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Abstract: Well-defined mixed-metal [CoMn3O4] and

[NiMn3O4] cubane complexes were synthesized and used as
precursors for heterogeneous oxygen evolution reaction
(OER) electrocatalysts. The discrete clusters were dropcasted

onto glassy carbon (GC) and indium tin oxide (ITO) electro-
des, and the OER activities of the resulting films were evalu-

ated. The catalytic surfaces were analyzed by various tech-
niques to gain insight into the structure-function relation-

ships of the electrocatalysts’ heterometallic composition. De-

pending on preparation conditions, the Co-Mn oxide was
found to change metal composition during catalysis, while

the Ni–Mn oxides maintained the NiMn3 ratio. XAS studies
provided structural insights indicating that the electrocata-

lysts are different from the molecular precursors, but that

the original NiMn3O4 cubane-like geometry was maintained
in the absence of thermal treatment (2-Ni). In contrast, the
thermally generated 3-Ni develops an oxide-like extended

structure. Both 2-Ni and 3-Ni undergo structural changes
upon electrolysis, but they do not convert into the same ma-

terial. The observed structural motifs in these heterogeneous
electrocatalysts are reminiscent of the biological oxygen-

evolving complex in Photosystem II, including the MMn3O4

cubane moiety. The reported studies demonstrate the use of
discrete heterometallic oxide clusters as precursors for heter-

ogeneous water oxidation catalysts of novel composition
and the distinct behavior of two sets of mixed metal oxides.

Introduction

Metal oxides have been extensively studied as electrocatalysts
for the oxidation of water in the oxygen evolution reaction

[OER; Eq. (1)] .[1] Typically, metal oxide films are obtained
through precipitation, anodic electrodeposition, or adsorption/
deposition onto the support materials (Fe, Co, Ni, Ir, Ru, Mn).[2]

2 H2O! O2 þ 4 Hþ þ 4 e¢ ð1Þ

The detailed mechanism for the formation of the O¢O bond
is still under debate although several mechanistic pathways

have been proposed.[1a, 3] A general mechanism for the OER on
metal oxides involves water coordination to the surface active

site followed by a proton transfer to the solvent and an elec-
tron transfer to the electrode to form a surface M¢OH species.
Subsequently, a metal–oxo species is generated by proton-cou-

pled oxidation or disproportionation of two M¢OH species to
lose H2O. Generation of O2 is proposed to arise from reaction

of two metal–oxo moieties or by attack of water or hydroxide
on a metal–oxo moiety. Despite the lack of full mechanistic in-

sight into this transformation, all proposals suggest the impor-
tance of the M¢OH intermediates, and subsequently, the M¢O
bond in OER electrocatalytic activity. OER activity has been
shown to linearly correlate to the standard enthalpy of forma-

tion of the corresponding M(OH)3 for late first-row transition
metal perovskites.[4] O2 evolution has been proposed to follow
metal oxide redox transitions as shown by a linear correlation
between the minimum potential required for OER and the cat-
alysts’ lower oxide/higher oxide redox potentials.[5] A “volcano

plot” relates the OER activity to the M¢O bond strength by
correlating the overpotential of certain metal oxides at a fixed

current density to the enthalpy of a lower-to-higher oxide tran-
sition.[6] With these mechanistic proposals for homometallic
oxides, mixed-metal oxides with weaker M¢O bonds are ex-

pected to display enhanced OER behavior.
The OER activity of mixed metal oxides, especially in spinels,

has been examined to determine the heterometallic effect rela-
tive to each homometallic oxide.[4, 7] The enhanced activity has
been proposed to be correlated to the changes in the enthal-

py of the metal oxide oxidation state transition[8] and work
function upon metal atom substitution.[7a] Some of the mixed

metal oxides that have shown enhanced OER activity are Ni–
Fe,[9] Ni–Co,[9k, 10 ] Ni–Cu,[9k, 11] Co–Fe,[9k, 12] Co–Mo,[13] Fe–Mo,[14]

Cu–Co,[15] and Mn–M.[2d, 16] Mixed oxides of three or more metal
combinations such as Co–Cr–Fe[17] and Ni–Fe–M have also
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been reported as OER electrocatalysts with enhanced activi-
ty.[9k, 18]

The preparation of mixed metal oxide material with con-
trolled metal-to-metal stoichiometry has been challenging as

binary metal oxide films typically have bulk- and surface-metal
compositions that differ from the stoichiometry of the precur-

sor solutions.[9c, 16a, 19] Recently, a photochemical metal–organic
deposition method has been reported as a facile technique for
preparing amorphous phases of mixed metal oxides with con-

trolled stoichiometry and high OER electrocatalytic activity.[20]

Although many metal oxides have been reported for OER,
composition–function relationships of heterometallic oxides
have been less extensively studied, in part due to challenges in

preparing controlled composition and structure.[7a, 9c, 16a, 21]

Molecular multimetallic complexes have been shown to

serve as precursors to heterogeneous or supported OER cata-

lysts.[2j, 22] Employing well-defined heterometallic clusters as
precursors is a potential strategy for maintaining metal

stoichiometry and relative metal arrangement in the resulting
heterogeneous OER catalysts. Herein, we employ discrete syn-

thetic cluster precursors for the synthesis of bimetallic oxides
active for electrolytic water oxidation. The effect of the prepa-

ration method and type of precursor on the composition,

structure, and electrocatalytic performance of the heterogene-
ous oxide is evaluated. Maintaining the ratio of two metals

during electrolysis is dependent on the nature of the compo-
nents.

