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ABSTRACT: Cyclic voltammetry of phosphate cobalt oxide
(CoP;) films catalyzing O,-evolution from water oxidation as a
function of scan rate, phosphate concentration and film
thickness allowed for new insights into the coupling between
charge transport and catalysis. At pH = 7 and low buffer
concentrations, the film is insulating below 0.8 (V vs SHE) but
becomes conductive above 0.9 (V vs SHE). Between 1.0 to 1.3
(V vs SHE), the mesoporous structure of the film gives rise to a
large thickness-dependent capacitance. At higher buffer concen-
trations, two reversible proton-coupled redox couples appear
over the capacitive response with 0.94 and 1.19 (V vs SHE) pH
7 standard potentials. The latter is, at most, very weakly
catalytic and not responsible for the large catalytic current
observed at higher potentials. CV-response analysis showed that
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the amount of redox-active cobalt-species in the film is small, less than 10% of total. The catalytic process involves a further
proton-coupled-electron-transfer and is so fast that it is controlled by diffusion of phosphate, the catalyst cofactor. CV-analysis
with newly derived relationships led to a combination of the catalyst standard potential with the catalytic rate constant and a
lower-limit estimation of these parameters. The large currents resulting from the fast catalytic reaction result in significant
potential losses related to charge transport through the film. CoP; films appear to combine molecular catalysis with
semiconductor-type charge transport. This mode of heterogeneous molecular catalysis is likely to occur in many other catalytic

films.

B INTRODUCTION

Electrocatalytic water oxidation to generate molecular oxygen is
a primary challenge in storing electrical energy in chemical
bonds. This half reaction makes up one part of water splitting
reaction used to generate molecular hydrogen and generally
presents the primary kinetic bottleneck in the overall process."
Recently, mesoporous cobalt oxide films have received a great
deal of attention for their use as catalysts for water oxidation as
they operate with high efficiency and relatively low over-
potentials in buffered solutions at neutral pHs.”

Previous studies have described water oxidation catalysis and
electron hopping charge conduction as involving molecular
centers uniformly dispersed throughout a homogeneous
mesoporous material, taking into account their possible
coupling with proton transfer.”~> Modeling of catalysis and
charge conduction in these systems® has accordingly been
based on the application of previous analyses® to such
hypothetic mesoporous molecular structures (Scheme 1 of ref
4). These representations may be considered as working
descriptions in the sense that models based on this picture
reproduce most of the observable characteristics of the catalytic
process and charge conduction in this system. SEM’ and AFM®
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imaging as well as X-ray PDF”'? have indicated that a more
accurate structural description is that these films are rather
agglomerations of nanoparticles, each made up of coherently
stacked cobaltate crystallites and interspersed with phosphate.
This is shown schematically in Figure 1. Provided the film is
sufficiently thin such that charge percolation between the
nanoparticles is not a rate limiting factor, the system should be
governed by the mechanism and kinetics of the catalytic
process and its association with charge conduction within the
nanoparticles.

Starting from this more accurate structural picture, cyclic
voltammetry was employed to investigate the mechanistic and
kinetic properties of these catalytic films. Full analysis of the
effect of scan rate, phosphate concentration and film thickness
allowed for the determination of a semiconductor-like charge
conduction through the film as well as the identification of
discrete molecular-like redox couples at 0.94 and 1.19 V vs
SHE. Notably, neither of these couples is associated with the
strong catalytic current indicating catalysis occurs from a
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Figure 1. Structural sketch of CoP; films.

further oxidized species. Analysis of the catalytic current
emphasized the role of phosphate as catalyst cofactor and
provided low limits for the catalyst standard potential and the
rate constant of the reaction.

The results of this study serve to illustrate the molecular-
semiconductor duality of phosphate-Co oxides for their
applications toward water oxidation catalysis. This is the first
identification and characterization of such a heterogeneous-
molecular catalyst, which is likely a common motif in other
systems.

