
The benefit of the facile charge-transfer ca- 
pabilities of the conductive BaFeO, salt is ev- 
ident in a cylindrical cell configration (Fig. 4). 
Discharged to 1 V at 0.7 W high constant 
power, the BaFeO, cell provides 200% higher 
energy compared to advanced MnO, alkaline 
cylindrical AAA cells (0.86 W.hours compared 
to 0.285 \%:.hours). Common cylindrical cells 
range in volume from approximately 3 to 50 
cm3 for AAA up to D-tqpe configlxations. This 
geometrq. requires an increase in mateiial scale 
by two orders of magnitude compared to the 
simple "button" configuration, and provides an 
ongoing challenge in cell optimization. Industry 
regulaily reports incremental increases in alka- 
line cylindrical MnO,.'Zn energy density and, 
most recently, has reported advances in the 
high-power discharge domain. One recent post- 
ed advanced result is determined at constant 
power discharge (Fig. 4; inset) (1 7). Compared 
to these conventional advanced alltaline cells, 
the BaFeO, cell provides a 200% higher energy 
capacity under high-drain (0.7 W discharge) 
and a 40°/0 increased capacity under low-drain 
(0.08 W) conditions. The cylindrical BaFeO, 
cell uses the conventioilal cell Zn anode mix; 
anode cuirent collector, and separator. In future 
expeiiments: with specific optimization for the 
super-iron cell, further energy capacity increas- 
es are expected. 

Conveiltional MH batteries, with a capac- 
ity up to 95 iiT.hours/ltg ( 5 ) ;  compared to 40 
W.hours!kg for NiCd, have advanced to 
where further energy storage improvements 
are largely limited by the cell's heavy nickel 
oxyhydroxide (NiOOH) cathode. This situa- 
tion is analogous to the limitations of MnO, 
for prilnaiy Zn batteries and is accentuated by 
the lower limiting NiOOH cathode capacity 
of -290 mA.hours8g. These important sec- 
ondai-y (rechargeable) batteries use all<aline 
KOH electrolyte. 

We have also probed the reversible nature 
of Fe(V1) chemistry. An Fe(V1) charge-lim- 
ited open-cell experiment provides funda- 
mental evidence that the Fe(V1) cathode is 
significantly rechargeable. The cell has been 
discharged to 75% cathode capacity depth of 
discharge (DOD) for several cycles and more 
than 400 cycles at 30% DOD. The cell con- 
sists of an excess of MH anode (35 mA.hours. 
removed from a GP 35BVH button cell), and 
a limitiilg Fe(V1) cathode (9 mA.hours based 
on 406 mA.hoursig K,FeO,, using a Teflon 
mesh pressed over the K,FeO, mix), in ex- 
cess 12 M KOH electrolyte. The cell potential 
varies from 1.3 V (open circuit) to 1.1 V (at 
5 inA.lcm2) and is cycled at 2.5 mA charge 
and 1 i n 4  discharge. This cell has a charac- 
teristic voltage similar to the conventional 
MH battery because of the similarity of the 
Fe(V1) potential to the 0.5 V folmal potential 
of NiOOH. 

In the primai-y-batteiy studies. the AAA 
cell configuration has been used only to pro- 
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vide a clear comparison to existing optimized 
electrochemistries. The engineering of MnO, 
into a conventional cylindrical cell is an on- 
going process which has taken many decades. 
Engineering studies of the new Fe(V1) cath- 
ode will also be an ongoing process. Further 
research probing, stabilizing, and releasing 
the substantial storage of other Fe(V1) cath- 
odes will be needed. For example; a compos- 
ite high-capacity Fe(V1) cathode containing 
several FefVI', salts also exhibits efficient 
discharge in the high-cunent domain; and, as 
in the K,FeO, and BaFeO, cells in this study, 
generates significantly greater energy capac- 
ity than in conventional alkaline batteries. 
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Phonon- Versus 
Electron-Mediated Desorption 

and Oxidation of CO on 
Ru(0001) 

