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A Gibeon meteorite yields a high-performance
water oxidation electrocatalystf

Florian Le Formal,® Néstor Guijarro,® Wiktor S. Bourée,® Aswin Gopakumar,®
Mathieu S. Prévot,® Albert Daubry,® Loris Lombardo,® Charlotte Sornay,® Julie Voit,?
Arnaud Magrez,® Paul J. Dyson® and Kevin Sivula*®

Examining the electrocatalytic performance of naturally-occurring metallic minerals is of interest for
energy conversion applications given their unique atomic composition and formation history. Herein, we
report the electrocatalytic function of an iron-based Gibeon meteorite for the oxygen evolution reaction
(OER). After ageing under operational conditions in an alkaline electrolyte, an activity matching or possibly
slightly superior to the best performing OER catalysts emerges, with stable overpotentials as low as 270 mV
(for 10 mA cm~2) and Tafel slopes of 37 mV decade ™. The Faradaic efficiency for the OER was unity and no
deterioration in performance was detected during 1000 hours of OER operation at 500 mA cm™2.
Mechanistic studies suggest an operando surface modification involving the formation of a 3D oxy(hydroxide)
layer with a metal atom composition of Cog 11Feg33Nigss, as indicated by Raman and XPS studies and trace
Ir as indicated via elemental analysis. The growth of the catalyst layer was self-limiting to <200 nm after
ca. 300 hours of operation as indicated through XPS depth profiling and cyclic voltammetry. The unique
composition and structure of the Gibeon meteorite suggest that further investigation of Ir—-Co—-Ni-Fe
systems or other alloys inspired by natural materials for water oxidation are of interest.

The efficient and economical conversion of renewable electricity into the chemical energy of molecular bonds is particularly important for sustainable, carbon-

neutral energy systems at a global scale. Indeed, routes for practical long-term energy storage and for the supply of industrial chemical feed-stocks are needed
to replace dwindling fossil fuels. Molecular hydrogen (H,) and methane (CH,) are promising candidates for renewable fuels as they can be produced via the

electrochemical reduction of water or CO,, respectively, together with the associated oxidation reaction, which is most conveniently the electrochemical
conversion of water into molecular oxygen (O,). Robust, inexpensive, and highly effective electrocatalysts are thus needed to afford these reactions with low

electrochemical overpotentials, and in recent years the search for highly active and earth-abundant catalysts has greatly intensified. While naturally-occurring

materials have long been used as heterogeneous catalysts for many applications, few examples of natural minerals as electrocatalysts have emerged. In this

work a naturally occurring material, the Gibeon meteorite, is investigated for its activity in the water oxidation reaction.

1. Introduction

catalyze the partial hydrolysis of molybdenum sulfate (which is
present in deep-sea sediments and regulates the redox state of

The catalytic activity of naturally occurring minerals is both
thought to have had a critical role in the origin of molecular
diversity in prebiotic terrestrial chemistry (aiding the develop-
ment of life itself)' > and has been demonstrated to be impor-
tant in many modern industrial applications.®™? For instance,
Kaolinite (a common layered silicate clay) has been shown to
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oceans),’ and has been suggested in the prebiotic synthesis of
oligopeptides from o-amino acids.'* Zeolites found in volcano-
genic sedimentary rocks have been shown to exhibit catalytic
activity towards the degradation of pollutants in wastewater and
the conversion of hydrocarbons.® Natural forms of iron oxy-
hydroxides (e.g. ferrihydrites) have been particularly scrutinized
both as oxidants for water pollutants involving Fenton-type
chemistry””® and as potential drivers of water photolysis that
depleted surface moisture on Mars." Other naturally occurring
minerals, including sphalerite,” georgeite’® and dolomite,"*
have been reported to enhance the rates of diverse chemical
reactions such as biomass conversion, polymerization of
styrene or dye degradation."’™? Despite their promising activity,
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naturally-occurring minerals have not been deeply considered as
electrocatalysts as, typically, their oxidized form results in poor
electronic conductivity rendering them ill-suited as electrodes.
However, electronic potential gradients between adjacent crystallo-
graphic surfaces or disparate chemical phases have been shown to
be important to promote reactivity and drive electronic charge
transport in naturally occurring minerals.*"> This feature inspires
a search for naturally-occurring functional electrocatalysts. One
class of mineral, meteoric iron, retains its electrical conductivity
and is thus a compelling candidate to demonstrate the novel
electrocatalytic activity of a naturally occurring mineral.
Meteoric iron originates from fragments of large ancient
asteroid cores, which after being shattered by collisions, survived
passage through the Earth’s atmosphere and impact with the
Earth’s surface.'® Due to their high density and prevalence, iron
meteorites account for ca. 90% of the mass of all known terrestrial
meteorites, about 500 tons.'” The Gibeon meteorite, in particular,
has the largest strewnfield known with pieces discovered over
20000 km? in Namibia and a total collected mass exceeding
21 tons.'® This meteorite is reported to be mainly composed of
iron and nickel, with lower amount of cobalt and phosphorus
as well as traces of iridium, germanium and gallium.'®"°
Mineralogically, it belongs to the class of fine octahedrites
(group IVA), typically with three different finely intermixed
phases: Kamacite (ferrite phase, Ni poor), Taenite (austenite phase,
Ni rich) and Plessite (a mixture of Kamacite and Taenite).>*' In
addition, Widmanstitten patterns are typically present indicating
that the meteorite underwent crystal phase formation at remark-
ably slow cooling rates (ca. 50 K in 10° years).*** The unique
formation conditions and crystallographic structure of the Gibeon
meteorite have been thoroughly investigated especially with
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regards to the orientational relationship between the separate
phases,”**?° and its distinctive magnetic properties.’® Despite
these studies, neither this material, nor any other meteorite
to the best of our knowledge, has been investigated for its
(electro)catalytic properties. Indeed their composition suggests
possible activity in the water oxidation reaction,®" a kinetically
challenging reaction that requires large overpotentials. Moreover,
the exceptional thermal history, crystal structure and remarkable
atomic composition of the Gibeon meteorite provide a unique
opportunity for study.