B RESULTS AND DISCUSSION

1. Cyclic Voltammetry of the Catalytic Film. General
Features. As detailed in the Experimental Section, the catalytic
films were deposited onto a 1 mm diameter Pt electrode disk
via controlled-potential electrolysis of 0.1 M potassium
phosphate (KP;), pH 7.0, electrolyte solutions containing 0.5
mM Co*. The charge passed during electrolysis, Chyy
provides the amount of cobalt deposited onto the electrode
surface, [Co]y,, assuming a one electron per cobalt transfer:

[C0Jyy (mol/cm®) = 1.04 X 107° x Chdep(mC/cmz)

The thickness of the film was previously estimated from the
amount of mol Co/cm’ determined from ICP analysis of
solutions resulting from digestion of the film in 2% nitric acid
and from estimation of the volume occupied by each cobalt
atom (each Co occupies a cube 5 A in width),'"* the
relationship between the thickness, d;, and the deposition
charge per electrode surface area unit, Chye:

di(nm) = 7.8 x Chdep(mC/cmz)

These characteristics, summarized in Table 1, allows one to
prepare films with desired thicknesses by carefully controlling

Table 1. Thin Film Characteristics

Chyep (mC/em?) [Co]i: (mol/cm?) dy (nm) C; (uF)
S 0.52 X 1077 39 12
10 1.0 x 1077 78 21
20 2.1 %1077 156 38

the amount of charge passed during deposition, Chg,,. Most of
our experiments were carried out for thin films so as to avoid
charge transfer percolation between the nanoparticles to be
rate-limiting. This allowed us to focus attention on our main
thrust, namely the mechanism of the catalytic process and of
electronic conduction within the nanoparticles.
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Figure 2 gives a typical example of cyclic voltammetric
current (i)—potential (E) responses of such a thin film and
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Figure 2. Cyclic voltammetry current (i)—potential responses (E: 1.29
— 0.59 = 1.59 = 1.29 V vs SHE) at various scan rates (v) of a 39 nm
CoP; film in the presence of 0.2 M potassium phosphate, pH = 7. v
(V/s): 1 (red), 2 (orange), 3 (black), 4 (green), S (cyan), 6 (gray), 7
(magenta), 8 (blue).

their variations with the scan rate (v). The CV current
responses shown as i, i/~/v and i/v give a first qualitative
picture of the nature of the controlling processes in the various
sections of the potential excursion (i o< 17, /2 v indicate kinetic
control by catalytic reaction, diffusion and surface redox couple
or double layer charging capacitive current responses,
respectively'”). Starting around 1.3 V vs SHE, the potential
was first scanned cathodically then reversed around 0.6 V vs
SHE and further scanned anodically so as to encompass the
large catalytic wave before returning to the starting potential. In
all cases, CVs were initiated from potentials >1.05 V vs SHE as
prolonged polarization at lower potentials resulted in film
dissolution. The decisive advantage of a transient method such
as CV over steady-state methods such as rotating disk electrode
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voltammetry (RDEV) clearly appears in the fact that it allows
for the detection of surface waves and capacitive responses and
is able to discriminate between solution-diffusion control and
catalytic kinetic control. We now explore the various potential
domains so as to identify the current-governing processes in
each of these domains, and, from there, to derive the
characteristics of catalysis and conduction.

2. The Conduction and Double Layer Charging
Domain. The CV responses obtained in the 129 — 0.59 —
1.29 V vs SHE potential domain at low buffer concentration (1
mM potassium phosphate) (Figure 3) are typical of capacitive
currents that are proportional of the scan rate.
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Figure 3. Cyclic voltammetry current (i/v)—potential responses (E:
1.29 — 0.59 — 1.29 V vs SHE) at various scan rates (v) of CoP, films
(pH 7) in the presence of 1 mM P; and 100 mM KNO;. v (V/s): 1
(red), 2 (orange), 3 (black), 4 (green), S (cyan), 6 (gray), 7
(magenta), 8 (blue). The numbers on each diagram are the values of
the film thickness in nm and, between parentheses, the value of the
plateau capacitance in yF/ cm?.

We may infer from these observations that these films behave
like electronic conductors in this potential range and that the
capacitances are those of the electrical double layer charging.
The magnitude of these capacitances is much larger than that of
the underlying electrode (typically 20 uF/cm?%'> ~0.2 yF for 1
mm diameter electrode). This is due to the large surface area-
solution interface arising from the mesoporous structure of the
film as previously discussed (Figure 1).