Results and Discussion

We recently developed a synthetic protocol for the
synthesis of heterometallic manganese oxido cubane

clusters [MMn3O4] that incorporate redox-active
metals M (Scheme 1, 1-M ; M = Fe3+ , Co3 + , Ni2+ , Cu2 +

) by transmetalation of 1-Ca. These are structurally
analogous to the previously investigated complexes
(where M = Ca2 + , Sr2 + , Zn2+ , Y3 + , Sc3 + , Mn3 +).[23]

These clusters serve as precursors to ternary metal
oxides of controlled M/Mn ratio of 1:3. The catalyti-
cally active metal oxide films were prepared by drop-
casting solutions of 1-M (M = Co, Ni) in dimethylfor-

mamide (DMF) onto the surface of indium tin oxide
(ITO) on glass substrates or glassy carbon (GC) disk

electrodes (Scheme 1). Removal of solvent under
vacuum yielded a thick layer of film, 2-M that was
treated to generate the catalyst (Scheme 1). Another

method used to prepare a different material 3-M in-
volves heating the dried film 2-M to remove the or-

ganic ligands (L and acetates) from the metal–oxido
core (Scheme 1).

The electrochemical behavior of the materials 2-M
and 3-M were studied in basic aqueous media and
the steady-state current densities (j) were recorded as

a function of the overpotential (h) to probe the kinet-
ics of the reaction. Upon electrolysis in basic media

(pH 13 or 14) and release of gas, the top layer of the
dropcasted film 2 was observed to fall into solution,

producing the catalytically active thin layer (<200 mm) on the
electrode.

Rotating disk voltammetry (RDV) measurements, chronopo-
tentiometry (CP), and chronoamperometry (CA) studies, all at

1600 rpm, were performed to investigate the activity of the re-
sulting surface material before and after 2 h electrolysis (tCP = 0

and 2 h; Figure 1 a–c) by evaluating the overpotential required
to achieve current densities of 10 mA cm¢2 (hj = 10 mA cm¢2) as the
metric relevant for solar fuel synthesis.[7a] In addition, the cur-

rent density of each catalyst on ITO was measured as a function
of the overpotential (Tafel plot) in static solutions of 0.1 m KOH
(Figure 2) from cyclic voltammetry (CV) measurements. The
corresponding Tafel slopes, hj = 10 mA cm¢2 values from RDV stud-

ies, and the overpotentials required to achieve current densi-
ties of 1 mA cm¢2 from static CV measurements are shown in

Table 1.

Scheme 1. Synthetic route for the preparation of [LMMnxOy] (2) and MMn3Ox (3). Heating
of 2 at 400 8C yields 3 through calcination of organic ligands.

Table 1. Tafel slopes and overpotential parameters for 2 and 3.

Catalyst Tafel slope [mV dec¢1][a] hj = 1 mA cm¢2 [V][a] hj = 10 mA cm¢2 [V][b]

2-Co 42�5 0.39�0.02 0.47�0.01
3-Co 69�9 0.45�0.2 –
2-Ni 40�4 0.37�0.01 0.42�0.01
3-Ni 58�1 0.38�0.01 –

[a] Tafel slope and hj = 1 mA cm¢2 parameters are derived from CP experiments
on materials 2-M and 3-M dropcasted on ITO glass. Electrochemical ex-
periments were performed in 0.1 m KOH. [b] 2-Co and 2-Ni were drop-
casted on GC disk for various electrochemical experiments using RDV.[9i]
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The elemental compositions of 2-M and 3-M were deter-
mined by X-ray photoelectron spectroscopy (XPS), energy dis-

persive X-ray spectroscopy (EDS), and inductively coupled
plasma mass spectrometry (ICP-MS). The results from the three
techniques are summarized in Table 2.

Prior to electrolysis, the dropcasted films 2-Co and 2-Ni
showed M/Mn ratios of approximately 1:3 based on XPS and
EDS (only XPS data are shown in Table 1 for this series) consis-

tent with ratio in the molecular precursors 1-Co and 1-Ni. The
elemental composition analyses of the resulting metal oxide

films after electrolysis (1–5 h of CP) showed retention of the

approximately 1:3 M/Mn ratio for 2-Ni, 3-Co, and 3-Ni, but re-
sulted in a lower average Co/Mn ratio of 1:1.2 for 2-Co
(Table 2). Neither the 2-Co and 2-Ni films after electrolysis nor
the 3-Co and 3-Ni films gave rise to N 1 s peaks by XPS, indi-

cating the loss of ligand L upon electrolysis or heat treatment,
respectively. This is supported by the thermogravimetric analy-

sis of 1-Co (see the Supporting Information, Figure S1) where

the loss of roughly 77 % mass was observed upon heating at
400 8C for 4 h, consistent with calculated mass loss of all li-

gands (acetates and L) at around 78 %. ICP-MS studies were
carried out only on the resulting materials after electrolysis of

2-M on the GC disks to avoid signal saturation by ITO.
Scanning electron microscopy (SEM) was used to character-

ize the surface morphologies for all metal oxide films 2 and 3
(Figure 3). The initial surface of the dropcasted material (in this
case 1-Co) is shown in Figure 3 a as a thick amorphous layer

on the ITO electrode. Following water electrolysis (CP at
5 mA cm¢2) with this material for 5 h, the resulting material

consisted of a very thin electroactive metal oxide layer (Fig-
ure 3 c). Figures 3 b and 3 d show the resulting thermally treat-
ed electroactive layer of 3-Co and 3-Ni respectively before and

after electrolysis, where no obvious change on the surface
morphology was observed. Figures 3 e and 3 f display the crys-
talline-looking final thin-layer film of 2-Ni after electrolysis
from the top view and the cross-section, respectively. In addi-

tion to SEM, elemental mapping of the surfaces was also per-
formed. The elemental maps of 3-Ni and 2-Co on ITO elec-

trode are displayed in Figure 4. The elemental map reveals the

uniformly scattered presence of Ni and Mn in the heterogene-
ous material. This observation is

in contrast to the Co-containing
materials, in which Co was de-

tected throughout the surface
whereas Mn was more localized

on the “island” (Figure 4).

