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Mixed metal oxides comprise a diverse class of materials that are appealing as potential water oxidation
electrocatalysts. Here we report combinatorial screening of nearly 3500 trimetallic A,B,C,0, mixed
metal oxide compositions that led to the discovery of electrocatalysts with enhanced activity relative to,
inter alia, the well-studied pure oxides, ABO;, and AB,0, stoichiometries of those metals. Using a
fluorescence-based parallel screening method, we directly detect electrolytic oxygen-evolution activity of
catalyst arrays under alkaline conditions. From these data, composition-activity relationships amongst
mixed oxides composed of earth-abundant elements have been determined. Significant sustained activity
is observed only in the presence of Co or Ni, and the data draw attention to synergistic interactions
between these redox-active ions and Lewis-acidic cations, such as Fe, Al, Ga, and Cr. The best activities
are observed with oxides composed of Ni and Fe, together with another element.

Introduction

Electrocatalytic water oxidation is a key component of most
photoelectrochemical strategies for conversion of solar energy
into chemical fuels (Scheme 1).! Metal oxides are the most
promising electrocatalysts for this transformation,** and are
already used in commercial electrolyzers. For example, alkaline
electrolyzers employ nickel oxide coated anodes.” While a great
body of literature exists concerning the activity and stability of
oxygen evolution reaction (OER) electrocatalysts composed of
carth abundant materials, the state of the field still precludes
rational design of an optimal mixed oxide catalyst. Such catalysts
have shown enhanced activity compared to single-metal oxide
compositions, with ferrite, spinel, and perovskite stoichiometries
being extensively studied.'®” There have been some studies of
non-stoichiometric mixed oxides as well, albeit with limited
coverage of compositional diversity space.® The number of
combinations of earth abundant cations in more complex oxide
mixtures far exceeds the number heretofore reported or that are
practical to synthesize sequentially and test by traditional
methods. In this context, combinatorial methods provide an
appealing approach to identify promising catalyst compositions.
An effective catalyst active site is likely to contain multiple
redox-active metal ions capable of buffering the multi-electron
processes necessary for water oxidation. Selection of mid-to-late
first-row transition metals provides the capacity for multiple

Broader Context

My = Mn, Fe, Co, Ni

M, = Mg, Al, Ca, Ti, V, Cr, Mn, Fe,
Co, Ni, Cu, Zn, Ga, Sr, Mo, Ba,
W, Ce, Bi

hv
\ M3 = Mg, Al, Ca, Fe, Zn, Ga, Sr, Ba

Scheme 1 Approach to photoelectrochemical energy storage consisting of
a semiconductor photoelectrode coupled to catalysts for O, evolution and
H, production. Metals within the oxide electrocatalyst can have different

45 roles, e.g., M, - multi-electron redox, M, - p-oxo ligand modulation, Mj -

Lewis-acid modulation of water nucleophilicity and proton-transfer.

Effective water oxidation electrocatalysts are necessary within many schemes to store renewable energy, such as sunlight, as chemical fuels. The
oxidation of water to molecular oxygen is a challenging reaction because it involves the transfer of four protons and four electrons with the formation
of an oxygen-oxygen bond. To be technologically relevant, the reaction requires catalysis, and the catalysts must withstand strongly oxidizing
conditions and, ideally, will be composed of earth-abundant elements. Base-metal oxides in alkaline conditions have emerged as a promising class of
materials. The OER activity of known monometallic oxide catalysts, such as nickel and cobalt oxides, can be further improved through the
incorporation of other metal ions. However, it is difficult to predict which formulations will produce the best catalysts. For this reason, we have
applied a parallel screening assay to screen diverse mixed-metal oxides containing between one and three metals for OER activity. Using this assay,
several new compositions including oxides composed of Ni and Fe and a third element have been identified as particularly active electrocatalysts.
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oxidation states at relevant potentials using earth abundant
elements. These redox-active ions are bound to each other with
bridging oxo or hydroxo linkages and are similarly linked to the
electrode surface. Substituting different Lewis acids (M,, M3 in
Scheme 1) into the oxide modulates the ligand field properties of
these peripheral (hydrjoxo groups.” Main group, rare-earth, and
early transition metals can act as Lewis acids with diverse
charges, radii, and hardnesses.'” These considerations find
biological precedent in the oxo-bridged Mn,Ca core of the
photosystem II oxygen-evolving center,'' wherein the importance
of redox-inert cations in controlling the reduction potentials of
Mn-based catalytic intermediates has been demonstrated.'