M. Bonn," S. Funk, Ch. Hess, D. N. Denzler, C. Stampfl, 
M. Scheffler, M. Wolf, C. Ertl 

Heating of a ruthenium surface on which carbon monoxide and atomic oxygen 
are coadsorbed leads exclusively to desorption of carbon monoxide. In contrast, 
excitation with femtosecond infrared laser pulses enables also the formation 
of carbon dioxide. The desorption is caused by coupling of the adsorbate to  the 
phonon bath of the ruthenium substrate, whereas the oxidation reaction is 
initiated by hot substrate electrons, as evidenced by the observed subpico- 
second reaction dynamics and density functional calculations. The presence of 
this laser-induced reaction pathway allows elucidation of the microscopic 
mechanism and the dynamics of the carbon monoxide oxidation reaction. 

The catalytic oxidation of CO on transition 
metal surfaces is technologically very impor- 
tant, being a ltey reaction, for example, in 
automotive exhaust catalysts. To fully under- 

Fritz-Haber-lnstitut der Max-Planck-Cesellschaft, Fara- 
dayweg 4-6, 14195 Berlin, Germany. 

*To w h o m  correspondence should be addressed. E- 
mail: bonnefhi-berl in.mpg.de 

stand this surface reaction-ideally leading to 
better and more efficient catalytic process- 
es-requires insight on atomic length (ang- 
strom) and reaction time (femtosecond) 
scales. Structural infoimation with the re- 
quired spatial resolution has recently been 
obtained by means of scanning probe tech- 
niques (I), but the ultrafast dynamics (2) of 
such reactions are still largely unexplored. 
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despite recent progress with femtosecond 
spectroscopic investigations, such as on the 
Pt(ll1) surface (3, 4). 

Here we elucidate the mechanism and the 
subpicosecond dynamics of the oxidation of 
CO on Ru(0001), a well-documented model 
system (5) .  The reaction is initiated by exci- 
tation of the surface on which CO and atomic 
0 are coadsorbed, with near-infrared (800 
nrn = 1.5 eV) laser pulses of 110-fs duration. 
It is important to note that CO, cannot be 
formed thermally (that is by heating the sur- 
face) under ultrahigh vacuum conditions. 
This means that a new reaction path is opened 
by the femtosecond laser excitation. 

In the traditional ~icture of a thermal reac- 
tion on a metal surfa'ce, the phonons drive the 
system across the activation barrier in the elec- 
tronic ground state. However, electrons in the 
high-energy tail of a thermal Fermi-Dirac dis- 
tribution can also induce chemical transforma- 
tions by transient population of normally unoc- 
cupied states, as demonstrated here. Such pho- 
non- and electron-mediated processes are fun- 
damentally different, but cannot be distin- 
guished with conventional heating, where elec- 
trons and phonons are in equilibrium. With 
femtosecond laser excitation, we exploit the 
strong nonequilibrium between electrons and 
phonons to separate electron- from phonon- 
induced processes, allowing us to establish re- 
action mechanisms and key reaction parameters 
such as the pathways and subpicosecond time 
scales of energy flow. 

The Ru(0001) surface was first covered 
with 0.5 monolayers of atomic 0 [(2 X 1)- 
OIRu(000 1 )] by exposure to 5-Langmuir (1 
Langmuir = lop6 tom-s) O,, after which 1.8- 
Langmuir CO was dosed-[peparation and 
characterization are described in (6)]. In the 
following, this surface will be referred to as 
CO/O/Ru(0001). The 0 coverage depletion is 
below lop3 per laser shot. Formation of CO, 
from reaction of surface 0 with gas phase CO 
(Eley-Rideal mechanism) does not take 
place: The two reactants have to be coad- 
sorbed on the surface for oxidation to occur 
(Langmuir-Hinshelwood mechanism). Time- 
of-flight spectra (Fig. 1A) show the forma- 
tion of CO, and CO after femtosecond-laser 
excitation. The branching ratio be- 
tween desorption and oxidation (yield[CO]/ 
yield[CO,]) is 35 + 2.5 (u). 