Powder X-ray diffraction studies
of these surfaces showed no pat-

terns other than those resulting
from the background ITO elec-

trode (see the Supporting Infor-
mation, Figure S5), indicating

Table 2. Normalized relative metal stoichiometry of catalyst films by XPS, EDS, and ICP-MS.

XPS EDS ICP-MS[a]

Before electrolysis After electrolysis After electrolysis
Catalyst Co Ni Mn Co Ni Mn Co Ni Mn Co Ni Mn

2-Co 1 – 3.4�0.2 1 – 1.2�0.3 1 – 1.3�0.7 1 – 1.1�0.2
3-Co 1 – 3.9�0.4 1 – 3.9�1.0 1 – 3.1�0.4 n/a
2-Ni – 1 2.8�0.1 – 1 3.4�0.3 – 1 2.9�0.8 – 1 2.1�0.3
3-Ni – 1 3.4�0.2 – 1 3.6�1.1 – 1 2.8�0.3 n/a

[a] ICP-MS analyses were only performed on 2-Co and 2-Ni after electrolysis on GC disks to prevent signal satu-
ration from ITO.

Figure 1. RDV of 2-Co (A) and 2-Ni (B) on glassy carbon disks before and
after 2 h CP in 1 m NaOH solution; C) stability test of 2 over 2 h of CP held
at 10 mA cm¢2 at 1600 rpm rotation rate.

Figure 2. Tafel plots of the metal oxides on ITO: 2-Co (diamonds), 3-Co
(squares), 2-Ni (circles), and 3-Ni (triangles).
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that they are either amorphous or possibly too thin for detec-
tion (ca. 2 mm thickness; Figure 3 f).

RDV and CP studies of 2-Co show similar activity at tCP = 0 h
vs. 2 h (Figure 1 a, c). In contrast, the electrochemical studies on
2-Ni film indicated that the initial film has low electrocatalytic

activity for OER, but possibly structurally rearranges upon elec-
trolysis to generate a more active material with improved over-
potential to give 10 mA cm¢2 current density (Figure 1 b, c). The
3-Co and 3-Ni films retain similar electrocatalytic activity

throughout the electrolysis period (see the Supporting Infor-
mation, Figures S2 and S3). The observed overpotentials (0.36–

0.43 V) to reach 1 mA cm¢2 current density for 2 and 3
(Figure 2, Table 1) as a measure of electrocatalytic activity are
comparable to a number of other homo- and heterometallic

oxide electrocatalysts.[2a–c,f, 9h,i]

In addition, RDV studies of 2-Co and 2-Ni on GC electrodes

resulted in hj = 10 mA cm¢2 values and electrochemically active sur-
face areas (ECSAs) that are comparable to other selected re-

ported metal oxide films under identical conditions (Table 3).[9k]

This suggests that both activity per geometric area and the
specific activity per ECSA of 2-Co and 2-Ni are similar to other

catalytic materials electrodeposited from metal salts. The
amount of O2 produced by 2-Co and 2-Ni throughout 2 h con-

stant current electrolyses at 1 mA cm¢2 was quantified using
a fluorescent oxygen sensor and suggests nearly 100 % Farada-

ic efficiency for the electrocatalytic process. These results indi-
cate that the synthetic cubane complexes 1-M (M = Co, Ni) can

serve as precursors to generate competent and selective OER
electrocatalysts with applied oxidative potentials.

Further investigations of the final metal compositions of

these electrocatalysts were performed to complement the re-
sults from the electrochemical studies. Material 2-Co was ob-

served to undergo the largest variation in M/Mn stoichiometry
before vs. after 1–5 h electrolysis (Table 2). The reported value

in Table 2 is an average of all analyzed spots on the non-uni-
form electrode surface, but there were multiple areas on the

Figure 4. SEM images and elemental mappings of 2-Co (left) and 3-Ni (right)
on ITO after electrolysis, displaying the SEM image with the corresponding
Mn and Co/NiKa1 compositional maps.

Table 3. Comparison of 2-Co and 2-Ni to selected metal oxide OER elec-
trocatalysts.

Catalyst ECSA [cm2] ht = 2h [V¢1] e

2-Co 2.0�0.5 0.47�0.01 0.97�0.04
2-Ni 1.8�0.5 0.42�0.01 1.00�0.05

Co-(b)[a] 1.9�0.6 0.40�0.04 0.97�0.01
Co/P-(a)[a] (“CoPi”) 3.3�1.8 0.38�0.02 0.91�0.05
Ru-(a)[a] 14�4 0.32�0.02 0.93�0.07
Ni-(b)[a] 0.4�0.2 0.47�0.03 0.90�0.02
NiCo-(c)[a] 1.8�0.8 0.35�0.01 0.92�0.02
NiFe-(b)[a] 0.8�0.2 0.37�0.02 0.93�0.02
NiMoFe-(b)[a] 1.8�0.6 0.33�0.02 0.97�0.05
GC background[b] 1.9�0.9 1.29�0.02 0.76�0.07

ECSA = electrochemically active surface area (CDoubleLayer/CSpecific) ; ht = 2h =

overpotential at t = 2 h, e= faradaic efficiency. [a] see ref. [9k] ; [b] see
ref. [9i] .