In order to implement these concepts, we recently developed a
fluorescence-based combinatorial assay to detect oxygen
evolution activity across arrays of potential metal oxide
catalysts.”” This method complements earlier parallel
combinatorial approaches to identify photoanode and
electrocatalyst'> materials for water oxidation, as well as
sequential methods, such as scanning electrochemical microscopy
and other robotic methods,'® to identify (photo)electrocatalysts
for water oxidation. In our initial report, we described
preliminary screening of 400+ metal oxide combinations. This
work identified lead compositions that resulted in the
characterization of a well defined inverse spinel oxide, NiFeAlO,,
that exhibits higher activity than known Ni- and NiFe-based
oxide electrocatalysts.'”

Here we report a variant of our combinatorial assay that
enables an order-of-magnitude improvement in throughput,
together with the results of screening potential catalysts
containing up to three different metals. The compositional
diversity space covered in this investigation is the broadest
reported to date, and the results amplify the insights gained in our
preliminary study. Catalytically active cobalt and nickel oxides
benefit significantly from the presence of metal ions that show
35 little or no independent water oxidation activity, and the
compositions showing the highest activity contain mixtures of Ni,
Fe and a third metal. Overall, this assay demonstrates an efficient
semi-quantitative means of identifying promising compositions
that warrant more-systematic investigation.

Results
Apparatus

The screening assay apparatus (Figures 1, S2t) consists of a
sealed polycarbonate compartment containing an anode with a 15
x 14 rectangular array of varied oxide compositions, electrolyte
solution, and a Ni wire counter electrode. The array of 210
positions on the electrode are arranged to ensure spatial
resolution of oxygen evolved from different catalysts. The
apparatus is interfaced with an optical system for detecting
oxygen evolution (see ESIT for details). A stainless steel mesh,
coated with a dual-chromophore fluorescent oxygen-sensitive
paint,'® is positioned parallel to the anode at a distance of approx.
2 mm. During electrolysis, the mesh is illuminated with ca. 400
nm light pulses from a defocused diode laser array synchronized
to a digital camera. This mesh fluoresces red and green in the
absence of oxygen, but only green in the presence of oxygen, and
the emitted light is detected by the camera. Electrolysis under

%

S

S

a)
__________________ Counter Electrode Fluorescence
i
i
Rower 0.1 M NaOH
Supply
1 2 _a_s =,
! P
________ TS
2 |
[
Holder FTO Electrode Painted Mesh
b) Painted Mesh  Counter Electrode —> TTTTTTTTTTA
0.1 M NaOH

Holder

Figure 1 Schematic drawings of the a) side and b) perspective views of

60 the screening apparatus.
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Figure 2 Mixed metal oxide diversity space encompassed on a single
catalyst array. Fourteen triads of eight metals, where each triad consists of
trimetallic mixtures A100 % - B - /CqOm, Where p and ¢ are varied in steps
of 20 % from 0 to 100 % and m freely varies to fit the oxidation states of
the cations, can be accommodated on one electrode.

constant-current conditions (5 mA) were selected for screening
(Figures S1, S2t). To assess the sensitivity of the results to the
electrolysis method, experiments were replicated under constant-
potential conditions (670 mV vs. Ag/AgCl), as well as at a
constant current of 10 mA (Figures S3, S4t). No significant
differences were observed in the relative activities, although
some loss of resolution was observed at higher currents (10 mA)
due to the increased amount of O, produced.

Catalyst Arrays

To make a tractable selection of the mixed oxide diversity space,
we elected to study trimetallic mixtures Ao % - B - 9CqOm
where p and ¢ were varied in steps of 20 % from 0 to 100 % and
m freely varies to fit the oxidation states of the cations in the

so catalyst resting state. A single electrode array is optimally filled
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by fourteen triads of eight metals. Our previous study identified

CoyoFeqoNiy oxide as a reliable reference, and several spots were

included in the array for calibration purposes. The different

compositions fit within the 210 available positions by removal of
s duplicates among the triads (Figures 2 and S6+).

Arrays were prepared on fluorine-doped tin oxide (FTO)-
coated glass by mixing and depositing aliquots of precursor
solutions of the corresponding metal salts using a liquid-handling
robot. Each FTO electrode was then calcined in air at 500 °C for

10 6 h to form the mixed oxides. Following calcination, the array
was electrolyzed at 5 mA for 60 minutes to bring the oxides to
steady-state catalytic conditions.

