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ABSTRACT

Many envision a future where hydrogen is the centerpiece of a sustainable, carbon-free energy supply. For example, the energy in sunlight
may be stored by splitting water into H 2 and O2 using inorganic semiconductors and photoelectrochemical approaches 1 or with artificial
photosynthetic systems that seek to mimic the light absorption, energy transfer, electron transfer, and redox catalysis that occurs in green
plants. 2 Unfortunately, large scale deployment of artificial water-splitting technologies may be impeded by the need for the large amounts of
precious metals required to catalyze the multielectron water-splitting reactions. Nature provides a variety of microbes that can activate the
dihydrogen bond through the catalytic activity of [NiFe] and [FeFe] hydrogenases, 3,4 and photobiological approaches to water splitting have
been advanced. 5 One may also consider a biohybrid approach; however, it is difficult to interface these sensitive 6, 7 metalloenzymes to other
materials and systems. Here we show that surfactant-suspended carbon single-walled nanotubes (SWNTs) spontaneously self-assemble with
[FeFe] hydrogenases in solution to form catalytically active biohybrids. Photoluminescence excitation and Raman spectroscopy studies show
that SWNTs act as molecular wires to make electrical contact to the biocatalytic region of hydrogenase. Hydrogenase mediates electron
injection into nanotubes having appropriately positioned lowest occupied molecular orbital levels when the H 2 partial pressure is varied. The
hydrogenase is strongly attached to the SWNTs, so mass transport effects are eliminated and the absolute potential of the electronic levels
of the nanotubes can be unambiguously measured. Our findings reveal new nanotube physics and represent the first example of “wiring-up”
an hydrogenase with another nanoscale material. This latter advance offers a nonprecious metal route to the design of new biohybrid architectures
and building blocks for hydrogen-related technologies.

Introduction. Hydrogenases are comprised of a polypeptide
chain and abundant first-row transition metals and are being
explored for use in H2 production and as catalysts in biofuel
cells.8,9 Incorporating hydrogenases into electrical devices
is hampered by the difficulty of establishing a robust
electrical connection between the enzyme and a support in
a manner that does not compromise catalytic activity. Single-
walled carbon nanotubes (SWNTs) are promising candidates
for this job because they are nanoscale molecular wires with
outstanding electrical conductivity and have shown the ability
to form complexes with biological species. For example,
SWNTs interacting with peroxidase10 and glucose oxidase11,12

have been employed in biosensing studies, and complexes
of SWNTs with photosynthetic proteins are able to stabilize
charge-transfer states.13 Moreover, enzymes show improved
stabilities to heat and solvent denaturation when in a complex
with SWNTs.14

To study hydrogenase-SWNT interactions we selected the
[FeFe] hydrogenase I (CaHydI) from the anaerobic bacterium
Clostridium acetobutylicum. CaHydI has recently become
readily available with the development of efficient prepara-
tion and purification processes.15,16RecombinantCaHydI was

overexpressed inE. coli and purified as previously de-
scribed.15 Neither CaHydI nor the SWNTs were specially
modified to facilitate formation of complexes. To prepare
solutions in which SWNT andCaHydI could interact, we
simply mixedCaHydI and SWNT/surfactant suspensions in
50-100 mM TES buffer (pH 7). All preparations were
previously equilibrated under a 4% H2 in N2 atmosphere and
sealed in airtight cuvettes to maintain anaerobic conditions.
For more information about the SWNT materials and the
methods used to assay hydrogenase catalytic activity, please
see Supporting Information.