Figure 3. SEM images of ITO electrode surfaces with: a) 1-Co initially drop-
casted pre-electrolysis ; b) 3-Co pre- and post-electrolysis; c) 2-Co post-elec-
trolysis ; d) 3-Ni pre- and post-electrolysis; e) 2-Ni post-electrolysis; f) cross
section side-view of electrode with 2-Ni post-electrolysis.
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electrode evaluated by XPS and EDS that displayed Co/Mn
ratios of approximately 1:0.1; the Co 2p3/2 peak was primarily

the only metal signal observed in the spectrum. This result
suggests that most of the Mn centers dissolved in the solution

during electrocatalytic oxidation of hydroxide ions to O2, likely
as reduced metal species (MnII and MnIII) that are soluble in
water and kinetically labile. The generated catalyst, predomi-
nantly the homometallic cobalt oxide (CoOx) film, remains
active for water oxidation.

The elemental analysis data for 2-Ni, 3-Co, and 3-Ni display
retention of the metal stoichiometry even after prolonged
electrolysis periods, providing evidence that the cluster cores
may have stayed intact in those films, or that they have con-
verted into materials that maintain the 3:1 Mn/M ratio. Addi-
tionally, elemental mapping of the surfaces of 2-Ni, 3-Co, and

3-Ni (Figure 4 and Figure S17 in the Supporting Information)

after electrolysis show no obvious phase separation of M and
Mn, suggesting the retention and co-localization of both

metals in the electrocatalysts. However, the elemental map of
2-Co after electrolysis shows variable distribution of Co and

Mn on the larger island in comparison to the rest of the sur-
face (Figure 4), consistent with the non-uniform electrodeposi-

tion of Co back onto the electrode throughout electrolysis.

Further studies are required to determine whether structural
rearrangements may have occurred or the electrodeposition of

the dissociated MII salts back onto the electrode favors similar
1:3 M/Mn metal stoichiometry.

Based on the elemental compo-
sition studies, 1-Co and 1-Ni can

indeed serve as precursors to

catalytically active materials for
OER with control over M/Mn

ratio for 2-Ni, 3-Co, and 3-Ni.
This demonstration suggests

that the structure and composi-
tion of mixed-metal catalysts can

be tuned by the selection of het-

erometallic molecular precursors.
The variation in composition of

2-Co highlights the importance
of thoroughly evaluating the

compositions of metal oxide ma-
terials both before and after cat-
alysis, especially for those heter-

ometallic oxides that were not
prepared by electrodeposition.

The Ni–Mn OER catalysts
maintain the metal ratio despite
being prepared under different
conditions. However, the varia-
tion in catalytic properties of 2-
Ni suggests that structural
changes may occur during catal-
ysis. X-ray absorption spectro-
scopic (XAS) studies were per-
formed to determine whether
the metal oxides underwent

structural changes/rearrangements during electrocatalysis. Fig-
ures 5 and 6 show the Mn and Ni XANES (X-ray absorption

near-edge structure) and EXAFS (extended X-ray absorption
fine structure) spectra of 2-Ni at tCP = 1 and 5 h and 3-Ni at

tCP = 0, 1, and 5 h, together with those of the dropcasted com-
plex 1-Ni. The EXAFS curve-fitting results of the selected sam-

ples are shown in the Supporting Information (Figure S18).
Both Mn and Ni data suggest that the Mn and Ni local envi-

ronments of the dropcasted 1-Ni were altered during the elec-

trolysis (2-Ni ; Figures 5 a, b and 6 a, b) and more significantly by
the heat treatment (3-Ni ; Figures 5 c, d and 6 c, d). Although

the Mn and Ni XANES edge positions of 2-Ni are close to those
for 1-Ni and the EXAFS peak positions are essentially the same

as those of 1-Ni, a significant reduction of the EXAFS peak in-
tensity is observed (Figure 6 a, b). This indicates the wider

range of metal–ligand and metal–metal distances in compari-
son to the original 1-Ni structure, and its effect is reflected in
the larger Debye–Waller factors (s2) of the metal–metal interac-

tions in the EXAFS fit parameters of both Mn and Ni in 2-Ni
(see the Supporting Information, Tables S1 and S2). There are

no detectable peaks above the noise level in the long range
(apparent distances in the range of 4–6 æ, Figure 6 a, b) of 2-Ni,
suggesting no formation of the extended oxide-like structure

at this stage. This indicates the retention of the basic cubane
core structure during electrolysis.

Figure 5. Mn (left) and Ni (right) XANES spectra of 1-Ni with 2-Ni at tCP = 1 and 5 h (a, b), and 3-Ni at tCP = 0, 1, 5 h
(c, d). The spectra of 3-Ni at tCP = 0 h are also compared with those of Mn and Ni oxides (e, f).
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When the dropcasted 1-Ni is heat-treated (3-Ni), the Mn
XANES rising edge positions are shifted to lower energy, sug-
gesting the reduction of Mn from MnIV (Figure 5 c). A rise of

the Mn and Ni EXAFS long range peaks (apparent distances in
the range of 4–6 æ in Figure 6 c, d) in 3-Ni, that were not ob-
served in 1-Ni or 2-Ni, are indicative of the formation of the
extended structure like oxides and arises from multiple scatter-

ing paths. The Mn XANES and EXAFS spectra of the 3-Ni film
at tCP = 0 h mostly resembles the spectra of birnessites (MnIII/IV

oxide) as shown in Figures 5 e and 6 e (Mg2+ birnessite). This
implies that in the 3-Ni film (at tCP = 0 h) some fraction of Mn is
reduced from the native MnIV oxidation state in 1-Ni to MnIII. A

resemblance of the Mn XANES edge position to that of Mg2 +

birnessite, which has an oxidation state of approximately 3.7,

suggests that roughly 30 % of Mn is reduced to MnIII and the
rest remains as MnIV in the 3-Ni film (at tCP = 0 h). In contrast,

the Ni remains as NiII based on the Ni XANES edge position

(Figure 5 f).
Regarding the structure of 3-Ni, Mn likely forms a layered

structure that is similar to the birnessites, based on the similari-
ties observed in both XANES and EXAFS (Figures 5 e and 6 e).

