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We report stationary, nonequilibrium potential and adsorbate patterns with an 
intrinsic wavelength that were observed in an electrochemical system with a 
specific type of currentlelectrode-potential (I-+,,) characteristic. The patterns 
emerge owing t o  the interplay of a self-enhancingstep in the reaction dynamics 
and a long-range inhibition by migration currents rather than by diffusion. 
Theoretical analysis revealed that this self-structuring of the electrode occurs 
in all electrochemical systems with an S-shaped I-+,, characteristic in wide and 
well-accessible parameter ranges. This unusual pattern-forming instability in 
electrochemical systems has all the characteristics of the mechanism proposed 
by Turing in 1952 in the framework of an early theory of morphogenesis. Our 
finding might account for structure formation in certain biological systems that 
have gradients in the electric potential and may open new paths for fabricating 
patterned electrodes. 

Nearly half a century ago, Turing ( I )  devel- structures in large parameter ranges. Indeed, 
oped a theory of morphogenesis, in which the structures were found to develop when- 
stationary concentration patterns may devel- 
op in an open system containing two reacting 
substances provided that one of them diffuses 
much faster than the other one (2, 3). Today, 
Turing's mechanism is considered to be a 
central source for the occurrence of coherent 
patterns in nonequilibrium systems (2-4). 
Still, the experimental verification of chemi- 
cal Turing structures could be achieved only 

ever the reaction dynamics allowed for its 
occurrence, which substantiates the conjec- 
tured widespread existence of Turing-type 
patterns in electrochemical systems. 

The electrochemical Turing structures are 
predicted to exist in systems with a bistable, 
S-shaped (11) current-potential (I-+,,) curve. 
In view of possible applications, as well as 
their relevance for modeling biological pro- 

in exceptional cases. Transient patterns that cesses, the most important electrochemical 
were attributed to a Turing instability were systems of the S type seem to be those in 
observed in the development of colloidal which a first-order phase transition of an 
growth in a supersaturated solution (5). Sta- organic adsorbate is coupled with a faradaic 
tionary chemical Turing structures were real- reaction of some electroactive species. 
ized only quite recently and only for one As a representative of such systems, we 
specific chemical oscillator (6-8), because in 
aqueous solution diffusion coefficients of 
small molecules do not differ substantially 
from each other. In the experiments, suffi- 
cient differences of the mobilities were 
achieved by using a macromolecular indica- 
tor that partially immobilizes the "critical" 
species by reversible complexation (9). In 
recent theoretical work it was suggested that 
a certain class of electrochemical systems 
might exhibit Turing-type structures without 
suffering from the restrictions on the different 
rates of the transport processes (10). In these 
systems, the electrode potential takes on the 
role of the rapidly diffusing species, and the 
associated transport process is migration, that 
is, the motion of ions under the influence of 
an electric field. Here we present experimen- 
tal evidence for the formation of these sta- 

used the periodate reduction on Au(ll1) elec- 
trodes in the presence of camphor. In the 
experiments, Au(ll1) single crystals as well 
as 50-nm-thick Au film electrodes with a 
preferential (1 11) orientation were used. The 
single crystals were rotated in a hanging me- 
niscus geometry. The film electrodes were 
used in connection with a surface plasmon 
microscope (12) to study the lateral distribu- 
tion of the double-layer potential and of ad- 
sorbed camphor (Fig. 1). 

Camphor adsorbed on Au(ll1) electrodes 
exhibits two first-order phase transitions 
upon variation of the electrode potential (13). 
In a cyclic voltammogram (CV), the phase 
transition manifests itself in a pair of needle- 
like peaks (Fig. 2A). Between the peak pairs 
a condensed, well-ordered camphor film ex- 
ists. At more negative potentials, the camphor 

tionary, migration-induced nonequilibrium coverage is very low, while the state of the 
adsorbate at positive potentials beyond the 
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respective thermodynamically stable phase. 
Periodate (10,-) in a camphor-free elec- 

trolyte is reduced on Au(l11) in the potential 
range that we consider here, as reflected by 
the CV of Fig. 2B. In the presence of cam- 
phor, however, 10,- reduction is inhibited 
when the condensed camphor film covers the 
electrode, i.e., between about -300 to -700 
mV (Fig. 2C). The phase transitions accom- 
panying the formation or dissolution of the 
condensed camphor film, respectively, cause 
the hystereses in the CV, which also persist 
under stationary conditions. The bistability I 
in the more negative (i.e., cathodic) potential 
range exhibits the shape of an S, whereas the 
other bistability I1 in the more positive poten- 
tial range is of the Z type. 