To evaluate the interaction between SWNTs andCaHydI,
we employed photoluminescence (PL) spectroscopy. PL from
semiconducting SWNTs was first observed in 2002 when
tubes were isolated in solution by aqueous surfactants.17 Since
that time PL excitation (PLE) spectroscopy has become a
powerful tool for probing the optoelectronic properties of
SWNT samples. For example, SWNT PL is extremely
sensitive to pH18,19 and changes in the dielectric environ-
ment20,21 and is quenched by electron transfer to molecular
acceptors.11,22Time-dependent changes in the PL signals can
also be used to measure rebundling kinetics and to probe
the strength of binding between surfactants and SWNTs as
a function of tube diameter.23
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Results.We measured PLE contour maps with a custom-
ized Thermo-Electron FT960 Raman spectrometer equipped
with a Ge detector operating at 77 K.24 The excitation source
was a 250 W tungsten-halogen bulb coupled to a single-
grating monochromator (the excitation intensity was
<1 mW). All spectra were corrected for intensity variations
in the lamp spectrum as well as for the responses of the
system and detector. Figure 1A shows the contour map for
the starting nanotube suspension. Each bright spot indicates
emission from a specific nanotube of (n,m) index as assigned
by Weisman et al.25,26 The PL contour map for the SWNTs
equilibrated with the H2/N2 atmosphere was indistinguishable
from the data obtained prior to excluding air (Figure 1A).
However, when activeCaHydI and SWNTs were combined,
CaHydI displaced surfactant (Vide infra), adsorbed onto the
SWNTs surfaces, and efficiently quenched the SWNT PL
emission from all tubes (Figure 1B). The SWNT PL
remained quenched for the duration of observation (at least
one week) as long as anaerobic conditions were maintained.
Notably, the presence of SWNTs did not adversely affect
the assayed catalytic activity ofCaHydI when cholate
concentrations in the mixture were kept below 0.4% (w/v)

(see Supporting Information). Higher cholate concentrations
denatured and irreversibly deactivatedCaHydI.

CaHydI is comprised of two functional types of FeS-
clusters: a catalytic H-cluster and electron-transfer F-clus-
ter.4 We note that SWNT optical properties were not affected
when nanotube suspensions were mixed withCaHydI that
contained only the electron transfer F-cluster or when
nanotubes were mixed with just the storage buffer or
solutions containing oxidized or denaturedCaHydI. Thus,
the changes in nanotube PL were observed only when
complexes were formed with catalytically activeCaHydI.

PL from SWNTs can be lost due to tube aggregation,17,23

contact with substrates,27 changes in pH,18 covalent func-
tionalization,28 or redox processes.11,22 Because we investi-
gated solutions that were quite stable and homogeneous and
the pH was buffered, we can immediately disregard the first
three possibilities. Covalent functionalization can also be
discounted because nanotubes are inherently unreactive under
the mild, room-temperature conditions employed here.
However, to probe this possibility in more detail we
investigated optical absorption spectra before and after
SWNT-CaHydI complex formation (Figure 2). As is well

Figure 1. Contour maps of PL from nanotubes suspended in sodium cholate surfactant (A) without any addedCaHydI, (B) with added
CaHydI at a final concentration of∼1 µg/mL in the presence of H2 (PH2 ) 0.03 atm) but no O2, (C) after H2 in panel B is replaced by Ar
(PH2 ) 10-7 atm), and (D) with the sample from panel B exposed to air. The arrows denote the order of experiments. The nanotube PL was
excited at E2 and detected at E1, as described in the text.
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known, the cylindrical sp2-bonded carbon network of SWNTs
gives rise to distinct absorption features associated with the
allowed transitions between the van Hove singularities.29

Covalent functionalization would lead to the appearance of
new absorption features and the disappearance of both the
first (E1) and second (E2) excitonic transitions in the affected
nanotubes. Instead, only a bleaching of the E1 transitions
are seen, and the E2 transitions are not significantly perturbed.
This change in the oscillator strength at E1 is expected for
either electron or hole injection at the band edges. Because
the E1 absorption features are not shifted upon interaction
with hydrogenase, one can rule out the formation of a hybrid
electronic structure deviating significantly from that of the
components. Thus, redox processes are the likely cause of
the PL quenching observed in our experiments.

O’Connell et al. observed PL quenching when SDS-
stabilized SWNTs were exposed to molecular acceptors in
solution and attributed the quenching to holes left in the
tube’s valence band (i.e., the highest occupied molecular
orbital (HOMO)) after electron transfer.22 These holes quench
SWNT PL through Auger recombination processes19 as is
seen when excess charge carriers (either electrons or holes)
are present in colloidal semiconductor nanocrystals.30 Our
results are similar accept for two important differences: (i)
under the reducing conditions employed here, the SWNT
PL is evidently quenched by electron injection, and (ii)
CaHydI is a biocatalyst that can establish equilibrium
between the SWNTs and the potential of the 2H+ + 2e- f
H2 (H+/H2) half-reaction. The simple observation that the
CaHydI must be catalytically active to observe PL quenching
and that the quenching is reversible with changes in the redox
potential of the H+/H2 half-reaction (Vide infra) demonstrates
that the enzyme mediates and establishes the equilibrium.
Thus, it seems clear that the enzyme must be adsorbed with
either the H-cluster or one of the electron relay FeS-clusters
in intimate contact with the SWNT surface. The assertion
that charge transfer is responsible for the PL quenching is

further proven by Raman spectroscopy data (see Supporting
Information). The fact that the PL quenching occurs only
under reducing conditions establishes that electron injection
into the tube’s lowest unoccupied molecular orbital (LUMO)
is responsible, rather than electron transfer from the tube’s
HOMO to acceptor redox species.22