The capacitance per surface area unit, Cj; increases
proportionally with the film thickness: C; (uF/cm*) = 0.25 X
dy (nm) = 1.96 X Chye, (mC/cm?) = 1.9 X 10% X [Co],, (mol/
cm?). The surface area of the interface between the solid film
and the solution in the pores may then be obtained assuming
that the double layer capacitance is related to unit surface area
is the same as that of an ideally polarized electrode, i.e., 20 uF/
cm®"? This leads to a surface area of 2 cm? for 1 nm-thick film
on a 1 cm? electrode. (0.2 m? for 1 ym-thick film deposited on
a 1 cm? electrode).

3. Pushing the Potential toward Smaller Values:
Passage from a Conductive to an Insulating Film.
Starting from the same initial potential but reversing the
sweep at progressively lower potentials shows diminished
current responses below 0.5 V vs SHE (2 V/s, 1 mM phosphate
buffer, 0.1 M KNO;) (Figure 4). This process is reversible and
appears to occur concurrently with a surface-like molecular
redox couple response (vide infra).

These observations point to a transition from conducting
behavior to insulating behavior. For confirmation,
[Ru"(bpy);**] 2[CI"] and 1,1'ferrocene di-1-ethanol (E°
1.245 and 0.445 V vs SHE, respectivel)r) were employed as
redox probes since the Ru™"(bpy),**/** couple lies in the
potential range where the film is thought to be conductive
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Figure 4. Cyclic voltammetry current (i)—potential responses (E: 1.29
— 024 — 129 V vs SHE) at 2 V/s of CoP; films (pH 7) in the
presence of 1 mM P; and 100 mM KNO;. The numbers on each
diagram are the values of the film thickness in nm.

while the 1,1'ferrocene di-1-ethanol couple occurs at potentials
where the film is thought to be insulating,

As expected, cyclic voltammograms collected with a ca. 80
nm CoP; film in the presence of both redox probes indicate the
Ru"™"(bpy),>*/%* wave is not affected by the presence of the
film while the 1,1'ferrocene di-1-ethanol is shifted by roughly
400 mV and appears only when the potential reaches the
conductive region. The 1,1'ferrocene di-1-ethanol wave is
irreversible since the potential at which re-reduction should
occur stands in the potential range where the film is insulating.
These observations confirm the conductive/insulating nature of
the film and a transition potential that occurs at ~0.5 V vs SHE
under these conditions.
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Figure S. 0.1 V/s CV responses in the presence of 1 mM P; and 100
mM KNO, (pH 7). (a) in blue: 5§ + 1 mM 1,1’-ferrocene-di-1-ethanol
(left) and 5 + 1 mM [Ru"(bpy);**]2[CI"] on a bare platinum
electrode; in green: 78 nm CoP; film in the absence of redox probes.
(b) in blue: same as in (a); in red: same redox probes in the presence

of a 80 nm CoP; film.

The behavior of CoP; films in this range of potentials is
similar to other mesoporous cobalt oxide materials in that they
display p-type semiconductor properties.* Much like CoP,
these and other related systems consist of mesoporous
networks of semiconductor crystallites in the nanometer
range, permeated by the electrolyte."> Due to the structural
and electronic similarities, we can conclude the electrochemical
behaviors observed with CoP; are governed by the same
principles as those of related mesoporous semiconductors.

P-type semiconductors show insulating behavior when the
Fermi level is in the energy gap between the valence and
conduction band. When potential is applied, electrons flow
from the valence band and associated trapped states to the
electrode and the Fermi level lowers. When the Fermi level
approaches the valence band edge, the nanostructured film
adopts a conducting behavior.
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On the basis of cobalt K-edge X-ray absorption spectroscopy
data, in the range of potentials corresponding to this conductive
behavior the average cobalt oxidation state is around 3.'°This
means that the valence band consists of overlapping sub-bands
originating from 2p O and 3d Co orbitals. Upon anodic
polarization, electrons in the valence band are transferred to the
electrode and the Fermi level approaches the band edge making
the film conductive. Applying a cathodic potential refills these
sub-bands and results in the film becoming insulating.