2. Experimental section

2.1. Electrode preparation

The Gibeon pieces were cut into approximately 0.5 mm thick
slices (1 cm x 2 cm). The samples were then polished to a
mirror-like finish with a 30 pm lapping film (3 M), and soldered
to an electrical lead (Cu wire). The surface was rinsed with
ethanol and deionized water (MilliQ, 18.2 MQ cm '), then fixed
to a glass support with epoxy. The geometric surface area was
defined by covering the inactive surface with corrosion-resistant
epoxy (Araldite 2000, 2014-1), as shown in Fig. 1a. The active area
was kept between 0.3 and 0.6 cm? Multiple electrodes were
tested using an identical preparation procedure and originated
from the same sample of the meteorite which was approximately
100 x 100 x 70 mm? (see Fig. S1, ESIY).

2.2. Electrochemical characterization and operation

The electrodes were treated and tested in a three-electrode set-up
(BioLogic SP-200 potentiostat), with a Pt counter electrode and
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(a) Photographs of Gibeon meteorite pieces, (left) after cutting and cleaning and (right) after OER operation (scale bar: 1 cm). In the right sample,

the active area is defined by the Gibeon surface not recovered with epoxy. (b) Current density versus applied voltage, without and with iR drop correction

(plain and broken lines respectively) for the Gibeon sample before and during water oxidation at 500 mA cm
2 (blue) and 10 (red) hours of oxidation; linear fits are shown in broken lines. (d) Summary of the change in overpotential measured at 10 mA cm

(cyan, left axis) and Tafel slope (brown, right axis) with oxidation time.
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an Ag/AgCl KCl(sat) reference electrode. The electrolyte was a
1 M NaOH solution in deionized water (measured pH 13.4). The
electrodes were immersed so that the active area was in full
contact with the electrolyte. The potentials are referenced against
the reversible hydrogen electrode (RHE), calculated according to
E vs. RHE = E vs. Ag/AgCl + Ejgagcr + 0.0591 x pH with E vs.
Ag/AgCl as the potential applied versus Ag/AgCl and ERg/agci as
the standard potential of the silver/silver chloride electrode
against the standard hydrogen electrode (+0.197 V in saturated
KCl). The overpotential corresponds to the potential difference
between the applied potential against RHE and the standard
potential of water oxidation (1.23 V vs. RHE). The reference
electrode was removed from the experimental setup after perfor-
mance tests (CV and LSV) to reduce the diffusion of chlorine ions
to the electrolyte during ageing. Sample ageing was performed by
maintaining a constant anodic current density of 500 mA cm >
between the working and the counter electrodes. Linear sweep
voltammetry, between 1.0 V vs. RHE and 1.8 V vs. RHE, was used
to characterize the sample activity periodically during ageing with
a sweep rate of 10 mV s~ . Potential corrections for the iR drop
were applied using the series resistance obtained from impe-
dance spectroscopy performed before operation at 1.0, 1.1, 1.2,
1.3 and 1.4 V vs. RHE at a frequency between 1 Hz and 10° Hz
(perturbation amplitude of 10 mV). The intercept with the bottom
axis in a Nyquist plot at a high frequency (series resistance) was
used as the uncompensated resistance for iR correction (usually
between 3 and 4 Ohms). Tafel slopes were estimated from the
LSV performed at a slow scan rate (10 mV s~ '), similar to other
reports.*>** Cyclic voltammograms (CVs) were also recorded
periodically during ageing between 0.6 and 1.5 V vs. RHE at a
scan rate of 10 mV s~ . No iR correction was performed on the
analysis of the CV data. The Faradaic efficiency was measured
for a Gibeon electrode, initially and after 5 hours of operation
at 500 mA cm 2 in 1 M NaOH at a constant current density of
10 mA cm 2. The gas chromatograph (GC) was calibrated with
an electrochemical cell containing two platinum foils as the
working and counter electrodes (assuming 100% Faradaic
efficiency for this setup). The integrated area of the O, signal
during measurement of the steady-state chronopotentiometry
was determined to be 2.68 + 0.02 and 2.61 + 0.02 (initially
and after 5 hours respectively), which differ by 3% and 1% to
the Faradaic efficiency of 100% obtained from the calibration
(£5% error).