Figure 3 shows a molecular model of a possible arrange-
ment for the biohybrid complex.31 As discussed previously,
CaHydI is able to shuttle electrons into the LUMOs of all
of the monitored semiconducting SWNTs, resulting in
complete quenching of the PL (Figure 1B) and partial
bleaching of the E1 optical absorption (Figure 2) when the
hydrogen partial pressure,PH2, is 0.03 atm (i.e., 4% H2 at
620 Torr, which is atmospheric pressure in Golden, CO).
The fact that efficient PL quenching is observed while the
absorption transitions are only partially bleached is in
complete agreement with a previous report for SWNTs,
which showed that the number of charges necessary to
completely bleach the absorption spectra is more than an
order of magnitude larger than that required to fully quench
PL.19 This may be understood by considering that the
intensity of the absorption spectra and related bleaching
scales with the number of carbon atoms and injected carriers,
respectively, while a single excess charge can cause the
nonradiative recombination of many excitons. Complete
bleaching of the E1 transitions would be expected only if
multiple electron-transfer events fully populated the SWNT
LUMOs. However, this is not observed, presumably due to
band shifting and coulomb blockade effects.

The electrochemical potential of the H+/H2 redox couple
and the catalytic apparatus ofCaHydI may be tuned by
adjusting either the pH or the H2 partial pressure. To
investigate if the formation ofCaHydI-SWNT complexes
render the SWNT PL responsive to the redox potential of
the H+/H2 couple, we removed H2 from the pH 7 solution
by three evacuation/backfill cycles using Ar to replace the
H2/N2 atmosphere. After 24 h under the lowPH2 conditions

Figure 2. Absorption spectra of single-walled carbon nanotubes
suspended in sodium cholate surfactant with and without the
CaHydI hydrogenase under a H2 partial pressure of 0.03 atm. Linear
absorption (OD) measurements were taken using a Cary 500
spectrometer with a 1 cmpath length cell. The effect ofCaHydI
addition is consistent with reduction of all semiconducting nano-
tubes present, as the lowest energy nanotube transitions (E1) at
∼1.0-1.3 eV have been reduced in concert with the loss of PL
emission.

Figure 3. Molecular model ofCaHydI bound to a SWNT.31 The
yellow and green units show the FeS clusters. This conformation
was selected as one plausible arrangement for the complex among
several based on geometric fit, because in this example the SWNT
surface lies close to one of the electron-transfer F-clusters of
CaHydI. There are many possible geometries, but the existence of
a strong electronic interaction demonstrates that at least one of the
FeS clusters must be proximal to the tubes.
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(∼10-7 atm), another PL map of the suspension was collected
(Figure 1C). Interestingly, the PL was restored for the (8,3)
and (6,5) species that have the highest emission energies and
the smallest diameters, while the lowest energy-emitting,
largest diameter tubes remained dark. Weak PL was observed
for the (7,5), (10,2), and (9,4) tubes that emit on the high-
energy side of the distribution. Qualitatively, the findings
are explained by considering that the H+/H2 redox couple
moves to more positive potentials with the lowering ofPH2

and, as a result electrons are no longer able to be injected
into the LUMOs of all tubes byCaHydI-catalyzed H2
oxidation. Electrons may transfer back from tubes having
LUMOs that are more reducing than the new potential of
the H+/H2 couple, and these tubes can emit PL once again.
Note that the PL bleaching is completely reversible; the PL
contour plot reverts from Figure 1C to Figure 1B whenPH2

is restored to 0.03 atm. In contrast, when the solution is
exposed to atmospheric O2 (PO2 ) 0.17 atm), which
irreversibly deactivates the H-cluster, all nanotubes are once
again observed in the PL contour map (Figure 1D).