Such structure has been observed in Mn oxide electrocatalysts
that catalyze the oxygen evolution reaction, and a birnessite-

like phase seems to be domi-
nant when Mn is electrochemi-

cally deposited on substra-
tes.[2d, 16a, 21b, 24] However, the Ni

EXAFS spectrum of 3-Ni is simi-
lar to that of NiII(OH)2, which has
a complete cubane structure. Al-
though the peak positions of
the metal–ligand (peak 1 in Fig-

ure 6 e, f) and metal–metal inter-
actions (peak 2 in Figure 6 e, f)

are similar to the oxides (birnes-
site for Mn and NiIIO for Ni) in

both Mn and Ni EXAFS, the in-
tensity of the peak 2 in both

cases is weaker, suggesting that

the metal cluster is more disor-
dered or it has small domain

sizes compared to those of bulk
oxides.

A question arises whether Ni
is still incorporated into the Mn

birnessite-like structure in 3-Ni.
As the XPS analysis shows reten-
tion of the Mn/Ni ratio of 3:1 in

3-Ni, the fraction of Ni should
be located either (1) systemati-

cally with Mn within the Mn lay-
ered structure, (2) randomly

within the Mn layer, (3) between

the Mn layers as 2+ counter
ions, or (4) as Ni oxide domains

that are phase-separated from
Mn domains.

The Mn and Ni EXAFS curve fitting of 3-Ni (tCP = 0 h) was car-
ried out to investigate the above four possibilities (see the
Supporting Information, Figure S18). The Mn EXAFS curve fit-

ting result shows a predominant Mn–metal distance of around
2.93 æ (peak 2 region in Figure 6 c, e; see also Table S1, 3-Ni
fit 1, in the Supporting Information), whereas the Ni EXAFS
shows a predominant NiII–metal interaction at around 2.98 æ
(peak 2 region in Figure 6 d,f ; see also Table S2, 3-Ni fit 1, in
the Supporting Information). This NiII–metal distance is longer

than the NiII–MnIV distances (2.83 æ) in the original 1-Ni com-
pound, and very similar to the NiII–NiII di-m-oxo-bridged interac-
tions (2.95 æ), typically observed in NiIIO oxide. Although this

distance could also correspond to the NiII–MnIII interactions, an
overall resemblance of the 3-Ni Ni EXAFS peak positions to

those of the NiIIO oxide spectrum indicates that the Ni do-
mains in 3-Ni form NiIIO oxide-like Ni–Ni interactions (see the

Supporting Information, Figure S19 for the k-space EXAFS

data).
Based on the above observations, one hypothesis is that Mn

and Ni form separate domains, MnIII/IV with a birnessite-like lay-
ered structure, and Ni with NiIIO oxide-like interactions (case (4)

described above). However, the fit quality of the 3rd peak
region in both Mn and Ni EXAFS of 3-Ni was not sufficient (see

Figure 6. Mn (left) and Ni (right) EXAFS spectra of 1-Ni with 2-Ni at tCP = 1 and 5 h (a, b), and 3-Ni at tCP = 0, 1, 5 h
(c, d). The spectra of 3-Ni at tCP = 0 h are also compared with those of Mn and Ni oxides (e, f).
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Figure S18 for 3-Ni), in spite of the fact that 1st and 2nd EXAFS
peaks of both Mn and Ni EXAFS fit well with the structural pa-

rameters obtained from birnessite and NiIIO structures, respec-
tively. A further comparison to a series of Mn oxides suggests

that the peak 3 region in the Mn EXAFS of 3-Ni could reflect
a presence of rutile-like metal-metal interactions with some

oxygen with a trigonal planar coordination, that are observed
in b-MnO2 structure. To check whether these Mn–Ni interac-
tions are present in 3-Ni for both Mn and Ni EXAFS, an addi-

tional Mn–Ni interaction was included in the fit (see the Sup-
porting Information, Figure S18 e and Tables S1 and S2, fit 2 for
3-Ni). The fit quality improved noticeably in the Ni EXAFS and
marginally in the Mn EXAFS going from fit 1 to fit 2 in Table S1
and S2. Both Mn and Ni EXAFS suggest this metal–metal dis-
tance to be around 3.50–3.55 æ. Therefore, it is very likely that

Mn and Ni are in a close proximity at around 3.5 æ in 3-Ni.
Based on the above observations, together with the XPS and
EDS results (Table 2) that show the Mn/Ni ratio to be close to

3:1 in 3-Ni, a possible structural motif was built (Figure 7).

In the 3-Ni film, both Mn and Ni are sensitive to electrolysis

progression, as shown by the Mn and Ni XAS spectral changes

for tCP = 0, 1, and 5 h (Figures 5 c, d and 6 c, d). A reduction of
the EXAFS peak intensity with no significant changes in the
XANES edge position suggests that the Mn and Ni oxide do-
mains become highly disordered during the electrolysis.