The current-voltage (I-U) characteristic is 
determined not only by the interfacial pro- 
cesses, i.e. adsorption/desorption and reac- 
tion, respectively, but also by the electric 
properties of the whole electrochemical cell: 
The external voltage U is composed of the 
potential drop across the double layer, +,, 
(responsible for the interfacial processes), 
plus the ohmic resistance R in the electrolyte 
between working and reference electrode 

Fig. 1. Experimental setup for imaging patterns 
at the electrode/electrolyte interface by means 
of surface plasmon microscopy (top view). WE: 
working electrode [a -50-nm-thick Au film 
evaporated onto a glass plate (B270) that was 
brought into optical contact with a glass prism; 
the area of the WE exposed to the electrolyte 
was 8 mm by 30 mm]. CE: counter electrode (a 
P t  wire, wound to a spiral of the same size as 
the working electrode and placed parallel to it 
at a distance of -4 cm). RE: HglHg,SO, refer- 
ence electrode. (All voltages are given with 
respect to this reference electrode). g: gas inlet 
for Ar bubbling. (The mass transport was 
achieved by means of gas bubbling.) The elec- 
trode was irradiated from behind by a broad- 
ened, p-polarized He-Ne laser beam and im- 
aged with a charge-coupled device (CCD) cam- 
era. Before each experiment, the film was 
flame-annealed several times in a gentle bu- 
tane flame, resulting in a film with a high 
degree of (1 11) facets, as revealed by electro- 
chemical characterization. 
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Fig. 2. Cyclic voltam-
mograms of an Au 
electrode in contact 
with different electro-
lytes: (A) 5 mM cam-
phor and 50 mM Na-
ClO,; (B) 5 mM NalO, 
and 100 mM NaCIO,; N: -20 -1500
(C) 5 mM camphor, 32 6 .0 -0.5 0.0 -1.O -0.5 0.0mM NaCIO,, and 5 
mM NalO,; and (D) 5 5 
mM camphor, 0.5 mM = 
NaCIO,, and 0.5 mM 
NalO,. Scan rate, 50 
mV/s. In (A) a bulk 

used in the hangingme-
Au(1II )  electrode was 

-40 
niscus geometry (with 
the film electrodes, the -1.0 -0.5 0.0 -1.4 -1.1 -0.8 
phase-transition peaks 0 ('4 
were less pronounced); 
(B to  D) were obtained with a Au film electrode. In the case of the Au(1II )  bulk electrode, the 
inhibition of 10,- reduction by camphor was in generalstronger than with the film electrodes, and 
better defined transport of rotating electrodes minimized the differences in the back-and-forth 
scan outside the bistable regions, especially in the part positive to  the Z region in (C). 

multiplied by the current I: U = +,, + IR. 
For negligible current, as is the case in the 
presence of camphor alone without 10,- in 
the potential range between the two phase 
transitions (compare with Fig. 2A), U-+,,. 
In the case of 10,- reduction, however, in 
order to establish a certain reduction current I 
as determined by an associated +,,, the ap-
plied voltage has to be more negative by IR. 
Thus, the actual shape of the I-U character-
istic is affected by the cell resistance, which 
may be modified, e.g., by the electrolyte 
composition. When the IR drop exceeds the 

width of the bistable region in the I-+,, 
curve (i.e., the width of the coexistence range 
of the two phases when the current is plotted 
as a function of +,, by correcting the respec-
tive U data by IR), the S region turns into a 
single-valued, sigmoidal I-U characteristic. 
Such a situation is shown in Fig. 2D, where 
the resistance of the cell had been increased 
by lowering the electrolyte concentrations. 
The critical IR drop, which turns the bistable 
into a monostable characteristic, may only be 
on the order of 10 mV. 

Beyond this critical IR drop, the I-U curve 

Fig. 3. Patternsemergingin differentelectrolyte compositions:(A) 5 mM 
camphor. 0.5 mM NaCIO,, and 0.5 mM NalOi (1)5 mM camphor, 1mM E 
NaCIO, and ImM NaIOpnd (C) 5 mM camphor, 0 mM NaClO, and 1 
mM NalOq In all three cases, the corresponding I-U curve was single 
valued as w Fig. 2D. The numbers given below the images are the 
potential values at which the images were obtained during a potential 
scan. When holding the potential at those values, the patterns did wt 
change with time, i.e., under these conditions, stationary patternsexisted 
on the electrode. Blue colors indicate a nearly camphor-free ekarode; 
orange and yellow colors indicate a high camphor coverage. (The mea-
sured intensitiesare normalized at each point.) 