Excitation of a Ru surface with a femto- 
second infrared laser pulse can lead to sub- 
strate-mediated chemical changes at the sur- 
face according to the following mechanism 
(Fig. 1B). The laser pulse excites the elec- 
trons near the metal surface (optical penetra- 
tion depth - 10 nm), and rapid thermalization 
within the electron gas to a hot Fermi-Dirac 
distribution occurs by electron-electron scat- 
tering. Because of the very small electronic 
heat capacity, peak electronic temperatures of 
thousands of Kelvin above the equilibrium 

melting point can be reached (Fig. 1B). from the phonons to adsorbate vibrations that 
Subsequent cooling of electrons occurs si- are coupled to the reaction coordinate. The 

multaneously by diffusive electron transport nonequilibrium between electrons and phonons 
into the bulk and by electron-phonon coupling, upon excitation with an ultrashort laser pulse 
characterized by a coupling time T,,,, (-300 fs allows for the distinction between electron- and 
for Ru). A surface reaction can then be trig- phonon-induced processes, which is not possi- 
gered either by coupling of the adsorbate to ble with conventional heating. The predominant 
these hot electrons (coupling time T,,), or by coupling path can be determined by means of a 
coupling to phonons (coupling time T~,,). Ener- two-pulse correlation measurement (7). In such 
gy exchange with electrons involves the trans- experiments, the photo-reaction yield is mea- 
fer of electrons from the substrate to the adsor- sured as a function of the delay between two 
bate (transient population of normally unoccu- pulses of equal intensity. Because of the fast 
pied adsorbate orbitals), by which energy is electron-phonon coupling, high electronic tem- 
transferred to the adsorbate. In contrast, reac- peratures resulting from the combined effect of 
tions caused by phonons take place in the elec- the two pulses can only be reached when the 
tronic ground state, and energy is transferred two pulses are separated by a time-span that 

Fig. 1. (A) CO and 
CO, time-of-flight spec- 
tra (CO, signal multi- 
plied by 3 9 ,  demon- 
strating the formation 
of CO, and desorption 
of CO after pulsed 
excitation of CO/O/ 
Ru(0001). Translation- 
al temperatures ob- 
tained from the fitted 
lines are 640 and 1590 
K for CO and CO,, re- 
spectively. (B) Process 
of laser-induced sur- 
face chemistry. The la- 
ser pulse heats the 
electrons, leading to a 
very high transient elec- flight time (ps) time (ps) 
tronic temperature. T,,. 
Electron-phonon coupling leads to equilibration of the energy in -1 ps. The surface reaction can occur 
by coupling to either the hot electrons or to the phonons. T,, and T,, are calculated as described in (75). 

Fig. 2. (A) Two-pulse 
A correlation measure- 

ments for the laser-in- 
4 

duced oxidation (yield- , 
ing CO,, 0; signal mul- - 
tiplied by 24) and 3 

desorption of CO (0) 8 . 
from CO/O/Ru(0001). - 
Full widths at half max- $ - 
imum (FWHM) refer to '5. 

magnitude faster than & 
for CO desorption. (B) 

pulse' correlation tech- I I a I J 
nique. The yield is mea- -200 -100 0 100 200 
sured as a function of pulse-pulse delay (ps) 
delay between two ex- 
citation pulses. (C) The 
nonlinear fluence de- 
pendence of the yields 
for the two competing 

Z p J  
f g  -- 

processes demonstrate S E  a *  
that the branching ra- .- 
tio between desorption 

E c q  
and oxidation is inde- 0 2 M ] 4 0 0 6 0 0  
pendent of the absorbed fluence (Jlm2) 
fluence within experi- 
mental error. Lines in the two-pulse correlation and fluence dependence data are the result of filction 
model calculation with the same parameter sets. 
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does not exceed the electron-phonon equilibra- 
tion time of -1 ps. Therefore, one expects a 
fast response of a few picoseconds m the two- 
pulse correlation experiment if the reaction is 
electron-mediated. In contrast. a slow resDonse 
indicates predominant coupling to phonons, be- 
cause the cooling of phonons is much slower 
(-50 ps). The results of such experiments for 
the desorption and oxidation of CO from CO/ 
O!Ru(0001) (Fig. 2A) show that the time scales 
for the tLvo conlpeting processes differ by al- 
most an order of magnitude. The ultrafast re- 
sponse for the oxidation of 3-ps full width at 
half maximum (FLNHM) suggests that this re- 

action is driven by the hot electrons, whereas 
the nluch slower response for desorption of 20 
ps implies coupling to phonons. 