Although the identity of the active site for hydroxide oxida-
tion to O2 is not known, the catalytic and spectroscopic studies

reported here for NiMn3 materials allow for some structure-
function speculations. The method of catalyst generation leads
to different behaviors. Both 2-Ni and 3-Ni show structural

changes compared to 1-Ni based on EXAFS. The material pre-
pared without thermal treatment, 2-Ni, shows EXAFS features

consistent with the maintenance of the NiMn3O4 moiety, albeit
with a wider range of metal–metal and metal–ligand distances.

The EXAFS data indicate that the major structural change

occurs within the first hour of electrolysis, and that there are
no significant changes between tCP = 1 and 5 h. This correlates

with RDV data (Figure 1 c) that show a gradual lowering in
overpotential, with a larger effect at early times when the ma-

terial is undergoing structural changes. The material prepared
by thermal treatment, 3-Ni, has an extended oxide-like struc-

ture and is more structurally distinct from 1-Ni. Catalytic be-
havior is improved for 2-Ni. Both 2-Ni and 3-Ni show structural

changes upon electrolysis, but they do not convert into the
same material. This behavior indicates that the structural motif

found in the homogeneous precursor may be roughly main-
tained in the heterogeneous mixed metal electrolysis catalyst,
especially if high temperature treatment is avoided. The cata-
lytic performance is affected by these structural differences.

Conclusion

Well-defined, synthetic 1-M cubane complexes were dropcast-

ed on ITO or glassy carbon disk electrodes and used as precur-
sors, with a known 1:3 M/Mn ratio, for OER electrocatalysts.

Upon heat treatment at 400 8C and/or electrolysis, the OER ac-
tivities of 2-M and 3-M were evaluated to be similar to many

other reported homo- and heterometallic oxide electrocata-

lysts. 2-Ni requires structural rearrangement to yield the active
species. The 2-Co film underwent compositional changes to

give a CoOx-like material upon prolonged electrolysis, losing
the majority of Mn into solution. The 2-Ni film may have rear-

ranged structurally yet still retained its Ni/Mn ratio of 1:3 in the
final material. The distinct behaviors of the heterogeneous OER

electrocatalysts described here indicate that the composition

and structural changes in post-electrolysis of heterometallic
catalysts is critical in understanding the behavior of these cata-

lysts. XAS studies provided structural insights of the electroca-
talysts, establishing that the resulting 2-Ni film after electrolysis

is indeed different from the initial 1-Ni synthetic precursor,
while likely maintaining the original Mn3NiO4 cubane-like ge-

ometry. In contrast, the thermally generated 3-Ni develops an

oxide-like extended structure, with Mn oxide birnessites with
m-oxo-bridged NiII–NiII and mono-m-oxo-bridged metal–metal

(MnIII/IV–NiII) interactions. This is reminiscent of Ca–Mn oxides
that display structural motifs related to the biological oxygen

evolving complex in Photosystem II.[2k, 25] The above structural
relations suggest a catalytic function of the MMn3O4 cubane

moiety. The use of molecular multimetallic oxido cubane pre-

cursors displaying two types of metals has been demonstrated
as a facile method to access OER electrocatalysts of novel com-

positions and structures that allows for systematic study of
changes in structure from discrete precursors to heterogene-

ous catalysts to post-catalysis materials.

Experimental Section

Materials synthesis and film preparation

General considerations

Unless otherwise specified, all compounds were manipulated
under air. Dichloromethane (DCM) and DMF were purchased from
J. T. Baker and EMD Millipore respectively. High-purity sodium hy-
droxide and potassium hydroxide were purchased from Sigma Al-
drich. All water used was Milli-Q water purified by a Millipore
water purification system (18.2 MW cm resistivity). ITO-coated glass
slides (with surface resistivity 8–12 W/sq) were purchased from
Sigma Aldrich. The complex 1-Ca was synthesized according to lit-

Figure 7. Structural model of 3-Ni. Bridging oxo/hydroxo ligands, Mn cen-
ters, and Ni centers are displayed in different shades of gray. Estimated
metal–metal and metal–ligand distances based on the EXAFS data are
shown.
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erature procedure.[23a] Complexes 1-Co and 1-Ni are synthesized
analogously to other reported 1-M.[23b] The detailed synthesis and
characterization of 1-Co and 1-Ni will be reported separately.

Preparation of 2-Co and 2-Ni

In a scintillation vial, 1-Co or 1-Ni (3 mg) was fully dissolved in
DCM (0.3 mL). DMF (0.3 mL) was added into the solution, and the
DCM solvent was allowed to evaporate in air. The DMF solution of
1-Co/Ni was dropcasted using a Hamilton syringe onto 5 separate
cleaned ITO-coated glass substrates (with a 0.5 cm Õ 0.5 cm
window or geometric surface area of 0.25 cm2) or glassy carbon
(GC) disks equally in 60 mL portions. The dropcasted solution on
the electrodes was then dried under vacuum over 1 h to yield
a thick film on the ITO. These resulting films, 2-Co and 2-Ni, were
used as precursors to the catalytically active species after electroly-
sis.

Preparation of 3-Co and 3-Ni

The dried films, 2-Co and 2-Ni, on ITO-coated glass substrate were
then heated at 400 8C in the thermolyne muffle furnace for �4 h
to remove organic ligands and generate a non-uniform, thin metal
oxide film on the ITO. Removal of organic ligands from 1-Co was
confirmed by thermogravimetric analysis (TGA; see the Supporting
Information, Figure S1), and the analogous event is assumed to
occur for 1-Ni. These resulting films, 3-Co and 3-Ni, were used for
further electrochemical experiments without further modification.

Note : preparation of 3-Co/Ni on the GC disks was not conducted
due to the possibility of compromising the GC electrode quality
under high heat (400 8C) for prolonged periods of time.