has a positive slope throughout and does not 
contain any hint of an unstable situation. How-
ever, it is exactly under such conditionsthat we 
observed a spatial symmetry breaking of the 
adsorbate coverage and the double-layer poten-
tial distribution. When monitoring these prop-
erties by means of surfaceplasmon microscopy 
during a voltage scan in the single-valued S 
region, we observed the spontaneousformation 
of "spotlike" patterns at voltages that corre-
s ~ o n dto intermediatecurrent values that cannot 
be stablyadjustedunder conditions in which the 
system exhibits bistability. Examples of such 
measurements,in which one, two, or three spots 
formed, are shown in Fig. 3, A to C, respec-
tively. The patternsremain unchangedwhen the 
voltage was fixed at a certain value within the 
"patterned region." These stationary nonequi-
librium patterns are also formed if the potential 
is stepped into this region. We did not observe 
the cbexistence of a homogeneous state and a 
stationq pattern. The number of spots depend-
ed on the reaction conditions, although the pa-
rameters for the formationof either two or three 
spots seemed to be rather close together. 

In the specific resistance versus external 
voltage parameter plane, the stationarypatterns 
exist in a V-shaped region that opens toward 
large overvoltage (i.e., for reduction reactions 
in the negative direction) and larger resistance 
(Fig. 4A). This trend reflects the more stretched 
I-U curve for a lower conductivity of the elec-
trolyte. For resistivities smaller than the tip of 
the "V," the I-U curve was bistable, and only 
transient concentration waves during the transi-
tion between the two phases were observed. 
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These waves did not nucleate at or close to 
positions at which the spots formed but usually 
near one of the two smaller sides of the rectan- 
gular electrode. 

To rationalize the formation of the station- 
ary patterns, we fmt consider the dynamics of 
the homogeneous (i.e., only time-dependent) 
system. If one starts with a camphor-containing 

solution at a negative potential (e.g., close to the 
negative turning point in Fig. 2, A or C), an 
increase of the potential to more positive values 
causes an increase of the equilibrium concen- 
tration of adsorbed camphor. The rise in cover- 
age continues until at a critical coverage, a 
first-order phase transition to a dense film with 
high camphor concentration takes place, owing 
to the operation of attractive interactions be- 
tween the adsorbates. Thus, reduction of 10,-
will be inhibited, causing a decrease of the 

The key element for spontaneous spatial 
symmetry breaking in an activator-inhibitor 
system is the ratio of the characteristic rates of 
the transport processes associated with the ac- 
tivator and inhibitor variable. This rate deter- 
mines the effective ranges of the respective 
influence. For the sake of simplicity, consider a 
one-dimensional (ID) electrode of length L. 
Then, the ratio of the rate of migration and 
diffusion is given by a dimensionless constant d 

(Lu)I(DC). L, a ,  and Care readily accessible. 
current density I. Under potentiostatic condi- 

+,,tions, this inhibition prompts a shift of 
toward more cathodic (i.e., negative) values. 
Camphor will now desorb more readily, and a 
negative-feedback loop is created: Because the 
build-up of the camphor film is associated with 
a decrease of the current density for periodate 
reduction, the response of the system (through 
the double-layer potential) limits the growth of 
the camphor film. Thus, we can identify the 
camphor coverage with the activator and the 
electrode potential with the inhibitor in an ac- 
tivatorlinhibitor system. This conclusion can, in 
fact, be generalized to all electrochemical sys- 
tems exhibiting S-shaped current-potential 
characteristics. 

A general model of the spatiotemporal 
self-organization in such systems can be de- 
scribed with two equations (10). Equation 1 
extends the homogeneous (i.e., local) dynam- 
ics of the concentration 0 of the activator (A 
camphor coverage) as described by the k c -  

Taking lo-' cm2/sas an upper bound for D and 
typical values for the other three parameters, d 
results to be on the order of lo3 to lo4. Thus, 
the potential spreads far more rapidly than the 
coverage does. This is exactly the situation that 
leads to a destabilization of the homogeneous 
state and thus to the formation of patterns. For 
a 1D electrode with periodic boundary condi- 
tions, model Eqs. 1 and 2 possess stationary 
periodic solutions (10). They bifurcate from the 
homogeneous state, and their wavelength de- 
pends solely on the rate constants of the model 
[and not on the size of the electrode as one 
might conjecture because it enters the parame- 
ter d (lo)]. Thus, the patterns have all of the 
characteristics of Turing patterns. Plotting the 
location of the calculated Turing-type instabil- 
ity in the a-' - U parameter plane, a similar 
V-shaped region is obtained as in the experi- 
ment (despite the different electrode geometry) 
(Fig. 4B). However, other aspects of the exper- 
iments require fkther investigation, such as 

