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Abstract: Is water oxidation catalyzed at the surface or within
the bulk volume of solid oxide materials? This question is
addressed for cobalt phosphate catalysts deposited on inert
electrodes, namely crystallites of pakhomovskyite (Co3-
(PO4)2·8 H2O, Pak) and phosphate-containing Co oxide
(CoCat). X-ray spectroscopy reveals that oxidizing potentials
transform the crystalline Pak slowly (5–8 h) but completely
into the amorphous CoCat. Electrochemical analysis supports
high-TOF surface activity in Pak, whereas its amorphization
results in dominating volume activity of the thereby formed
CoCat material. In the directly electrodeposited CoCat, volume
catalysis prevails, but not at very low levels of the amorphous
material, implying high-TOF catalysis at surface sites. A
complete picture of heterogeneous water oxidation requires
insight in catalysis at the electrolyte-exposed “outer surface”,
within a hydrated, amorphous volume phase, and modes and
kinetics of restructuring upon operation.

Water oxidation is a pivotal step in the environmentally
friendly production of hydrogen or low-carbon-based fuels.[1]

However, the design and implementation of a stable catalytic
system for efficient water oxidation operating at high catalytic

turnover frequency (TOF) and number (TON), with low
activation barrier, moderate overpotential, and high current
density is a challenging hurdle along the way.[2] In this pursuit,
water oxidation (or oxygen evolution reaction, OER) in the
neutral pH regime catalyzed by oxide materials based on the
earth-abundant transition metals is of high interest. In
particular, amorphous cobalt-based oxide catalysts (CoCat)
have been extensively investigated regarding (electro)syn-
thesis and self-repair,[3] atomic structure,[4] and electrokinetic
properties,[5] as reviewed elsewhere.[6]

Aiming at rationale development of improved catalysts,
one of the basic questions awaiting clarification is the role of
surface catalysis versus catalysis within the bulk volume of
a solid-state material. Water oxidation by heterogeneous
catalysts consisting of (aggregated) crystallites of micro- or
nanometer dimensions on electrode surfaces mostly is
discussed in terms of catalysis happening at crystallite surface
sites and determined by elemental composition and atomic
structure of the crystalline material.[7] On the other hand, it
was recently demonstrated that for the CoCat, the bulk oxide
material promotes catalysis.[8] Proton transfer to electrolyte
bases becomes a co-determinant of catalytic rates at high
overpotentials (high current densities), but water oxidation
itself takes place in the bulk material consisting of cobalt-
oxide clusters interfaced by cations (for example, potassium),
anions (phosphate), and water molecules (Figure 1).[8]

In some crystalline inorganic materials, for example,
perovskites[9] and LiCoO2,

[10] a surface reconstruction during
the OER results in an amorphous layer at the crystal surface,
which resembles the CoCat closely with respect to its atomic
structure. Chemical oxidation of an initially catalytically
inactive nanocrystalline manganese oxide (MnO) trans-
formed the bulk of the material into an amorphous MnIII/IV

oxide and resulted in a catalytically active material.[11] Also
for prominent molecular catalysts, transformation into an
amorphous oxide has been related to OER activity.[12a,b]

Recently it was also shown for a heterobimetallic Co-Fe
oxide system that its amorphous state surpasses the OER
activity of the crystalline form.[12c] These findings raise the
important question whether efficient OER catalysis by first-
row transition metal is generally facilitated by amorphous
oxide phases. If this were true, structure–activity relationships
detected for crystalline materials would be determined by
extent and rate of surface amorphization, but not by any
direct influence of atomic and electronic structure of the
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crystalline material on the OER; the results of a significant
number of investigations would be invalidated. Herein we will
provide evidence for a Solomonic point of view, namely that
both surface catalysis and bulk-volume catalysis can prevail,
and both need to be taken into account when striving for
a complete picture of heterogeneous water oxidation.

We investigated crystalline cobalt phosphate with the
formula Co3(PO4)2·8 H2O, which is classified in the vivianite
group and denoted as pakhomovskyite.[13] The relatively
intricate atomic structure of pakhomovskyite (Pak) exhibits
analogies to the CoCat structure (see Figure 1 and Supporting
Information). Pakhomovskyite was prepared following either
a previously reported precipitation procedure (sample A)[14]

or a new electrosynthesis approach (sample B) described in
the Experimental Section and the Supporting Information,
where also elemental composition, structural characterization
by X-ray diffraction analysis, and electron micrographs are
documented (Table S1, Figures S1 and S2).