The conductive-to insulating transition is observed around
0.85 V vs SHE in a pH 7 fully buffered solution (>100 mM P,
see Figure 7) whereas it occurs at roughly 0.5 V vs SHE in the
presence of only 1 mM P; (Figures 3—5). This is because the
transition is pH dependent (i.e., presumably because electron
removal is associated with proton removal for charge
compensation) and under low buffer conditions the local pH
is subject to change due to the proton-coupled nature of the
concurrently observed surface wave (vide infra) and the
inability of the buffer at low concentrations to successfully
mediate this change in proton activity.

4. Assignment of the Redox Couples in the Film and
of the Catalytic Current—Potential Response. As seen in
Figure 4, peaks appear on top of the flat capacitive current,
more clearly on the anodic scan than on the cathodic scan.
They become more apparent when the concentration of P; is
increased. Subtraction of the capacitive component of the
current, i¢, both on the cathodic and anodic scan (Figure 6)
allows a better characterization of these faradaic responses and
of their variations with [P;]. The values of the capacitive
component are obtained from the capacitances, C,, derived (ic
= S8-C;v, S being the geometric surface) from the experiments
shown in Figure 3 (C, values in parentheses). As noted earlier,
the potential of the insulator-conductive behavior transition is
sensitive to buffer concentration, presumably due to changes in
local pH associated with the proton-coupled nature of this
redox process. Therefore, quantification of the faradaic current
obtained by current subtraction of the capacitive component
contains a non-negligible amount of uncertainty in the 0.6—0.9
V vs SHE region. Three faradaic responses, which increase with
the concentration of buffer, can be detected: two reversible
processes (indicated by the vertical arrows in Figure 6)
corresponding to apparent standard potentials at 0.94 and 1.19
V vs SHE and a catalytic process at more positive potential
(indicated by the horizontal arrows in Figure 6). The reversible
processes are scan rate dependent but less than proportional to
v, thus indicating interference of diffusion, in line with the
strong dependence of these responses on [P;].

The reversible processes may be assigned to cobalt redox
species involving Co™/Co" and Co"™/Co™ couples, respec-
tively. Similar couples have been previously reported based on
spectro-electrochemical measurements although in this case the
Co™/™ response was thought to be related to the catalysis.'®

It is clearly apparent in Figure 6, the Co"/Co™ couple is not
responsible for the large catalytic response, although it may
show very slow catalysis as noted in ref 5.'” Taking these
observations into account, our data indicate that the main
catalytic reaction, which actually makes these CoP; films good
water oxidation catalysts, requires the formation of a further
oxidized Co species.

On the basis of the observation that the Co™/Co" and Co'V/
Co™ waves are both sensitive to pH and to the nature of the
buffer,”” both redox processes may be viewed as proton-
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Figure 6. CV scan rate normalized current (ordinate in uA/V s™')
potential (abscissa in V vs SHE) responses of CoP; films (pH 7) after
subtraction of a constant capacitive current ic (see text) as a function
of the film thickness (numbers on top of the figure), of [P;] (numbers
on the left of the figure) and the scan rate v (in V/s): 1 (blue), 2 (red),
3 (green), 4 (magenta), S (yellow), 6 (dark yellow), 7 (navy), 8
(purple). Each scan is started cathodically at 1.29 V vs SHE. The black
vertical arrows indicate the faradaic redox processes and the horizontal
arrows the catalytic current (see text).

coupled-electron transfer (PCET) reactions and may thus be
globally written as

Co"OH, + B = ¢~ + Co"'OH + BH ()
(i)
where the Co species are adsorbed and B~ and BH are freely
diffusing buffer components.

5. Quantitative Analysis of the Co"/Co" and Co"/Co"
Current—Potential Responses. Reaction i and ii involve
both adsorbed reactants—the cobalt redox couples—and freely
diffusing co-reactants in solution—the buffer components. The
current—potential responses may thus pass from a surface wave
behavior to a solution diffusion-controlled behavior'”> upon
varying operational parameters such as scan rate (v), buffer

Co™OH + B" = ¢ + CoVO + BH

DOI: 10.1021/jacs.6b00737
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concentration (C, [B-bulk] + [BH-bulk]) and surface
concentration of redox reactants deposited on the electrode
surface (I'°). It can be shown (see Supporting Information
(SI)) that, in the framework of the above PCET processes, the

dimensionless peak current,

i
P

Y=

" Fsc,VD B 1)

is a function of the dimensionless parameter p representing the
competition between the two behaviors:

0
r
DRT
Fv

) )

where i, is the cathodic peak current and D, the diffusion
coefficient of the two buffer components.