2.3. Spectroscopic analysis

The chemical composition of the Gibeon meteorite was deter-
mined using a Shimadzu 9000 ICP-OES system. A small fraction
(1 ) of the Gibeon was digested in aqua-regia prior to analysis.
Calibration standards were analyzed and cross-checked with
commercially purchased spectroscopic standard solutions.
The measurements were operated at 45 kV and 40 mA in a
continuous mode with a scanning rate of 0.01° min~" in the
260 range between 20° and 90°. Raman spectra were obtained on
a confocal Raman microscope XploRa Plus (Horiba), where the
excitation line was provided by an Nd:YAG (doubled) laser
(532 nm). XPS spectra were acquired using a KRATOS AXIS
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ULTRA spectrometer (Al Ko source, 600 x 750 um spot size).
The binding energy scale was calibrated from the hydrocarbon
contamination using the C1s peak at 284.8 eV. Pass energies
of 187.85 eV (step: 0.8 eV) and 46.95 eV (step: 0.2 eV) were used
for the XPS surveys and multiplex measurements respectively.
Major peaks are assigned according to the handbook of X-ray
Photoelectron Spectroscopy by Moulder et al.** XPS peaks were
fitted to extract the relative amount of each species using the
PHI Multipack software. Samples were etched with Ar" ions at a
rate of 8.8 nm min ' and the surface composition was recorded
at regular intervals. HR-SEM images were recorded using a
Zeiss Merlin microscope.

2.4. Diffraction techniques

Powder XRD patterns of the Gibeon meteorite before operation
were obtained using a PANalytical Empyrean XRD with Bragg-
Brentano geometry fitted with a PANalytical PIXcel-1D detector
using Ni filtered Cu-Ko. radiation (4 = 1.54056 A).

3. Results and discussion

A portion of the Gibeon meteorite (see photograph in Fig. S1,
ESIT) was first pulverized for elemental characterization using
inductively coupled plasma optical emission spectrometry
(ICP-OES). The main elements were found to be Fe (93.8%),
Ni (5.5%), Co (0.4%) and P (0.2%) with traces of Ga, Ge, and Ir.
The measured composition is comparable to analyses presented
by Buchwald et al.*® with a slightly lower nickel content compared
to previous reports (5.5% vs. 7.8-8%, see Table S1 in the ESIY).
This difference suggests that the sample is mostly composed of
the Kamacite phase. Indeed, XRD analysis (Fig. S2 in the ESI{)
revealed diffraction peaks in agreement with the Kamacite BCC
crystal structure (space group Im3m) and a unit cell side length
of 2.87 A.