To investigate the electrochemical properties of pakho-
movskyite, we physically deposited microcrystalline sample A
and B on FTO electrodes and investigated the respective
catalyst–electrode assembly in a 0.1 molL�1 phosphate buffer
at pH 7. Cyclic voltammograms (CVs) are shown in Figure 2.
Already during the first cycle, sample A exhibits a clear
catalytic wave corresponding to a catalytic current exceeding
1 mAcm�2. Interestingly, the catalytic current (at 1.45 V)
increases with each CV cycle. This increase is accompanied by
the rise of an oxidation wave (broad peak in the CV around
1.2 V) and reduction wave (broad negative peak around
1.0 V) for cobalt oxidation and reduction, respectively;
integration of the reductive currents provides a measure for
the number of redox-active cobalt ions[4c,8] (the observed

behavior is often discussed in terms of a pseudocapacitance[9]).
The increasing redox activity is typical for amorphization
processes in crystalline materials under electrochemical
operation.[9, 10] A very similar behavior is observed in sam-
ple B; however, its initial redox activity is higher, which is
explainable by either the smaller crystallite size and thus
higher surface area (Figure S2 and S3) or faster amorphiza-
tion owing to the presence of calcium and sodium ions.

SEM images collected before and after catalytic operation
show the transformation of small separated crystals into
amorphous islands (Figure S4), confirmed also by powder
XRD (Figure S5). The initially fully transparent film is
transformed into a brownish material; UV/Vis spectra
collected in situ during catalytic operation suggest a continu-
ous structural transformation of the catalyst material (Fig-
ure S6 to S9). We also performed long-term electrolysis at
constant anode potential (1.35 V vs. NHE), complemented by
CV measurements at selected times (sample A in Figure 3,
sample B in Figures S10 and S11). Starting at a low but clearly
detectable level of catalytic current (for the current level
within the first 2 min, see Figures S17 and S19), the current
increases with time. The current increase likely relates to the
increase in redox activity by the amorphization of the catalyst
material (see below).

Upon exposure to catalytic potentials, catalyst activation
is observed (Figure 2 and Figure 3) and changing UV/Vis
spectra suggests structural changes at the atomic and elec-
tronic level (Figures S7 and S8). To understand the structural
changes coupled to catalyst activation, the electrochemical
experiment was combined with X-ray absorption spectrosco-
py (XAS) at the cobalt K-edge. We performed low-temper-
ature XAS measurements on electrodes of sample A
(Figure 4) and B (Figures S12 and S13), which were rapidly
frozen before any electrochemical treatment, after 2 min, and
after 10 h at 1.35 V (vs NHE). The XANES spectra (X-ray
absorption near-edge structure, Figure 4A and Figure S12)
show a shift in the X-ray edge position from 7717.6 to
7720.6 eV, suggesting that 10 h exposure to 1.35 V results in
essentially complete conversion of the CoII ions of Pak into
CoIII ions; the CoIII spectra detected after 10 h resemble
closely the XANES spectra of amorphous CoCat reported
elsewhere.[4a] The transformation of the Pak mineral into the
amorphous CoCat is confirmed by the Fourier transforms
(FTs) of the extended X-ray absorption fine-structure

Figure 1. A) Cobalt oxo fragment of the CoCat. B) Layered structure of
the CoCat with ions and water intercalated between Co oxide layers.
C) Phosphate binding and m-oxo bridging in pakhomovskyite. D) Lay-
ered structure of pakhomovskyite; the layers are joined by hydrogen
bonds (not shown).

Figure 2. Series of cyclic voltammograms (CVs) of sample A deposited
on FTO electrodes (E vs. NHE; CV with 10 mVs�1 in 0.1m phosphate
buffer at pH 7, 85% IR compensation).
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(EXAFS) spectra (Figure 4B and Figure S13). The spectrum
of the sample A before electrolysis can be modeled according
to the Pak crystal structure (Supporting Information, Fig-
ure S15 and Table S2). After 10 h at 1.35 V, a Co�O distance
of 1.89 � and Co�Co distance at 2.82 � are detectable, which
are identical to the previously reported distances of the
CoCat.

We conclude that long-term exposure to catalytic poten-
tial results in complete conversion of the microcrystalline Pak
(Figure 1B) into the amorphous CoCat, which consists of
fragments of a layered oxide with edge-sharing CoIIIO6

octahedra (Figure 1A). This conversion requires several
hours as verified by XAS analysis of the Pak samples exposed
to catalytic potentials for 2 min only (Figures S16–S19). The
structural changes detected by XAS are compatible with the
transformation of the FTIR spectra (Figures S20, S21, Table
S3) and supported by highly similar catalytic properties of
amorphized Pak and directly electrodeposited CoCat (Fig-
ure S28).