Fig. 4. Existence region of the patterns in the elec- 
trolyte resistance versus external voltage plane. (A) 
Experimental diagram. The electrolyte resistance, 
llo,was calculated from the ionic concentrations ci 

according t o  o = (:I 
 z ( n f c i )(F: Faraday's 
+,,) tion f(0, to spatial spreading by diffu- why we were unable to observe stripe patterns 

sion as characterized by the diffusion con- or which mechanisms govern pattern selection 
stant D: on 2D electrodes. 

constant; D: cm2/s; R: gas constant; T: 
absolute temperature; n,: charge number of the 
ionic species i ;  ci: concentration of the ionic 
species; i: Na+, lo4-, or CL04-). Electrolytes: 5 
m M  camphor, 0.5 mM NalO,, x mM NaCLO,. 
(B) Theoretical diagram. The diagram was 
calculated with the dimensionless version (9) 

a0 a20 
of Eqs. (1) and (2) -= pf(O,cbDL)+ 2,at 

where f(O,+,,) = (1 - 0)e 0.025+:~ +248  

is the boundary between electrolyte and elec- 
a+

trode. -was obtained from the solution of az 
Laplace's equation A+ = 0,  subject t o  periodic 
boundary conditions in x (parallel t o  the I D  
electrode), and t o  +(x,t,z = 0 = 0,  +(x,t,z = 
-1) = mO,u = +,,(x)++(xd z=-,. (Laplace's 
equation governs the potential distribution in 
the electrolyte. The electrolyte was assumed t o  
be ZD, z = 0 being the end of the domain 
opposite t o  the WE.) The physical quantity 1/u 
was recalculated from d = (Lu)I(2nDC) with 
L = 1 cm, D = cm2/s, and C = 10 pF/cm2. 
U is given with respect t o  the point of zero 
charge. 

Equation 2 is the central expression for pat- 
tern formation in electrochemical systems, 
which follows from local charge balance 
(14): 

where C is the specific double-layer capaci- 
tance and o is the specific conductivity of the 
electrolyte, which together with the geometric 
factor p determines the cell resistance per unit 
electrode area. U is the externally applied volt- 
age, + is the electric potential in the electrolyte, 
and z is the coordinate normal to the electrode. 
In analogy to reaction-diffusion equations, the 
local dynamics of the electrochemical system is 
comprised in the function g(+,,, O), and the 
second term on the right-hand side of Eq. 2 is 
the counterpart to the diffusion term in Eq. 1; it 
represents spatial coupling between different 
locations on the electrode owing to an inhomo- 
geneous potential distribution. Diffusion is thus 
replaced by migration. 

In the presence of a phase transition, as in 
our experiment, the flow of adsorbed molecules 
due to a gradient in the chemical potential of the 
adsorbate does not yield a Fickian diffusion 
term but a more complicated one where D 
depends on the adsorbate coverage. This non- 
linear diffusion induces spatial instabilities that 
generate patterns on the nanometer scale (15- 
la), whlch makes the detailed mathematical 
description of our experimental systems more 
complicated. However, to understand the origin 
of the instability of the observed patterns, which 
are of macroscopic dimensions, it is not neces- 
sary to take nonlinear diffusion into account. 
The estimation d >> 1 remains valid also in this 
case, ensuring that migration still provides 
long-range inhibition. The latter inevitably 
leads to a destabilization of the uniform state of 
an activator-inhibitor system. 

A large variety of organic adsorbates (19) 
exhibit a first-order phase transition as a 
function of the electrode potential. By adding 
an electroactive species, the faradaic reaction 
will destabilize the homogeneous adsorbate 
layer in the same way as periodate reduc- 
tion destabilizes the uniform camphor lay- 
er. This fact points to a prospective exploi- 
tation of the pattern-forming mechanism to 
manufacture structured electrodes, e.g., 
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ones that are similar to those being devel- 
oped for the fabrication of (bio)sensors. 
Note that the wavelength is determined by 
the different rate constants, which can be 
varied, e.g., by choosing different faradaic 
reactions or adsorbates or by changing the 
temperature. In general, the faster the fara- 
daic reaction and the dynamics of the ad- 
sorbate system, the smaller are the patterns. 
Therefore, at least to a certain extent, the size of 
the patterns can be controlled by carefully 
choosing the reaction conditions. Also, electro- 
chemical membrane systems exhibit a first-
order phase transition (20). In many investiga- 
tions, the degree of inhibition of an electron- 
transfer reaction serves as a measure of the 
intactness of the membrane. To be aware of the 
spatial instability discussed above is thus essen- 
tial for understanding the dynamics of these 
lipid layers coupled to faradaic reactions. This, 
in turn, is the basis for using electrochemical 
membrane systems as models of biological 
membranes, e.g., in investigations of the role of 
the potential on the membrane-protein interac- 
tions (21, 22). 