At low scan rates, high buffer concentrations and small values
of I'’ (thin films), a surface wave is expected. This is shown by
the black curve in Figure 7a which models a Nernstian PCET
surface reaction with freely diffusing buffer in solution. The
experimental data (Figure 7b, blue trace) display peak widths
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Figure 7. (a) Dimensionless current—potential responses of the
surface wave type (p = 0) as a function of the dimensionless standard
potential distribution parameter: FAE’/RT = 0 (black), 1 (red), 2
(blue), 3 (green), 4 (yellow), S (magenta). (b) Blue: experimental
current—potential cathodic response for a 39 nm film ([Co], = 0.52
X 1077 mol/ sz) after subtraction of the capacitive current in the
presence of 200 mM of P; ([B-bulk] = [BH bulk]) at 0.1 V/s.
Cathodic scan starting at 1.29 V vs SHE. Green: fit with the FAE°/RT
= 4 working curve of (a) and I'° = 8 x 107 mol/cm?

broader than what is predicted by this model, suggesting a
distribution of potentials centered the apparent standard
potential E°.'® For the sake of simplicity, we consider a
rectangle distribution of AE’ width (see SI) rather than a
Gaussian distribution of standard potentials.'® This leads to the
introduction a dimensionless standard potential distribution
parameter: FAE°/RT. Figure 7a shows how the normalized CV
surface waves vary with this parameter. Using the value FAE®/
RT = 4, determined from fitting optimization, (Figure 7b, green
trace figure) we may now analyze the experimental response for
reaction 2 shown in Figure 7b. Analysis of reaction ii is simpler
than for reaction i where the contribution of wave tailing at
lower potentials introduces fitting complications.

I is proportional to the film thickness and to the total
number of moles of Co deposited. Introducing, e.g., y as the
proportionality factor between I’ and [CoJo: I = 7 [Colyor p
may thus be expressed as
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All experimental values of the cathodic peak current of the
Co"™/ Co" wave may thus be plotted as a function of log p,
selecting a value of y such that all data points fall on to the same
¥, — log p theoretical curve. This is shown in Figure 8 with y =
0.086.
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Figure 8. Dimensionless cathodic peak current (eq 1) potential of the
same three CoP; thin films as in Figure 6 of thickness (nm): 39 (red
dots); 78 (blue dots), 156 (green dots) for [P;] = 20, 50, 100, 200 mM
and scan rates: 1,2, 3,4, 5, 6,7, 8 V/s, 7 in eq 3 being taken as equal to
0.086 so as to make all data points fit with a single theoretical (black)
line.

It follows that the Co"'/Co™ and Co™/Co" couples are only
a very small fraction, ca. 9%, of the total amount of cobalt
present in the films.

6. Quantitative Analysis of the Catalytic Current—
Potential Response. It results from the discussion in section
3 that the catalytic reaction requires further electron transfer
beyond Co". From the observation that the CV responses
depend of the pK, of the buffer (Figure 9), it is apparent this
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Figure 9. CV responses of 39 nm films obtained from various buffer
(phosphate: red, borate: blue; carbonate: green) and run at 0.1 V/s in
the corresponding 0.1 M buffer solution at pH 7 (phosphate), 9.2
(borate), 10.3 (carbonate).

redox process involves the coupled transfer of a proton. On the
basis of previous descriptions,”’” we refer to this process
formally as a Co™'Co"/Co™Co" proton coupled redox couple
occurring from molecular-like cobalt dimers in the film
(presumably at the edge of the cobaltate clusters) leading to
the reaction scheme shown on Scheme 1.*°

DOI: 10.1021/jacs.6b00737
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Scheme 1
Eocat
HOCo™CoVO + B~ === 0Co0'VCoVO+BH + ¢
_>k"‘” 11
0CoVCoVO + 2H,0 H,0Co"Co'"OH, + 0,
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E°<E’ca - M~ IV,
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HOCo"Co"OH + B-

2H,0+4B —» O t4BH+ 4¢

We restrict the analysis of the catalytic CV responses to our
thinnest films (a 39 nm film deposited on a 1 mm diameter
platinum electrode) in order to minimize the effect of charge
transport through the film and therefore maximize the kinetic
control by the catalytic reaction, whose characterization is our
main thrust. The variation of these responses with phosphate
concentration and scan rate are summarized in Figure 10.