Electrochemistry

Electrochemical measurements of 1-Co and 1-Ni were conducted
with a Solarton 1287/1260 potentiostat/galvanostat with a built-in
electrochemical impedance spectroscopy (EIS) analyzer. The work-
ing electrode was ITO on glass substrate, and catalysts were depos-
ited as described above. The auxiliary electrode was a Pt mesh
electrode, and the reference electrode was a BASi or CH Instru-
ments Ag/AgCl reference electrode. All potentials reported in this
manuscript were converted to NHE reference scale.

Cyclic voltammetry

Electrocatalyst films with geometric surface area of 0.25 cm2 on ITO
was used as the working electrode with Pt mesh as the auxiliary
electrode and Ag/AgCl reference electrode. A two-compartment
cell was used for cyclic voltammetry experiments filled with 0.1 m
KOH (pH 13) solution. Cyclic voltammograms were collected at
100 mV s¢1.

Tafel plots

Current-potential data were obtained by performing chronoamper-
ometry in 0.1 m KOH electrolyte at a variety of applied potentials in
a two-compartment cell. The geometric surface area of the catalyst
was 0.25 cm2 prepared as mentioned above for 2-M and 3-M.
Steady-state currents were measured at a variety of applied poten-
tials while the solution was stirred, starting at 1.75 V and proceed-
ing in 10 mV steps to 1.5 V vs. RHE. The current reached a steady
state at a certain potential within 1–2 min. The measurements
were made three times and averaged with the variation in steady-
state current <5 %.

Rotating disk voltammetry

All activity, stability, and electrochemically-active surface area
(ECSA) measurements on the glassy carbon (GC) disk electrodes
were conducted with a Bio-Logic VMP3 multichannel potentiostat/
galvanostat with a built-in EIS analyzer. The working electrodes
were 5 mm diameter disk electrodes, and catalysts were deposited
as described above. The working electrodes were mounted in
a Pine Instrument Company E6-series ChangeDisk rotating disk
electrode assembly in an MSR rotator. The auxiliary electrodes
were carbon rods (99.999 %, Alfa Aesar), and the reference elec-
trode was a commercial saturated calomel electrode (SCE; CH-In-
struments) that was externally referenced to a solution of ferrocene
monocarboxylic acid (Sigma–Aldrich) in a 0.2 m phosphate buffer
at pH 7 (0.284 V vs SCE).[28] Data were recorded using the Bio-Logic
EC-Lab and EC-Lab Express software packages. Electrochemical ex-
periments were carried out according to a previously described
protocol for the evaluation of heterogeneous electrocatalysts for
the OER[9i] to compare the OER performance of 2-Co and 2-Ni
against selected electrodeposited electrocatalysts under identical
conditions.

The electrochemically active surface area, ECSA, of each catalyst
was determined by estimating the double-layer capacitance, CDL, of
the system from cyclic voltammograms as previously describe-
d.[9i, k, 26] Briefly, a non-Faradaic region was established for each
system from CV. All current in this region is assumed to be due to
double-layer charging, and, thus, the measured charging current,
ic, is equal to the product of the scan rate, n, and the double-layer
capacitance [Eq. (2)] .[26–27]

ic ¼ nCDL ð2Þ

The ECSA is determined by dividing the estimated CDL of each
system by the specific capacitance of the sample. For the purpose
of this study, we use a specific capacitance of 0.040 mF cm¢2,
which is a typical value for a metal electrode in aqueous NaOH sol-
ution.[9i] The ECSA values determined from these measurements
are order of magnitude approximations for rough comparison of
electroactive surface areas.[9i, k]

Oxygen evolution faradaic efficiency measurements

The experiment was performed in a custom-built two-compart-
ment gas-tight electrochemical cell with a 14/20 port on each
compartment and a Schlenk connection with a Teflon valve on the
working compartment. The cell volume was 154 mL. A NeoFox
oxygen-sensing system by Ocean Optics with FOXY fluorescence
probe was used in O2 detection. The oxygen concentration was
monitored throughout the measurement and was tabulated via
measured values from a fluorescence detector. These values were
calibrated using the standard concentration of oxygen in air as
20.9 % partial pressure of O2 atmosphere. The cell was initially
evacuated under vacuum. 54 mL of degassed 0.1 m KOH electrolyte
solution was transferred by cannula into the cell under positive N2

pressure, and the headspace used as a 0.0 % O2 atmosphere. The
calculated volume of the headspace was 96 mL. An Ag/AgCl refer-
ence electrode was placed in one compartment and the counter
electrode was a Pt mesh positioned in a separate, fritted compart-
ment.

All catalysts used were prepared by subjecting the film through
chronopotentiometry experiments for 5 h prior to oxygen evolu-
tion measurements. The ITO electrode with the catalyst film was
clipped inside the electrochemical cell prior to evacuating the cell
under vacuum, as mentioned above.
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To ensure no leakage occurred, the partial pressure of O2 was mea-
sured for 2 h in the absence of an applied potential. Chronopoten-
tiometry was run at a steady current of 1 mA cm¢2 for 2–4 h with
stirring of the solution. Upon termination of electrolysis, the O2

signal was recorded for an additional 2 h. At the conclusion of the
experiment, the volume of the solution and the volume of the
headspace in the working compartment were measured again
(54 mL and 96 mL, respectively). The blue curve in Figure S4 (see
the Supporting Information) was calculated by dividing the charge
passed in the electrolysis by 4 F (theoretical yield) and the red
curve was calculated by converting the measured partial pressure
of O2 into mmols, correcting for the O2 in solution using Henry’s
Law (experimental yield).