Discussion.To understand the results in more detail, we
consider where the energies of the SWNTs LUMO levels
lie relative to vacuum as a function of the (n,m) index. The
absolute potentials of the Fermi levels for several SWNTs
were calculated by Shan and Cho and found to be relatively
constant with diameter and band gap.32 If this result is correct,
then the HOMO and LUMO levels should open up in energy
relatively symmetrically about a constant value with increas-
ing band gap (decreasing diameter). In contrast, earlier
experimental studies concluded that the Fermi level position
of SWNTs varied strongly as a function of band gap,
suggesting that both the HOMO and LUMO levels moved
to lower energy with increasing band gap.22,33However, these
studies were likely affected by tube-dependent surfactant
lability and related mass-transport effects, which have only
recently become known.23 In the present case, theCaHydI
is strongly bound to the SWNTs, so mass transport effects
are not expected to be significant.

Because the SWNTs investigated by Shan and Cho32 were
not the same as the ones present in our preparations, we
performed our own density functional theory (DFT) calcula-
tions within the local density approximation (LDA) to locate
the individual Fermi levels (see Supporting Information). The
electronic bandgaps were determined by adding the optical
band gaps measured in Figure 1 to the exciton binding
energies reported by Dukovic et al.34 One-half of the
electronic band gap value was then added to the calculated
LDA Fermi energy to determine the LDA LUMO positions
(Table 1). In agreement with Shan and Cho,32 the Fermi
levels for the SWNTs investigated here vary by only(40
meV. If we used the LDA LUMO positions to explain why
the (6,5) PL restores and why the (8,4) PL remains dark at
low-hydrogen pressure, the H+/H2 redox level should be
located between the LUMOs of the (6,5) and (8,4) tubes,
that is, at approximately-3.74 ( 0.05 eV. However, the
Nernst equation indicates the redox potential to be-4.24
eV. The difference of 0.5 eV may be due to the vacuum
approximation that we used for solution environment. In any

event, it is clear that the LDA values need to be corrected
by -0.5 eV. The corrected Fermi levels are close to those
in the literature.35,36

Figure 4 shows the corrected LUMO and HOMO levels
for selected SWNTs plotted as a function of decreasing tube
diameter. The levels are plotted on an absolute energy
scale as well as on the electrochemical scale where zero is
-4.44 eV versus vacuum.37 Also shown are horizontal lines
corresponding to the electrochemical potential of the H+/H2

redox couple under the high (PH2 ) 0.03 atm) and low (PH2

∼10-7 atm) H2 partial pressures. The corresponding elec-
trochemical potentials (-4.07 and-4.24 eV, respectively)
were determined from the Nernst equation with the known
values of pH,PH2, and temperature. Figure 4 explains how
changing the potential of the H+/H2 redox couple affects the
SWNT PL. WhenPH2 is 0.03 atm, the potential of the H+/
H2 redox couple is more negative (on the electrochemical
scale) than the LUMO levels of all tubes. AdsorbedCaHydI
is thus able to shuttle electrons into the LUMO of each tube,
effectively reducing the tubes by catalyzing H2 oxidation.
This bleaches the PL emission (Figure 1B). WhenPH2 is
reduced to 10-7 atm, the H+/H2 redox couple moves more
positive and electrons are no longer injected into the smaller
diameter tubes. The smallest nanotubes, the (8,3) and (6,5)
species, have LUMO levels that are significantly more
negative than the equilibratedCaHydI potential, and thus
their PL is strongly restored. The (9,4), (7,5), and (10,2)
species are somewhat larger and their LUMOs are very near
the potential of the H+/H2 couple atPH2 ∼ 10-7 atm. Thus,
their PL is only weakly restored (Figure 1C). The largest
diameter tubes remain reduced and do not emit PL until the
solution is exposed to ambient levels of O2 in lab air.
Exposure to O2 irreversibly oxidizes the H-cluster and
disrupts the ability ofCaHydI to equilibrate the SWNTs with
the potential of the H+/H2 redox couple. This results in
complete restoration of the PL of all tubes (Figure 1D). We
schematically represent this condition in Figure 4 with the
horizontal labeledPO2 ) 0.17 atm. The reducing equivalents
on the SWNTs are evidently removed either by competing
against the oxidation of the FeS clusters by air or possibly
via reactions with the O2/H2O redox couple as has been
reported by Zheng and Diner.38