Turing's conditions are fulfilled in chemical 
reaction-diffusion systems only in exceptional 
cases, whereas the new class of Turing-type 
structures in electrochemical systems is 
predicted to arise quite generally. This 
finding opens prospects toward tailoring of 
patterned electrodes. It remains further to 
be examined whether the same mechanism 
is responsible for some structure formation 
phenomena in a biological environment 
where potential gradients exist. 
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Biogenic Carbon Cycling in the 

Upper Ocean: Effects of 


Microbial Respiration 

Richard B. Rivkinl* and Louis LegendreZ 

Food-web processes are important controls of oceanic biogenic carbon flux and 
ocean-atmosphere carbon dioxide exchange. Two key controlling parameters 
are the growth efficiencies of the principal trophic components and the rate of 
carbon remineralization. We report that bacterial growth efficiency is an inverse 
function of temperature. This relationship permits bacterial respiration i n  the 
euphotic zone t o  be computed from temperature and bacterial production. 
Using the temperature-growth efficiency relationship, we show that bacterial 
respiration generally accounts for most community respiration. This implies - . 

that a larger fraction of assimilated carbon is respired at low than at  high 
latitudes, so a greater proportion of production can be exported in  polar than 
in  tropical regions. Because bacterial production is also a function of temper- 
ature, it should be possible t o  compute euphotic zone heterotrophic respiration 
at  large scales using remotely sensed information. 

The net flux of CO, between the atmosphere 
and ocean is controlled, in large part, by the 
balance among three key food-web processes: 
carbon uptake by phytoplankton photosynthesis 
(PP, net primary production), its remineraliza- 
tion back to CO, (CR, community heterotro- 
phic respiration in the euphotic zone), and the 
export (E) of dissolved and particulate biogenic 
carbon (BC) toward the ocean depths. Although 
phytoplankton production and, to a lesser ex- 
tent, export are reasonably well defined for 
large ocean areas ( I ) ,  the regional estimates of 
respiration that are necessary to constrain both 
export (E = PP - CR) and the net ocean-
ahnosphere exchange of CO, are often lacking 
(2). Community respiration, of which bacterial 
respiration (BR) can represent a large propor- 
tion [-50 to >90% (3-91, can exceed primary 
production in some ocean regions (6-9). 
Hence, bacterial respiration may constrain the 
estimates of both carbon remineralization and 
biogenic carbon export in the upper ocean (7). 
Because of methodological difficulties, bacteri- 
al respiration is usually not measured directly 
and is instead computed from bacterial produc- 
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tion (BP) and an assumed value of bacterial 
growth efficiency (BGE) 

BGE = BPIB,,, (1)  

Bacterial growth efficiency is the ratio of 
bacterial production to substrate assimilated 
(B,,,), and since the assimilated dissolved 
organic carbon (DOC) is used for both the 
synthesis of bacterial biomass and is respired 
(i.e., B,,, = BP + BR), bacterial growth 
efficiency can also be computed as 

BGE = BPI(BP + BR) ( 2 )  

Hence 

BR = (BPIBGE) - BP (3) 

The estimation of bacterial respiration from Eq. 
3 has been limited until now because of large 
variations reported for bacterial growth effi- 
ciencies [0.01 to -0.7 (5, 9, lo)]. These varia- 
tions introduce large uncertainties into the com- 
putation of bacterial respiration. For example, 
for the twofold range of growth efficiencies 
(e.g., 0.25 to 0.5) assumed in many studies (6, 
9, l l ) ,  respiration would change by threefold It 
follows that the use of a realistic bacterial 
growth efficiency is crucial to constraining rates 
and patterns of carbon remineralization, food- 
web fluxes of biogenic carbon, and ocean-at- 
mosphere flux of CO, (2, 6, 8). 

We carried out a comprehensive review of 
the literature on bacterial growth efficiency (12, 
13) and found a significant (P < 0.001) inverse 
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