The fact that peaks are observed and the peak current is
proportional to [Pi] X /v (Figure 10, bottom left) is an
indication that pure kinetic conditions are achieved and a total
catalysis regime is established.'” Kinetic analyses of such
processes have been worked out in the absence of catalyst
cofactor but are not applicable here. These analyses and the
ensuing relationships relating the CV responses to the
characteristic parameters of the system have been adapted to
the present case where the catalyst (CoP;) stands on the
electrode surface and the catalyst cofactor (P;) and substrate
(H,O) are homogeneously dispersed in solution. Taking
additionally into account the standard potential distribution
introduced earlier, the peak characteristics given by the
following equations (see SI):

DFv
i, = 0.24FS[Pi] |
P [Pi] RT

4)

[pi], /&

E, = B° +06s5L 4 KT In 10 Y XE

P F F F 4kcat
(8)

RT In 10 FAE’/RT
+ log 5
F sinh(FAE"/RT)

For small values of [Pi] X /v, the peak potential is predicted
dEp RT

log([Pi] x v#) ~ Fln10°

to vary as follows:
1

Application of eq 5
then leads to”
o RT
“ " Fln10 ©

where FAE’/RT = 4, % = 45 X 107 mol/cm? and D = 8 X
107% cm?/s. 22

CVs collected using very thin films and sufficiently high scan
rates/buffer concentrations should result in a scenario where
buffer diffusion no longer plays a role in the current response.
In this case a plateau-shaped voltammogram would be expected
with a plateau current related to the kinetic rate constant, k.,
by eq 7.

log 4k, = 1.36V vs SHE
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Figure 10. CV responses of a 39 nm film obtained at various scan rates
(numbers in the four upper diagrams in V/s) for increasing
concentrations of phosphate (in M): 0.02 (blue), 0.05 (green), 0.1
(red), 0.2 (gray). Bottom left: variation of the peak current density
with the [Pi] X +/v product, in line with the predictions of eq 4.
Bottom right: variation of the peak potential with the
[Pi] X /vproduct (see text), dashed line: predictions of eq 4.
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Reaching this type of limiting behavior is desirable since it
allows E2, and k, to be determined separately. In our case, we
were unable to reach such limiting behavior even with very thin
films, fast scan rates and high buffer concentrations. None the
less, since the buffer diffusion-limited peak current observed for
a given set of CV parameters is smaller than the plateau current
that would be observed in the absence of buffer diffusion
interference, the peak current measured for our thinnest film
(39 nm; I° = 45 X 107 mol cm™), highest buffer
concentration (0.2 M) and fastest scan rate (8 V/s) provides
a low limit for a non diffusion-limited current response from
which a low limit for the catalytic rate constant, k., can be
determined using eq 7: kg, > 112.5 57

Inserting this limit for k., into eq 6 then yields a low limit for
the catalyst apparent standard potential:
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Turning our attention to the dependence of the peak
potential on log([Pi] X +/v), we note a deviation from the
behavior expected from eq S (Figure 10, bottom right) that
cannot be attributed to ohmic drop in the solution. This
suggests that, despite its extreme thinness, potential drop
resulting from charge transport through the mesoporous film
begins to interfere as more current flows through the system.
Strictly speaking, charge transport through the mesoporous film
cannot be likened to a mere ohmic drop effects in systems
involving a metallic electrode immersed in an electrolyte
solution. A rigorous approach of the problem, currently under
our examination, requires modeling the system along a
transmission line scheme” accounting for the time-dependence
of the potential profiles in the film.

The importance of these effects points to the necessity of
improving charge transport in the film to render catalysis more
effective. For example, the use of thicker films aiming at larger
catalytic currents is severely limited by charge transport.