That the oxidation reaction is electron-me- 
diated is verified by a pronounced isotope effect 
for this reaction. When the Ru surface is first 
covered with a 50!50 mixture of 1 6 0  and l8O> 
CO. containing the light 0 isotope is preferen- 
tially formed (yield ratio 160C0/180C0 = 

2.2 ? 0.3). This isotope effect can be rational- 
ized in terms of multiple electronic transitions 
(8): The energetic metal electrons can be scat- 
tered into an unoccupied orbital of the 0 atom. 
The resulting short-lived, negatively charged 0 

Fig. 3. Results of densi- F.-F., 
ty functional theory - -r 

-8 -6 -4 -2 0 2 
calculations (72) for I . I . I - . - ,  . , . ,I 
atomic O(ZXI) on Ru. 
(A) The change in the 
density of states (DOS) 
upon adsorption of 0.5 
ML of atomic 0 upon 
Ru(0001). A bonding 
state appears well be- 
low the Fermi level, E ~ ,  
and an antibonding 
state 1.7 eV above E,. 

Fermi functions f (E) 
(right ordinat6 axis) at 
300 and 6000 K dem- 
onstrate that with in- 
creasing temperature 
this level becomes pop- 
ulated. (0) Electron den- 
sity (+2) illustrating the 
antibonding character 
of the 1.7-eV state. 
(C) Free energy as a 
function of Ru-0 dis- 
tance and electronic 
temperature. The bond 
is strongly weakened as 
the electron tempera- 
ture increases. These Ru-0 distance (A) 
curves are obtained by 
evaluating the free energy as a function of distance of the 0 adlayer from the surface for different 
values of the electronic temperature, where the surface Ru atoms are held fixed at their bulk terminated 
positions. 

will favor a Ru-O distance different from that 
of the neutral state, so that the 0 atom is 
accelerated with respect to the surface. The 
electron residence time is equal for both iso- 
topes, and thus the lighter isotope will traverse 
a larger distance than the heavier isotope, be- 
cause it is accelerated faster. This means that 
mhen the electron transfers back to the sub- 
strate, leavlng the 0 m its electronic ground 
state, the light isotope is further from its equi- 
librium position and has therefore acauired 
more vibrational energy that is available for 
surmounting the reaction ba~ller. Hence the 
larger yield for the lighter isotope. Several of 
these electronic excitatio~v'de-excitation cycles 
can occur, increasing the reaction probability. 
An isotope effect of similar magnitude has been 
observed for electron-stimulated desorption of 
0 ions from tungsten (9),  explained by single 
electronic transitions. For phonon-mediated 
processes isotope effects are expected to be 
very small (lo), consistent with the absence of 
an isotope effect for the phonon-mediated de- 
sorption reaction (12CL60 and 13C180, yield 
ratio of 0.98 i 0.1) (11). Also, no isotope effect 
was observed for the oxidation reaction with 
respect to the CO mass. 

Besides confmning that the oxidation reac- 
tion is electron-mediated, the 0-isotope effect 
denlonstrates that activation of the Ru-O bond 
by electrons 1s the rate-determining step in the 
oxidation reactlon As soon as the adsorbed O 
atoms are vibrationally activated by the hot 
substrate electrons (the amount of energy up- 
take being mass-dependent). the leactlon can 
take place. Because of the high coverage, 0 and 
CO are in close proximity on the surface (3.52 
A) (6); and the required additional decrease in 
N O  distance is easily realized by the ther- 
mally activated lateral motion of CO. 

