysts in
fuel cells that use H, (4), coal (5), and CO
(6) as fuels, CH, has not been used previ-
ously to drive a redox fuel cell.

Methane was oxidized by Fe(III) with a
catalytic amount of Pt black in a static
reactor system [a T316 stainless steel bomb
with a glass liner (7)] to generate CO, and
eight equivalents (eq) of Fe(Il) (Fig. 1)
[1.02 mol % of Pt relative to starting



Fe(Ill); 0.6 M Fe(Ill) in 28 weight %
H,SO, in water; 120°C; CH, pressure
(Pcy,) = 54 atm; initial molar ratio of
CH4:‘Fe(IH) = 42:1] (8). The rate of reac-
tion increased over 4 hours to a maximum
of ~4.83 X 1072 mol of Fe(I) per gram-
atom of Pt . per second (Pt . is an
active site on the Pt black; the catalytically
active surface of the Pt black was measured
by H,-O, titrimetry) (9).

A flow system was constructed that al-
lowed the oxidation of CH, to occur in the

bomb at high pressure and the redox fuel
cell (Fig. 1) (10) to operate under ambi-
ent pressure. Oxidation of CH, in the
bomb generated Fe(II) and CO,, Fe(II)
was reoxidized to Fe(III) at the anode of
the fuel cell, and Fe(III) was returned to
the bomb. A vanadium redox system
[V(V)-V(IV)-HNO,-O,] (Fig. 1) (11)
was used to catalyze the electrochemical
reduction of O, in the cathode compart-
ment of the cell. The electrical perfor-
mance of the cell was similar to that of a
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Fig. 1. (A) A schematic representation of the redox fuel cell operating with CH, and O, The liquid reformer
section operated at 120°C under 54 atm of CH,. The fuel cell operated at 80°C with the anode
compartment under 1 atm of Ar and the cathode compartment under 1 atm of O,. The needle valve was
used to regulate the flow of anolyte from the bomb to the cell. The high-performance liquid chromatog-
raphy (HPLC) pump was used to pump the spent anolyte from the cell back to the bomb. The anode and
cathode consisted of graphite felt (G) that had been surface-oxidized by exposure to boiling, concen-
trated HNO, for 15 min. A platinum wire was used as current collector. (B) £, (O) (the potential difference

across the cell), £, o6 (), and E_,inoa6 (O) Eanode

and E_ 040 @re versus standard hydrogen electrode

and are not /R-corrected) are plotted against current density (per cubic centimeter of graphite felt) (70).
The formal potentials of VO3 (E°yo3.yo2+) (4) and Fe(lll) (E°” oqy.reqy (7). and the standard potentials of
O, (E°0,-+p0) (16) and CH,, (E°co,-cri,) (15) are indicated. £, . is the potential difference across a
reversible cell operating with CH, and O, Eys, o1y, iS the electrical energy lost during oxidation of CH, by
Fe(lll), E,oss o, I8 the electrical energy lost during reduction of O, by VO2*, and OCV is the open-circuit

voltage of the experimental cell.
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related cell operating with MeOH as fuel
(12).

Cell performance was maximized by run-
ning the reformer until most of the Fe(III)
was reduced to Fe(Il) before transferring
electrolyte to the cell. A high ratio of Fe(II)
to Fe(IlI) was then maintained in the elec-
trolyte during operation of the cell by re-
forming CH, on a scale that produced
Fe(I) at a rate higher than that of electro-
chemical oxidation to Fe(III) in the fuel
cell and by continuously circulating electro-
lyte between the reformer and the anode
compartment of the cell. At high currents,
the cell voltage (E_,) was constant while
electrolyte was circulated between the re-
former and the cell but dropped rapidly
with concomitant change in color of the
electrolyte from light blue (the color of
FeSO, in aqueous sulfuric acid) to orange
yellow [the color of Fe,(SO,); in aqueous
sulfuric acid] when circulation was stopped.
Both E_;; and the light blue color of the
electrolyte were restored when circulation
of the electrolyte was restored. Mechanical
difficulties (leaks and clogged filters, for
example) usually prevented continuous op-
eration of the cell for more than 3 hours.

The Kénig system reproducibly activates
C-H bonds efficiently and with good turn-
overs under the conditions shown in Fig. 1.