Table 1. Fermi Level and LUMO vs Vacuum of
Semiconducting Single-Walled Nanotubes as Determined by the
DFT-LDA Method

(n,m)
diameter

(nm)
Fermi level
LDA (eV)

electronic
band

gap (eV)a

LUMO
LDA
(eV)

LUMO
expt
(eV)b

(6,5) 0.76 -4.536 1.69 -3.691 -4.19
(8,3) 0.78 -4.469 1.71 -3.614 -4.11
(8,4) 0.84 -4.549 1.51 -3.794 -4.29
(10,2) 0.88 -4.481 1.5 -3.731 -4.23
(7,6) 0.9 -4.515 1.45 -3.790 -4.29
(8,6) 0.97 -4.514 1.4 -3.814 -4.31
(10,5) 1.05 -4.501 1.3 -3.851 -4.35
graphite -4.486

a Determined by adding optical band gap to the exciton binding energies
reported by Dukovic et al.34 b In accordance with the redox potentials
determined by the Nernst equation, the LDA LUMO values are corrected
by -0.5 eV. The error is(0.05 eV.
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Additional information regarding the strength and nature
of the CaHydI-SWNT interaction can be obtained from
consideration of the rates at which the tube-specific PL
changes.23 Figure 5A shows the rate of PL loss for the (7,6)
tube after the SWNT and activeCaHydI solutions are first
mixed under 0.03 atm H2 at room temperature (circles)
compared to when the concentration of the sodium cholate
surfactant concentration for a pure SWNT solution is diluted
25-fold at 50°C (squares). In the latter case, the PL is lost
due to rebundling of tubes.23 An elevated temperature was
required to observe the quench on a time scale comparable
to the CaHydI-induced PL quench. As we showed previ-
ously, the cholate surfactant is rather strongly bound to the
SWNTs surfaces.23 The fact that the PL quench due to
CaHydI occurs much more rapidly, even at room tempera-
ture, demonstrates thatCaHydI binds more strongly and
displaces the sodium cholate to gain access to the SWNT
surface.

The PL decay for the (7,6) tube and all other observed
tubes (see Supporting Information) after addition of active
CaHydI is well fit by the integrated form of a first-order
rate equation, whereIio is the initial intensity of theith species
(eq 1)

Figure 5B shows theki rate constants for each nanotube in
the distribution plotted as a function of emission energy,
which scales inversely with diameter. The decay rate is
diameter-dependent with the PL decaying from the largest
(lowest emission energy) nanotubes most quickly. We
previously showed that the binding energy of cholate
surfactant to SWNTs is also diameter-dependent with the
largest diameter tubes binding the surfactant most weakly.23

The diameter-dependence of the quench is consistent with

the cholate surfactant being more readily displaced from the
larger diameter tubes, but the difference in the rate of
interaction as seen in Figure 5A suggests that another factor
may be at play. Rate theory predicts that the rate constant
for charge transfer should depend exponentially on the
electrochemical driving force (∆G). The magnitude of∆G
in our experiments is the potential difference between the
H+/H2 redox potential and the LUMO of each nanotube. To
determine if the observed quenching kinetics are governed
by the electrochemical driving force, we plotted ln(ki) versus
∆G for each tube and fit the data according to eq 2

whereK is the Boltzmann constant,T is the temperature,
andM is a factor that can be adjusted to obtain the best fit.
If, for example, the decay rate is governed solely by the
electrochemical driving force, and there is no other diameter-
dependent factor in the decay rate, then the value ofM should
be unity. For the initial decay of the nanotube PL upon the
addition of activeCaHydI, we find a value of 0.18 forM.
Thus, the decay rate is less sensitive to diameter than if it
were determined solely by the electrochemical driving force,
which could be explained by the need forCaHydI to displace
surfactant to gain access to the SWNT surface when the two
components are first mixed.

When PH2 is reduced to 10-7 atm, we can measure the
time dependence of the reappearance of PL from the five
tube species seen in Figure 1C. In this case the return of the
PL is well fit by the equation

Figure 5B (squares) plots the fit PL return constants,ri, which

Figure 4. Diagram of nanotube LUMO and HOMO levels vs optical band gap and decreasing nanotube diameter determined as described
in the text. The electrochemical potential of the H+/H2 redox couple is shown for twoPH2 values, along with the potential of the O2/H2O
redox couple for aPO2 value.