For the CoCat and other materials, a close relation
between redox activity and catalytic activity has been
reported.[4c,8] This relation was investigated for the Pak
material exposed for more than 8 h to a continuous sequence
of CVs. The redox activity was measured via integration of the
reductive currents of the CV resulting in a redox charge, qred,
which provides Nred, the number of redox-active cobalt ions
undergoing oxidation state changes (Nred = qred/e).[4c,8] An
initial catalytic current (about 1.3 mA in Figure 5) is clearly
detectable, which is associated with a low level of redox
activity. Subsequently, amorphization results in the concom-
itant increase of both redox and catalytic activity. The red bars
in Figure 5 indicate the ratio between catalytic current and
redox charge, which may be viewed as a turnover frequency
per redox-active cobalt ion (TOFq). It is clearly visible that

Figure 3. Long-term electrolysis for sample A applying 1.35 V vs NHE
for 10 h (in 0.1m phosphate buffer at pH 7). A) Time course of the
current density. At the indicated times CV were measured and samples
rapidly frozen for analysis by X-ray absorption spectroscopy. B) CVs
detected at a scan rate of 20 mVs�1.

Figure 4. X-ray absorption spectra collected at the cobalt K-edge for
pakhomovskyite (sample A) deposited on FTO electrodes (red lines),
after exposure to 1.35 V (vs. NHE, pH 7) for 2 min (blue) and 10 h
(green). A) XANES spectra. B) Fourier-transformed EXAFS spectra. The
indicated reduced distance is by about 0.4 � shorter than the precise
distance obtained by EXAFS simulations. The dotted lines results from
EXAFS simulations (see Table S2 for parameters).

Figure 5. Relationship between redox charge (qred), catalytic activity (J),
and TOF per redox-active site ( J/qred) during Pak!CoCat conversion.
The redox charge was quantified by integration of the reductive
currents of the six CVs shown in Figure 2. The catalytic activity was
estimated from the maximal current detected in the respective CV (at
1.45 V vs. NHE) and is indicated by open squares (left current-density
axis). The red bars relate to the right y-axis and indicate the ratio
between catalytic current density ( J) and redox charge (qred) in units of
s�1 (= AC�1). This ratio may be viewed as a turnover frequency (TOFq,
rate of catalytic electron flow per redox-active cobalt ion). Both qred and
J are normalized to the macroscopic electrode area. For better visibility
of low levels of J/qred, see Figure S22. For data on J/qred vs. qred with the
catalytic currents measured in chronoamperometric experiments, see
Figure S23 to S25.
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the value of TOFq is high before onset of amorphization (left
red bar) and clearly lower at later times (small red bars).

We interpret the above findings as follows: In the initially
crystalline material, water oxidation catalysis takes place at
surface sites; the catalytic TOF per cobalt ion at the crystallite
surface is high. Upon long-term operation at catalytic
potentials, the catalytic material is progressively converted
into an amorphous oxide of the CoCat type; after 10 h
a complete conversion is achieved. In the amorphous catalyst,
the TOF per cobalt ion is relatively low, but owing to the high
number of redox-active cobalt ions, the total rate of catalysis
increases significantly by amorphization.

Now we will address whether enhanced activity at surface
sites is a specific property of crystallite surfaces or also of
relevance in amorphous materials, specifically in the CoCat
formed by electrodeposition. In the experiments of Figure 6,

the ratio between potential catalytic sites at the bulk-water–
bulk-oxide interface (surface catalysis) and within the bulk
phase of the CoCat film (volume catalysis) was altered by
variation of the amount of deposited cobalt ions by more than
three orders of magnitude from 140 mC cm�2 to 200 mCcm�2.
For deposition of 2 mCcm�2 to 200 mCcm�2 and if the current
density stays below the level of proton transport limitation
(1.20 V and 1.25 V data points in Figure 4), the catalytic
current is proportional to the number of deposited cobalt
ions; consequently, the TOF per cobalt ion remains fully
constant. This is explainable by equal catalytic activity
throughout the bulk volume of the catalyst film.[8]

The prevalence of volume catalysis for estimated film
thicknesses ranging from 15 nm (2 mCcm�2) to 1.5 mm
(200 mCcm�2) has been reported before.[8] Herein we
extended the range of deposited cobalt ions down to the
level of 140 mC cm�2, and to our surprise we find an increase in

the TOF per cobalt ion by one order of magnitude. X-ray
absorption spectroscopy reveals that by deposition of small
amounts cobalt ions, the atomic structure and level of
amorphicity of the catalytic material is not altered in any
detectable way (Figure S26). Irrespective of the amount of
deposited cobalt ions, the catalyst consists of cobalt oxide
fragments with CoIII ions extensively interconnected by di-m-
oxo bridges (Figure 1A).