To obtaln insight into the microscopic 
mechanism of the electron-induced activation. 
we carried out electron temperature-dependent 
densi5 hct ional  calculations (12) for 0 on 
Ru We investigated the (2 X 1)-O Ru(0001) 

B 
Thermal excitation fs-laser excitation 

1 0 eV 

reaction coordinate 
> Fig. 4. (A) Calculated reaction rates (normalized, solid lines) for the 

oxidation of CO driven by the hot electrons and for the phonon- 
mediated desorption of CO, along with the time evolution of the electron 
and phonon temperatures (dashed lines) after excitation with a femto- 
second pulse at t = 0. The formation of CO, is faster and almost result of the lower energy required for CO desorption than for 0 
complete before the desorption of CO is initiated. (0) Sketch illustrating activation. Under laser excitation, the 1.8-eV barrier for 0 activation is 
that only desorption occurs when the system is excited thermally, as a overcome by coupling to the hot electrons, so that CO, can be formed. 
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system using a (2 X2)  s~u-face unit cell with f o ~ x  
atomic layers of Ru and the 0 atoms 011 one 
side of the slab. Upon adsorption of 0; an 
unoccupied state right above the Fenni level e, 
is induced (Fig. 3A). This state is antibonding 
with respect to the Ru-O bond; as demonstrated 

the exact value of T ~ , ,  IS due to the slon tein- 
perahlie dynamics of the phonons 

The diffelent act11 ation mechanisms for 
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norm-conserving DFT-CCA pseudopotentials [N. Troul- 
lier and J. L. Martins, Phys. Rev. B 43, 1991 (1993)l and 
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averaged potentials. Further details can be found in 
(77). The calculated electronic eigenstates i are occu- 
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peratures, i, = f(&,,TeI) = [ I  + exp(&, - cF/kB Tel I- ' ,  
where 8, is the Fermi energy. The spatial electron 
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the two competing reactions (the desolption 
is phonon-driven; whereas the oxidation is 
electron-mediated) further imply that the 
temporal evolution of the two reactions is 
different. This is illustrated in Fig. 4A; which 
depicts the rate of CO, formation and of CO 
deso~ytion after excitation with a laser pulse. 

by the node in the electron wave function be- 
hveen the Ru and the 0 atoms (Fig. 3B) Hot 
metal electrons can populate this antibonding 
orbital (whereas below E, only llonbondi~lg or- 
bitals are depopulated), which means that heat- 
ing of the electrons leads to a weakening of the 
RL-0 bond (Fig. 3C): with increasing T,,; the 
minimum in the free energy increases and si- 

calculated with the model described above. 
The oxidation reaction requires an electron- 
mediated excitation of the Ru-O bond that is 
most efficient during the short time in which 

multaneously the Ru-O equilibriuin distance 
increases. Th;s softelling of the RLI-O bond 

the electrons ale at then peak te~npe~atule 
The phonon-mediated mechan~sm active in 

with increasing electronic temperature is pre- 
cisely the electron-induced activatioil observed 

the desorption is inuch slower. because the 
pl~onon temperature peaks later than the elec- 

in our experiment leading to CO oxidation. 
To extract activation energies and couplillg 

tronic temperature and decays much more 
slowly. Clearly. the oxidation is alinost com- 

rates, we hale modeled our data using the 
friction model (13, 14). This model describes 

plete when the desorption begins. It is this 
separation of time scales that enables the 

the system as coupled heat baths of electrons, 
phoaons. and the adsorbate. charactenzed by 

oxidation to take place upon femtosecond 
excitation. 

(time-dependent) temperatures T,,, T,,,. and 
T ,,,. respectively. T,, and T,,, are calculated by 

The thern~al and laser-induced processes are 
schematically illustrated in Fig. 4B. For oxida- 

means of a two-tempe~atule nlodel (15). whlch 
Includes diffusive heat tlansport and electlon- 

tion to occur, the RL-O bond needs to be 
actilated, after which the reaction with coad- 

phonon coupling. Tad, changes as a result of 
coupling to the electron and phonon heat baths, 

sorbed CO takes place. However, the energy 
required for CO desorption [E, = 0.83 eV (6)] 

where the rate of heat transfer is determined by 
T,, (16) and T,,,,. respectnely (Fig. 1B). The 

is considerably lower than the barrier for CO, 
formation (E, = 1.8 eV), so that attempts to 
drive the reaction thermally fail because CO is 
desorbed before the O is activated to react. In 
contrast. laser excitation eilables the oxidation 
reaction through excitation of the Ru-0 bond 
by the laser-heated RLI electrons, allowing the 
system to overcome the 1.8-eV barrier leading 
to CO,. before the phonons are sufficiently hot 
to cause CO to desorb. Thus, the competing 