The triads of metals selected for screening were based on the
considerations outlined in the Introduction, and they consisted of

15 a diverse mix of earth-abundant redox-active and Lewis acidic
metals: Mg, Al, Ca, Ti — Ga (inclusive), Sr, Mo, Ba, Ce, W, and
Bi. Screens were performed on 459 unique triads distributed on
71 electrodes for a total of 12134 combinations, including 3451
unique compositions. The deposition protocol dictated that many

2 triads were replicated on multiple electrodes, and the catalytic
activities presented below were averaged in these cases.

Catalytic Activity Measurement and Data Processing

The catalyst arrays were electrolyzed at 5 mA in the sealed
apparatus filled with argon-purged 0.1 M NaOH. Evolution of
25 oxygen from the electrode was monitored by taking sequential
photographs of the fluorescent mesh during the electrolysis (cf:
Figure 1a). Oxygen-dependent quenching of the red fluorescence
signal was evident as green spots in the photographs. Data
obtained from a representative electrode containing oxides
30 composed of Ca, Ti, Cr, Co, Ni, Ga, W, and/or Bi are depicted in
Figure 3. The sequential images of the mesh were processed as
described previously'® and elaborated in the ESI to determine
the magnitude of the red fluorescence quenching over individual
spots in the array."” Greyscale images produced in this manner
35 have intensities proportional to the relative activities of the
catalysts in the array. False-colour mapping of the greyscale
images enables straightforward visualization of the data (Figure
3b).2° The activity of each catalyst was normalized relative to the
activity of nickel oxide, which was assigned an activity of 1.0,
40 and plotted on ternary composition diagrams for each triad in the
array (Figure 3c). All of the screening data were acquired and
analyzed using this protocol, and the full set of raw data are
tabulated in the ESIt. The relative O, evolution rates of different
catalyst compositions were reproducible across multiple runs
4s with the same electrode. Identical catalyst compositions that
appeared on different electrodes also showed good

a) Relative activities of all compositions

reproducibilities, and average activities are reported in these
instances.

a) Photograph of O, fluorescence quenching during OER

50
b) False-colour rendering of integrated fluorescence data

c) Catalytic activities mapped onto composition diagram

S,
WA |

ss Figure 3 a) Representative photograph of the fluorescence quenching
indicative of O, production after 6 min. of electrolysis (contrast-enhanced
for print). b) False-colour rendering of the fluorescence data integrated
over the electrolysis time. c) Activities, relative to nickel oxide, of the
catalyst compositions on the electrode in (b) mapped back onto the
60 composition diagrams.

Correlation of the observed catalytic activities with the
elemental composition of the catalysts shows that high-activity

b) Relative activities of compositions without Ni and Co

Figure 4 Activity of the most active composition containing each element: a) all-inclusive, b) compositions without Co or Ni (Co* and Ni* activities

are for the monometallic oxides).
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catalysts predominantly contain Co or Ni (Figure 4). Whereas
considerable effort has focused on the electrocatalytic activity of
Mn-based oxides,**St& 11412021 o mpositions  containing  Mn
showed relative inactivity in this study compared to those
containing Co and Ni. A broad collection of relative activity data
for Co- and Ni-containing oxides is compiled in Table 1 and
highlights the beneficial effect of synergistic metal ions within
these oxides.

w

Tafel Measurements

10 The high-activity catalyst compositions identified in this study
were analyzed further by performing steady-state Tafel analysis
on independently prepared electrodes. Some less
compositions, which included Ni, Co, and Ni-Fe binary oxides,
were also tested. The currents obtained from the Tafel analysis

1s were normalized to the oxide geometric area on the FTO
electrode (Figures 5, S71) or the electrochemical surface area
(Figure S8t). The trimetallic oxides evaluated by Tafel analysis
outperform the corresponding nickel and cobalt single-metal
oxides, as predicted by the screening data. The highest activities

20 were observed with oxides composed of Ni-Fe-Ga, Ni-Fe-Cr, Ni-
Fe-Mo, Ni-Fe-Ca, and Ni-Fe-Al. Tafel slopes obtained from these

active

materials range from 30 — 38 mV/dec (see Table S17).

Nearly all of the Tafel activity data show good correlation with
the data obtained from the combinatorial assay (Figure 6). The
exceptions are Ni-Fe-Sr and Ni-Fe-Ca 40:20:40 oxide materials,
which showed substantially better activity in the combinatorial
screen relative to the Tafel activity. We suspect that these outliers
may reflect Sr** or Ca®" leaching under the higher potentials and
at the longer times required for the Tafel experiments (see
below). Overall, the Tafel studies validate that the fluorescence-
based assay is a robust parallel screening method to assess
oxygen-evolution activity from a diverse set of possible catalyst
compositions distributed on an electrode. The best catalysts
identified from the Tafel experiment again highlight catalysts
composed of Ni and Fe, together with another element.