The following explanation is proposed for the increased
TOF at low deposition charge: For deposition of thick films
(> 10 nm), catalysis within the bulk volume of the catalyst
film dominates; the corresponding TOF per cobalt ion is
relatively low (10�3 s�1 at 1.25 V). At lower levels of deposited
cobalt ions however, surface catalysis prevails and the
corresponding TOF per cobalt ion is significantly higher
than observed for volume catalysis (minimally by one order of
magnitude; 10�2 s�1 at 1.25 V). This finding may or may not
relate to the finding that in thin CoCat films enhanced
catalysis could result from an influence of the electrode
material on the electronic properties of the CoCat material.[15]

Our comparison of the CoCat performance for electrodepo-
sition on ITO, gold, or platinum did not provide evidence for
a sizeable substrate influence (Figure S29).

In summary, we have shown that upon exposure to
oxidizing potentials, an initially crystalline cobalt phosphate
(Pak) is slowly (timescale of several hours) but eventually
completely transformed into an amorphous phosphate-con-
taining cobalt oxide (CoCat). The amorphization is coupled
to catalyst activation, meaning that a sizeable increase in the
total catalytic activity is observed. The electrochemical
properties support that in the initial crystalline state, surface
activity of the catalysts prevails, whereas amorphization
results in later dominating volume activity of the bulk of the
hydrated oxide material. We conclude that the differentiation
between catalysis at the electrolyte exposed, “outer surface”
of the oxide material and catalysis within the amorphous bulk
volume of the hydrated oxide is of critical importance when
discussing mechanistic aspects. The results reported herein
suggest that functional investigations completed within tens
of minutes indeed could probe catalysis of water oxidation at
the surface of a crystalline material. However, control
experiments are recommendable to assess the amorphization
rate, which will likely depend on elemental composition and
crystal structure, dimension of crystallites, and operation
conditions (pH, electric potential, and temperature). Whether
fully amorphization-resistant materials for heterogeneous
water oxidation exist remains an open question.

Recently we have demonstrated the prevalence of volume
catalysis in the amorphous CoCat material[8] for deposition
charges ranging from 2–200 mCcm�2. Now we report an
increased TOF at extremely low levels of electrodeposited
cobalt ions (< 1 mC). This finding suggests that also in the
amorphous CoCat the rate of catalysis could be enhanced
significantly at surface exposed sites or domains. This, in turn,
implies that high TOF surface catalysis of water oxidation is
not restricted to surface sites of crystalline material.

Surface catalysis in pristine crystalline material either
could occur at open coordination sites created by termination
of the crystal lattice, involving only limited surface restructur-

Figure 6. Turnover frequency (TOF) per cobalt ion and formed O2

molecule for amorphous CoCat films of various thicknesses. The x axis
indicates the deposition charge which corresponds to the amount of
cobalt ions electrodeposited on an ITO electrode; a deposition charge
of 10 mC corresponds to about 100 nmcm�2 and to a thickness of the
electrode film of about 70 nm.[8] The catalytic current was measured
after equilibration for 60 s at the indicated electrode potentials (vs.
NHE, pH 7); the TOF was calculated for the total amount of cobalt
ions present in the catalyst film (the data relating to deposition
charges ranging 2 mC to 200 mC has been discussed before[8]). The
straight lines result from curve-fitting; the respective parameters are
shown in Table S4. A similar thickness dependence of the catalytic
current densities is observable in the amorphized Pak catalyst
(Table S5 and S6).
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ing, or could involve more extended surface amorphization.
The latter option needs to be taken into account seriously
when discussing catalysis by crystallites, as circumstantially
evidenced by the enhanced TOFs at surface exposed sites in
the amorphous CoCat material. In any event, our results
presented herein demonstrate that a complete picture of
water oxidation catalysis requires consideration of both
surface and volume catalysis, including the dynamic restruc-
turing and transformation of the catalyst material.

Experimental Section
Pakhomovskyite was synthesized by a previously reported precip-
itation method (sample A).[14]

Sample B was synthesized by electrosynthesis. The cell consists of
a 100 mL beaker and two squared platinum electrode (2.5 cm2) as
anode and cathode; a water bath maintained constant temperature
(25 8C). The electrolysis was performed at a fixed current density (J =

0.280 Acm�2) for 3 h. An Agilent E3640A 30W DC Power Supply was
used. The electrodes were submerged in 100 mL of 1.40:1.50:1.00:0.10
Co/EDTA/NaH2PO4/Ca ratio solution at pH 8.5, at an EDTA
concentration of 0.25m. The resulting precipitate was separated by
centrifugation, washed three times with purified water and dried
under vacuum.

CoCat films were electrodeposited by controlled potential
electrolysis at 1.05 V (vs. NHE) in a mixture of KH2PO4 and
K2HPO4 electrolytes (about 0.1m each, pH adjusted to 7) and 0.5 mm

[Co(OH2)6](NO3)2 solution.[5b]

Further details on sample preparation, characterization, and
XAS data collection are provided in the Supporting Information.
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