t11eol-y predicts an isotope dependence for T,, 
[proportional to the adsorbate mass (13)] 
through the mechanism described above The 
increased adsorbate temperahre then gives rise - 
to a reaction at the surface. which is modeled by 
an Arhenius-~pe expression for the reaction 
rate: R(t) x exp[-E,;li,T,,,(t)], where E, is the 
activation energy and t is the time. The yield 
measured in the expeiiinent is the time-integrat- 
ed reaction rate R(tl 

process of desorption is outpaced: Upon laser 
excitation. we can bring the system into regions 
of the potential energy surface that are thesmal- 
ly not accessible, resulting in a novel reaction 

\ ,  

For the oxidation. a consistent description of 
both the n~o-uulse correlation trace and the 

With  this approach i t  is possible t o  study systems at 
high electronic temperatures by using density-func- 
tional theory. 

13. M. Brandbyge et al., Phys. Rev. B 52, 6042 (1995). 
14. L. M. Struck et al., Phys. Rev. Lett. 77, 4576 (1996). 
15. S. I. Anisimov, B, L. Kapeliovich, T. L. Perel'man, Zh. 

Eksp. Teor. Fiz. 66, 776 (1974) [Sov. Phys. jETP 39, 
375 (1974)l; S. I. Anisimov and B. Rethfeld, Proc. SPIE 
3093, 192 (1997). 

16. in principle, T,, is dependent on electron temperature 
and therefore on time (73), but the fact that the 
response in the two-pulse correlation measurement 
is slow compared wi th the pulse duration, and the 
proximity of the 0 electronic level t o  the Fermi level, 
imply T,, (t) = T,, (0) = T~,. 

17. C. Stampfl, S. Schwegmann, H. Over, M. Scheffler, C. 
Ertl, Phys. Rev. Lett. 77, 3371 (1996). 

18. F. M. Hoffmann and M. D. Weisel, Surf. Sci. 253, 59 
(1991). 

19. We gratefully acknowledge H.J. Bakker for helpful dis- 
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sche Forschungsgemeinschaft through SFB 450. The 
home page of the Ultrafast Surface Dynamics Croup, 
Department of Physical Chemistry, Fritz-Haber-institut, 
is available at www.fhi-berlin.mpg.de/pc/femtos/. M.B. 
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fluence dependence is achieved by adjusting 
the activation energy to E ,  = 1.80 t 0.15 eV 
and the coupliilg time to T,, = 0.5 1 0.1 ps. The 
lines in Fig. 2. A and C, show the resultillg 
excellent agreement behveen theoiy and exper- 
iment. IVith these parameters, the theoiy pre- 
dicts an isotope effect of 1.6, in reasoilable 
agreement \vith the experime~ltally observed 
value of 2.2 i 0.3. The activation energy of the 
Ru-O bond of E, = 1.8 eV is appreciably lower 
than the 4.9-eV RL-O bond strength (1 7), 
which has to be weakened for reaction. 

For the desorption. we use the value E, = 

0.83 eV obtained from thernlal desoi-ption inea- 
surements (6, 18), because the process is pho- 
non-mediated and therefore "tl~eimal." Both the 
two-pulse col-relation trace and the fluence de- 
pendence can be reprod~lced vei-y well with this 
value. a coupling time to phonons of T,, = 

1.0fig ps, and no coupling to the electroils 
(Fig. 2; A and C). The relative insensitivity to 

pathway. 
This work demonstrates that electrons can 

cheinically activate adsorbates, suggesting 
that for theimally driven reactions this mech- 
anism might also be operative, in contrast to 
the traditional view where activation occurs 
solely by phonons. Although the extremely 
hot electroil distributio~l is unique to femto- 
second excitation, it persists for only -1 ps, 
whereas the interaction time with con\ ention- 
ally heated (but cooler) electrons is orders of 
magnitude longer. As a consequence, in a 
theinla1 reaction, activation by electrons in 
the high-energy tail of the distribution cannot 
be excluded; it nil1 depend on the exact 
electronic stmcture of the adsorbate. 
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