2

G

w
S

w
&

Discussion

The present investigation has enabled a systematic assessment of
diverse mixed metal oxide electrocatalysts that have been
prepared and tested under uniform conditions. This broad survey
40 featured oxide materials composed of up to three different metal
ions from among a collection of 19 earth abundant elements. Of

Table 1 Maximal average activity of cobalt- and nickel-containing triads and dyads. Relative activities > 1 in yellow, > 3 in orange, and > 4 in red.
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Cobalt-Based Oxides (c);:
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0 04 02 06 06 26 04 04 06 10 08 16 18 08 347 Al

10 04 16 24 14 14 06 08 18 18 28| Ca

00 0 06 0 12 0 0 12 0 | Ti

Ti 16 06 08 12 0 10 061 V

v 2.0 06 06 14 0 28 121 Cr

Cr 2.0 0.8 06 ! Mn

Mn 20 08 06 16 1.0 : 18 06 | Fe

Fe | 32 38 Rhom 06 20 pom 24 b | 18 14 | Ni

Co {20 26 32 0 12 24 14 08 | Cu

Cu | 0.2 0 0 10 0 18] Zn

Zn [ 14 24 24 | Ga
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sr [ 14 80 84 06 14 18 08 006 | Mo
Mo |10 14 24 16 12 12 16 20 22 18
Ba [ 20 26 [86 18 10 26 10 04 18 24 24
Ce [10 22 18 0.8 16 22 1.0 160 0 [80] 06
W [14 18 12 14 18 14 18 28 12 24 16
Bi [18 16 - 04 0 26 08 16 14 02 10 10 22
Mg Al Ca Ti V Cr Mn Fe Co Cu Zn Ga_ Sr
12° 24 20 10 10 24 10 24 16 10 14 18 18

1N(', Nickel-Based Oxides

¢ This row ranked according to the highest of each Co-M dyad (e.g., the maximum of the CoxMggOx, CossMgeOx, CosoMgs0Ox, CosoMg200x
mixtures). * Highest activity in the interior (trimetallic oxides only) of each Co-containing triad (e.g., the maximum of the CoMg,Al,O, mixtures).
This row ranked according to the highest of each Ni-M dyad (e.g., the maximum of the Ni;)MgsoOx, NisggMgeOx, NigogMgsoOx, NiggMgOx mixtures). d
Highest activity in the interior (trimetallic oxides only) of each Ni-containing triad (e.g., this cell is the maximum of the Ni,Mg,Al,O4 mixtures).
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the nearly 3500 oxides tested, less than 1/3 of the compositions
tested showed significant activity (> 0.4 relative to nickel oxide).
High OER activity was only observed with compositions
containing cobalt or nickel. Over half of the compositions
s surveyed did not contain cobalt or nickel, and none of these
showed activity twice that of nickel oxide. Numerous trimetallic
oxides show enhanced activity over analogous bimetallic oxide
compositions. For every bimetallic mixture tested that contained
either cobalt or nickel, there exists a third metal capable of
10 producing increased performance upon its admixture (cf. Table

1.

Ni100 Co-Ba-Al
— 20:20:60
0.45 Ni-Fe
Co 100 60:40
Ni-Fe-Co
04 ~ 20:40:40
f Ni-Fe-Al
2z 085 40:20:20
o - B
c
o)
°
e
g
3 03
025 -
Ni-Fe-Cr Ni-Fe-Ga
40:20:40 20:20:60
0.2 1 ] ] 1 1 1 1 1
-2.5 -2 -1.5 -1 -05 0 0.5 1 15
logj  (log mA cm™)

geom

Figure 5 Tafel data for selected catalyst compositions from the
combinatorial screening assay. X-axis error bars indicate one standard

15 deviation based on multiple samples. Current densities are based on the
geometric surface areas of the of the catalyst films.

5 .
Ni-Fe-Ca 40:20:40 m
iz 554 i
Ni-Fe-Sr 40:20:40 Ni-Fe-Cr 40:20:40
4 . Py e
Ni-Fe-Al 40:20:40 Ni-Fe-Ga 20:20:60
> r
= 4’
8 3 y
< 27
) .
'g »7 ® Ni-Fe-Mo 20:20:60
(0] -
c(/‘-j) 2 Ni-Fe-Co 20:40:40 ® - ’
o Co-Ba-Al 20:20:60
1} Ni 100 ®
Co 100 e R?=0.87 (without Ni-Fe-Sr, Ni-Fe-Ca)
0 1 1 1 1 1 | 1 1 |
-2 -1.5 -1 05 0 0.5 1 1.5 2
log j /log (MA cm™)

overpotenial = 345 mV

Figure 6 Correlation between catalyst activity derived from the
fluorescence-quenching assay (activity reported relative to NiO; cf. Table
20 1) and steady-state Tafel activity at n = 345 mV.