Structural characterization

Powder X-Ray diffraction

Powder XRD patterns were obtained with a PANalytical X’Pert Pro
rotating anode X-ray diffractometer (185 mm) using CuKa radiation
(l= 1.5405 æ). Data was collected at a scan rate of 18 per minute.
A pattern was collected for an ITO-coated glass substrate and for
the electrocatalysts prepared (see the Supporting Information, Fig-
ure S5). The ITO peaks were observed as the only signals arising
from the XRD patterns of all electrocatalysts. Given that the final
deposited catalyst sample is approximately 100 nm thick, the pres-
ence of peaks from the relatively thin ITO layer and the absence of
any non-ITO-associated peaks indicate that the catalyst material is
probably too thin or amorphous.

Scanning electron microscopy

Scanning-electron micrograph was obtained using a high-resolu-
tion analytical scanning electron microscope (ZEISS 1550VP) at an
accelerating voltage of 10 kV with a working distance of 8 mm and
an in-lens secondary electron detector.

X-ray absorption spectroscopy

X-ray absorption spectra of the electrode samples were collected
at the Stanford Synchrotron Radiation Lightsource (SSRL) on beam-
line 7–3 at an electron energy of 3.0 GeV with an average current
of 500 mA. The incoming X-ray was monochromatized by a Si(220)
double-crystal monochromator. The intensity of the incident X-ray
was monitored by an N2-filled ion chamber (I0) in front of the
sample. Data were collected as fluorescence excitation spectra
with a Ge 30 element detector (Canberra). The monochromator
energy was calibrated by the pre-edge peak top of KMnO4 stan-
dard at 6543.30 eV for Mn XAS, and the rising edge position of Ni
foil at 8333.0 eV for Ni XAS. The standard was placed between two
N2-filled ionization chambers (I1 and I2) after the sample. All data
were collected ex situ at room temperature before or after electro-
chemistry.

Data reduction of the extended X-ray absorption fine structure
(EXAFS) spectra was performed using SixPack (Dr. Samuel Webb,
SSRL). Pre-edge and post-edge backgrounds were subtracted from
the XAS spectra, and the results were normalized with respect to
edge height. Background removal in k-space was achieved through
a five-domain cubic spline. Curve fitting was performed with Arte-
mis and IFEFFIT software using ab initio-calculated phases and am-
plitudes from the program FEFF 8.2.[29] These ab initio phases and
amplitudes were used in the EXAFS equation:

cðkÞ ¼ S2
0

X
j

N
kR2

j

feff jðp; k; RjÞe¢2s2
j k2

e¢2Rj=ljðkÞ sinð2kRj þ �ijðkÞÞ

ð3Þ

The neighboring atoms to the central atom(s) are divided into j
shells, with all atoms with the same atomic number and distance
from the central atom grouped into a single shell. Within each
shell, the coordination number Nj denotes the number of neigh-
boring atoms in shell j at a distance of Rj from the central atom.
The feff jðp; k; RjÞ term is the ab initio amplitude function for shell j,
and the Debye-Waller term e¢2s2

j k2

accounts for damping due to
static and thermal disorder in absorber-backscatterer distances.
The mean free path term e¢2Rj=lf ðkÞ reflects losses due to inelastic
scattering, where lj(k) is the electron mean free path. The oscilla-
tions in the EXAFS spectrum are reflected in the sinusoidal term,
sinð2kRj þ �ijðkÞÞ where �ijðkÞ is the ab initio phase function for
shell j. S0

2 is an amplitude reduction factor due to shake-up/shake-
off processes at the central atom(s). The EXAFS equation was used
to fit the experimental data using N, R, and the EXAFS Debye-
Waller factor (s2) as variable parameters. E0 was defined as
6561.3 eV and the S0

2 value was fixed to 0.70 for the energy (eV) to
wave vector (k, æ¢1) axis conversion for Mn XAS, and the E0 of
8340 eV and the S0

2 of 0.95 were used for Ni XAS.

Elemental composition analyses

X-ray photoelectron spectroscopy

XPS data were collected by using a Surface Science Instruments M-
Probe ESCA controlled by Hawk Data Collection software (Service
Physics, Bend OR; V7.04.04). The monochromatic X-ray source was
the AlKa line at 1486.6 eV, directed at 358 to the sample surface
(558 off normal). Emitted photoelectrons were collected at an
angle of 358 with respect to the sample surface (558 off normal) by
a hemispherical analyzer. The angle between the electron collec-
tion lens and X-ray source is 718. Low-resolution survey spectra
were acquired between binding energies of 1–1100 eV. Higher res-
olution scans, with a resolution of about 0.8 eV, were collected on
individual XPS lines of interest. The sample chamber was main-
tained at <2 Õ 10¢9 Torr. Spectra were analyzed by using the Hawk
Data Analysis software (V7.04.04) and the CasaXPS Version 2.3.15
software package.

Energy dispersive X-ray spectroscopy (EDS) and elemental
mapping

An Oxford X-Max SDD energy-dispersive X-ray spectrometer (EDS)
equipped in the SEM instrument was used at a working distance of
12 mm using an accelerating voltage of 20 kV.

Inductively coupled-mass spectrometry (ICP-MS)

Inductively coupled plasma mass spectrometry (ICP-MS) data were
collected using a Hewlett–Packard 4500 ICP-MS System with a Bab-
bington nebulizer and a Scott-type spray chamber maintained at
5 8C. The plasma was operated at 1250 W. All samples were diluted
to concentrations of 10–20 ppb and analyzed against a standard
curve of known concentrations of specific metals.
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