The oxidation of CH, by Fe(Ill) is analo-

-gous to steam reforming except that the

electroactive  species generated from
CH,[Fe(I1)] is highly soluble in the electro-
lyte. There are two intrinsic advantages of
this liquid reformer over steam reformers:
First, the operating temperature is lower
(120°C versus 700° to 900°C) (13), and
second, Fe(Il) has high rates of electron
transfer at carbon electrodes (the direct,
electrochemical oxidation of H, gas usually
is carried out with Pt as an electrocatalyst)
(2). The primary limitation of the present
liquid reformer is the loss of electrical en-
ergy during the oxidation of CH, by Fe(III)
(~032 V, E, C]_[4) (Fig. 1). We believe
that this intrinsic thermodynamic limita-
tion can be overcome to some extent by
using redox couples with formal reduction
potentials that are close to that of CH,; the
extent of the kinetic penalty for. better
matching of these potentials will have to be
determined experimentally.
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A Spectroscopic Measurement of the
Coronal Density of Procyon

J. H. M. M. Schmitt,* B. M. Haisch, J. J. Drake

One of the open key issues in the astrophysics of stellar coronae is the determination of
their spatial structure and density. From almost all previous measurements, one can infer
merely the presence of a corona, which for the most energetic stellar coronae may exceed
the solar x-ray output by as much as five orders of magnitude, but no information can be
obtained on the densities and hence volumes and sizes of the hot x-ray emitting material.
A direct spectroscopic measurement of the coronal density was obtained for the star
Procyon with the spectrometer on board the Extreme Ultraviolet Explorer satellite; the ratio
of two Fe X1V lines at 211.32 and 264.79 angstroms was used to determine a density of
~4 X 10%to 7 X 10° electrons per cubic centimeter, which is a factor of 2 to 3 higher than
typical solar active region densities. From this value, we estimate that ~6 percent of the
stellar surface is covered with ~7 X 104 coronal loops.

The x-ray images of the sun obtained from
Skylab (1), the Normal Incidence X-ray
Telescope (NIXT) (2), and Yohkoh (3)
have revealed an extremely complex struc-
ture in the solar corona. This structuring is
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the result of the confinement of the coronal
plastha in magnetic loops, and in fact, most
of the solar x-ray emission comes from a
relatively small number of such loops spa-
tially concentrated in active regions. Obser-
vations with the Einstein Observatory (4)
and Roentgen Satellite (ROSAT) (5) tele-
scopes have revealed x-ray emission from all
classes of late-type stars except evolved K
and M stars that are beyond the coronal
dividing line (6). Does such emission orig-
inate in stellar analogs of solar active re-
gions? '
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Stars cannot be spatially resolved, and
thus, their coronal filling factors (that is,
the fraction of their coronal volumes that
emit x-rays) cannot be directly measured.
Even in the rare cases of eclipsing binaries
from which sizes of coronal structures can
be inferred (7), it is impossible to distin-
guish between a diffusely filled structure
and one in which the plasma is threaded
through only a fraction of the volume.
Heretofore, it has been impossible to deter-
mine whether, on a given star, coronal
emission originates in rather compact high-
density regions or in extended tenuous low-
density regions because only the product of
the square of the election density and the
volume (that is, the volume emission mea-
sure, VEM = n?V) could be determined
from broadband flux or low-spectral resolu-
tion observations hitherto available. This
dependence on n? arises from the dominant
cooling process, that is, the excitation of
ions by thermal electrons followed by radi-
ative decay; because most of the gas is hy-
drogen, which is fully ionized at coronal
temperatures, n = 0.85n,, where n, is the
electron density. Consequently, spectro-
scopic measurements of n, become of ut-
most importance because they can, in prin-
ciple, be obtained for any coronal star, and
from the VEM, which is directly derivable
from the measured flux, the volume can be
derived. Linear size scales of the x-ray emit-
ting regions can then be determined on the
basis of models of magnetic loops developed
for the sun.

The star Procyon is a nearby astrometric
binary consisting of a slightly evolved F5
IV-V star with a cool white dwarf compan-
ion. The x-ray emission from Procyon was
first discovered with the Einstein Observa-
tory’s Imaging Proportional Counter (IPC)
(8), which measured a luminosity of L, =~
10%8 ergs s™! , about the same L_ as the sun
at solar maximum. All of the observed x-ray
emission was attributed to Procyon A (the
F-type star), and the coronal temperature
was found to be rather low (T, ~10%2 K)
when compared with other stars with high-
er x-ray luminosity (9). On the other hand,
because Procyon is slightly larger than the
sun (radius R. =~ 1.9 Ry, where R is the
radius of the sun), the x-ray emission ex-
pressed as a surface flux is rather similar to
that of the quiet sun, for which such a low
T.., would be appropriate.

Procyon has also been investigated with
both the International Ultraviolet Explorer
(IUE) and the European X-ray Observatory
Satellite (EXOSAT). An extensive study of
Procyon with IUE yielded the detection of a
large number of chromospheric and transi-
tion-region lines (10); the ultraviolet line
with the highest formation temperature is
the N V line at 1240 A with T ~ 10°2 K.
The spectrum of Procyon obtained with the