Examination of the relative activities in Figure 4 and Table 1
show that Ni-based oxides are significantly more active than Co-
based oxides. Bimetallic Ni-Fe oxides have attracted considerable

attention as water oxidation catalysts,”****?? and nickel oxides

25 incorporating 10 — 40% Fe have been reported to be particularly
promising compositions. These results are consistent with the
identification of Ni-Fe 80:20 and 60:40 as the most active NiFe
binary oxides in our screening (see ESIT). We note that there are
several iron-free Ni oxide compositions (Table 1) that outperform

30 the best Ni-Fe binary mixture, but the most active compositions
overall contain Ni, Fe and a third metal. There have also been
some focused investigations of trimetallic and more complex
NiFe oxide mixtures, such Ni-Fe-Co®**1%4¢ and Ni-Fe-Mo.®" The
results reported here show good agreement with the previously

3s reported activity-composition trends within these triads. The
present work, together with our earlier study,13 however, show
that Ni-Fe-M oxides constitute a broad family of highly
promising electrocatalyst compositions for water oxidation. The
aggregate results highlight the synergistic effect of adding a third

40 metal ion to Ni-Fe oxides.

Not all variations in activity are likely to be due to effects from
changes in the composition of the catalyst itself. Some of the
high-activity compositions summarized in Table 1 contain
alkaline-earth metals. It is plausible that these data reflect

ss increased surface area following leaching of the alkaline-earth
ions, which can be highly soluble under the -electrolysis
conditions. For example, the recently observed high apparent
activities of Ba- and Sr-containing perovskite catalysts’® have
been subsequently attributed to A-site leaching of Sr and Ba with

so concomitant catalyst activation due to the resulting increase in
solvent-accessible B-site cations.”® Our data suggest that Ca is
susceptible to similar leaching (cf. Figure 6).

The screening data also highlight that nominally similar ions
(same charge, comparable size, similar point-of-zero-charge for

ss the oxide™), such as Fe** and Ga®', were not necessarily
interchangeable with respect to catalytic activity. For example,
with Ni-based oxides containing admixtures of Al, Fe, and/or Ga,
gallium was found to be a poor substitute for iron (Figure 7). On
the other hand, Ga can take the place of Al with little loss of

o activity. Fe™ and Ga™ might be expected to have similar effects
on the basis of their similar charge and M-O bond distance, and
gallium is often used as an analogue of iron(III).**

Ga Ni
00 18 18 18 20 14 20 18 18

00 .20 1.6 .14 .22 .24 .30 32838 LIV

00 .16 .1.4 .22 .82 .24 .28 .30 LI :
0.0 .16 .2.3‘.3.0 .16 5

| 2 e 3. 4 1

0

Figure 7 Activity vs. composition plot for three triads containing Ni, in

6s combination with Al, Fe, and/or Ga. AlyFeyNig and FeyNiyGagy were
found to have the highest levels of activity in this region of composition
space.

In contrast to the beneficial effect of chromium or iron on
mixed oxide catalysts, manganese admixtures show a decreased
70 activity relative to pure cobalt or nickel oxide. The relative
inactivity of manganese-containing oxides is noteworthy given

This journal is © The Royal Society of Chemistry [year]
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this element's central role in biological oxygen evolution.
However, activities of different polymorphs of manganese oxides
have been reported to vary markedly, and this feature may
account for the poor Mn activities observed here.”®?!

Conclusions

In this study, we have used a parallel-screening assay to probe the
composition-activity relationship among a diverse set of nearly
3500 earth abundant mixed oxide catalysts for electrochemical
water oxidation. Several valuable trends and promising
compositions have been identified. Cobalt or nickel was found to
be essential for low-overpotential water oxidation catalysis under
the alkaline conditions studied here, and the activity of these
single-metal oxides can be enhanced by the incorporation of
additional metal ions into the oxide. In particular, NiFe oxides
containing a third metal (e.g., Ni-Fe-Al, Ni-Fe-Ga, and Ni-Fe-Cr)
emerged as highly effective catalysts. These observation warrant
further invesigation to probe the mechanistic basis for the
influence of the third metal.?
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