B CONCLUSIONS

A systematic cyclic voltammetric study was carried with
electrodeposited CoP; to provide insights regarding the mode
of charge transport and the mechanism of catalytic water
oxidation that occurs in the films. Under low [P;] conditions,
variation of the film thickness and scan rate at potentials below
the catalytic wave indicate CoP; is conductive at potentials
above the 0.80 V vs SHE (pH = 7) and becomes insulating at
lower potentials. We attribute this conductive nature to the
mesoporous structure of the film which behaves like a bulk p-
type semiconductor. Introducing higher concentrations of P;
buffer and increasing the sweep width to include the catalytic
process shows the appearance of two discrete proton-coupled
redox couples that appear on top of the large capacitive current
and prior to the catalytic wave. These waves are assigned as
Co™" and Co™™ couples. Careful modeling of these waves
indicates they represent only ~10% of the total Co in the film
suggesting only a small fraction of the further oxidized Co is
responsible for the strong catalysis observed at higher
potentials.

Formulation and application of a model for the current—
potential response related to the catalytic wave allowed it to be
determined that catalysis is mostly limited by diffusion of the P;
buffer and provided high limits for the catalyst apparent
standard potential and catalytic rate constant: E), > 1.51 V vs
SHE, k., > 112.5 s, Although catalysis is mostly limited by P;
diffusion, slightly diminished currents are observed as film
thickness is increased due to the interference of slow charge
transport kinetics in the film. It should be emphasized that all of
the films used in this study were very thin relative to what
might be used in an actual device. It follows that with thicker,
more practically attractive films charge transport kinetics will
present an appreciable bottleneck to catalysis. Future efforts
toward optimizing the catalytic performance of these materials
should therefore be focused on improving the film conductivity.

In addition to providing qualitative and quantitative
information regarding water oxidation catalysis with CoP,
these results clearly demonstrate the coexistence of both bulk
semiconductor and molecular qualities in these films. The
cooperativity of these properties appears to be critical for the
success of the catalyst in that molecular sites are necessary to
perform the catalytic reaction but bulk conducting properties
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are required to ensure efficient charge transport from the
electrode through the film. This somewhat surprising
conclusion is counterintuitive to the commonly held notion
that bulk and molecular species are governed by different
fundamental principles but is likely to be a general motif
present in other efficient electrocatalytic films.

B EXPERIMENTAL SECTION

Materials. All solutions were prepared using Milli-Q water.
Co(NO,;)-6H,0 (99.8%), KOH (>85%), KNO; (>99%), KH,PO,
(299%) and [Ru"(bpy);**] 2[Cl"] were purchased from Sigma and
used as received. 1,1’-Ferrocene di-1-ethanol was prepared as
previously described.”* The Pt electrode (1 mm diameter) was
purchased from Metrohm. Electrodes were polished with alumina
paste on microcloth pads prior to use. The electrode surfaces were
cleaned by electrochemical cycling in ~0.2 M HNO; (sweeps between
0.24 and —0.31 V vs SHE, 1 V/s, X10) then anodized at 1.44 V vs
SHE for ~S min prior to film deposition.

Electrochemical Methods. Cyclic voltammetric measurements
were carried out using an Autolab potentiostat (PGSTAT12), an SCE
reference electrode (Radiometer Analytical), and a Pt wire counter
electrode. Electrode potentials were converted to SHE from SCE using
E(SHE) = E(SCE) + 0.24 V. All experiments were carried out at
ambient temperatures (23 + 1 °C) in S0 mL beakers. Between
experiments, the cell was kept at a constant resting potential of 1.09 V
vs SHE to prevent slow film degradation that occurs at open circuit
potential. Unless otherwise stated, all solutions were adjusted to pH 7
and contained 0.1 M KNO; in addition to phosphate buffer, P,.

Film Preparation. Catalyst films were prepared as previously
described.” Prior to data collection, films were subjected to repeated
cyclic voltammetric scans in a pH 7, 0.1 M P; solution sweeping
through the catalytic wave (1.09 to 1.44 V vs SHE, 100 mV/s) until
the voltammograms remained constant between scans (typically 3—S
scans).

Cyclic Voltammetry. CVs were recorded in P,/KNO,; pH 7
solutions. In all cases, the cell resting potential immediately prior to
scan initiation was 1.09 V vs SHE and positive feedback compensation
was used to minimize the ohmic drop between the working and
reference electrodes. For each film thickness and P; solution, three
separate films were prepared and used for data collection. In all cases,
excellent reproducibility was observed between different films under all
conditions reported here.
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