Ii

Iio
) exp{-ki‚t} (1)

ln(ki) ) - M∆G
KT

+ C (2)

Ii

Iio
) 1 - exp{-ri‚t} (3)
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were determined for the five nanotubes whose PL returned
upon removal of H2. In contrast to the PL bleaching, the
rate of return is strongly dependent on the emission energy
and is fastest for the (8,3) nanotube, which is the smallest

tube in the distribution. Analyzing the return rate (r) in Fig-
ure 5B in an analogous manner as was done for the bleach
rate constants, we find that theM factor is 1.106, a value
that implies the diameter-dependence is determined solely
by the electrochemical driving force,∆G. This is a result
of CaHydI being already bound to the nanotube surface. In
this case, mass transport ofCaHydI to and from the
SWNT surface does not play a role, and the only change
in the system is the H+/H2 redox potential. Because ob-
servation of the electrochemical properties of single-nano-
tube types can be accomplished without competing diam-
eter-dependent surfactant binding and displacement effects,
this approach is appropriate for determining the absolute
potential of the nanotube LUMO levels, as was done in
Figure 4.

As mentioned previously, exposure to atmospheric levels
of O2 (PO2 ∼ 0.17 atm) causes the PL for all nanotubes to
return. The rate of PL intensity versus time for all tubes is
again fit well by eq 3, and the rate of PL return versus
nanotube band gap is shown in Figure 5C. The higher band
gap nanotubes tend to have a higherri; in other words their
PL returns more quickly than does the PL from the lower
energy (larger diameter) nanotubes. The rate of H2 production
catalyzed byCaHydI in the presence of SWNTs with the
same conditions as those used for the PL experiment were
measured in the presence of atmospheric O2 by standard
techniques (see Supporting Information). The rate ofCaHydI
deactivation in aerobic conditions obtained by fitting the
experimental data to eq 3 was 0.003( 0.001 s-1, which is
the same order of magnitude as the rates of the PL return
(Figure 5C). The rate of PL return is not determined solely
by the diffusion of O2 into the vial and subsequent deactiva-
tion of catalytic center, in which caseri would then be the
same for all nanotubes. In fact, this result may be evidence
for strongerCaHydI binding to larger diameter tubes. If there
are no other nanotube type-dependent effects, the rate of
nanotube oxidation should be greatest for the nanotubes with
the most energetic LUMOs. However, fitting ln(ri) to eq 3
reveals anM value of only 0.091, which implies that
diameter-dependence of the return of PL is reduced compared
to the pure electrochemical driving force.

In conclusion, we have shown that surfactant isolated
SWNTs can be used as molecular wires to make electrical
contact to and from stable and functional complexes with
[FeFe] hydrogenase I fromClostridium acetobutylicum. The
complexes self-assemble and form spontaneously when
surfactant is displaced andCaHydI is adsorbed onto SWNT
surface. The hydrogenase remains catalytically active so long
as anaerobic conditions are maintained. The absolute poten-
tial of the Fermi level for a range of semiconducting SWNTs
was found to be-5.0 eV relative to the vacuum level and
varied little with diameter. Thus, the SWNTs LUMO levels
are more positive in energy with increasing nanotube band
gap. By carefully designed synthesis, it should be possible
to tune the catalytic biohybrids for use as electrochemical
probes for in vivo detection of hydrogenase activities. More
importantly, this work offers the first step toward the con-
struction of functional hydrogenase/SWNT hybrids for

Figure 5. (A) PL emission intensity for the (7,6) nanotube as a
function of time afterCaHydI is added to the SWNT suspension
(circles) and a pure SWNT suspension (noCaHydI) is diluted 25-
fold and heated to 50°C (squares). (B) Individual nanotubes’ rate
of PL bleaching uponCaHydI addition (k, circles) and the rate of
PL return when the H2 partial pressure is reduced (r, squares) versus
nanotube emission energy. (C) Individual nanotubes’ rate of PL
recovery (r) upon exposure to atmospheric O2 versus nanotube
emission energy. The rates are obtained by fitting the progress curve
data for each nanotube to first-order exponential functions. The
lines in (A) are fit exponential functions and the lines in (B) and
(C) are guides to the eye. (For more detailed explanation see “kinetic
model” in Supporting Information).
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application in a variety of hydrogen production and fuel cell
technologies.
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