3.1. OER performance

To assess the electrocatalytic performance, the Gibeon sample
was cut into slices with thicknesses of ca. 0.5 mm, and was
cleaned and polished before fixing on a glass support, attaching
an electrical lead, and sealing with epoxy. A photograph of a
prepared electrode before sealing and after electrochemical
testing is shown in Fig. 1a. The electrochemical behaviour of a
Gibeon electrode in an alkaline electrolyte is shown in Fig. 1b-d.
The as-measured and iR-corrected linear-scanning voltammo-
grams (LSVs) are shown in Fig. 1b with respect to the applied
potential, with the initial test of the Gibeon electrode showing an
increase of anodic current when the potential exceeds +1.6 V vs.
the reversible hydrogen electrode (RHE), suggesting catalytic
activity towards the oxygen evolution reaction (OER). The over-
potential relative to the OER standard potential of 1.23 V vs. RHE
is also shown on the top axis of Fig. 1b. To assess the stability of
the Gibeon electrode and to characterize the evolution of the
OER performance with ageing, the electrodes were maintained
at a current density commonly used in alkaline electrolyzers
(500 mA cm ™ ?) for extended duration. The catalytic performance

This journal is © The Royal Society of Chemistry 2016
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was quantified periodically by LSV. As figures of merit, we used the
overpotential for the OER (1jogr) Tequired to extract 10 mA cm >
from the electrode (as defined by McCrory et al>') and the
estimated Tafel slopes which are shown with respect to the
ageing time at 500 mA cm™ > in Fig. 1d. The Tafel behavior
(Fig. 1c) is linear over two orders of magnitude in the current
density validating the use of the Tafel analysis.

A significant positive effect is evident upon operating the
Gibeon electrode at a high current density. The nogr dropped
rapidly from 0.43 to 0.30 V, and the Tafel slope decreased from
86 to 44 mV decade ' after 10 hours of operation. This improve-
ment with ageing stabilized to give a consistent performance
after ca. 25 hours. The lowest nogr oObtained with a Gibeon
electrode was 0.27 V with a Tafel slope of 37 mV decade .
We note that the improvement upon ageing was reproducible
over 5 samples tested under identical conditions (average
foer Of 0.31 V and Tafel slope of 38 mV decade™ " after 20 hours
of ageing) and the electrodes were stable for at least 1000 hours
(see the ESI,i Fig. S3), which was the longest duration an
electrode was tested.

3.2. Quantification of active species

In addition to the significantly improved #ogr and Tafel slope
upon ageing, a reversible redox wave, detectable using cyclic
voltammograms (CVs), was found to develop during prolonged
electrode operation at a high current density. CVs taken periodi-
cally during the ageing process are shown in Fig. 2a. The
oxidation (ca. +1.4 V vs. RHE) and reduction (ca. +1.3 V vs.
RHE) potentials of the redox wave were found to correspond well
with the Ni>"** redox couple in the alkaline electrolyte.32%3¢
The potential of the Ni*"*" couple is also noted to shift its
position with ageing. Indeed, both the detection of the Ni**/*"
redox wave and its position in synthetically-prepared iron-nickel
based electrode systems have been reported to be dependent on
the Ni:Fe atomic stoichiometry.*33?337 In the case of the
Gibeon electrodes, the redox wave shifts toward more negative
potentials with ageing and the magnitude of the wave increases,
suggesting that both the relative (compared to Fe) and absolute
surface concentration of the Ni atoms increases. Moreover, both
the anodic and cathodic peak potentials show a linear correla-
tion with nogr (see the ESI,T Fig. S4), which further suggests a
direct relationship between the formation of a nickel-based
surface species and the improved OER catalysis.

The magnitude of the Ni*"** redox wave was next quantified to
estimate the surface concentration of catalytically-active species
by integration with the scan rate to give the number of
electrochemically-accessible nickel sites.>®*” The surface
charge density with respect to the geometric electrode area is
shown against the ageing time in Fig. 2b. Interestingly, the norr
reached a stable value only after ca. 10 hours of operation,
whereas the density of active sites is shown to stabilize after
300 hours to ~30 x 10"® cm™>. These results show that (i) the
saturation of #orr occurs for a certain density of catalytic sites
and (ii) that a portion of the current recorded in the LSV after
10 hours could be attributed to the surface modification process
concomitant to the OER. However, the Faradaic efficiency

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) Examples of cyclic voltammograms of a Gibeon electrode
measured at 10 mV s~* after different oxidation periods in 1 M NaOH.
(b) Charge density quantified under the reduction peak appearing in cyclic
voltammograms and the turn-over frequencies (TOF) against operation
time at 500 mA cm™2 (dotted lines: logistic function fits).

towards oxygen evolution measured at 10 mA cm ™~ on a Gibeon
electrode before ageing and after 5 hours of operation was
found to be 100% within a 5% measurement error in both cases
(see the Methods section). This indicates that the electron
current associated with the surface modification is negligible

compared to the OER at 10 mA cm ™.

3.3. Turn-over frequencies

Catalytic turn-over frequencies (TOFs) were also estimated at an
applied overpotential of 0.3 V according to the number of active
centers detected via CV (accounting 1 e per active species and
4 e~ per O, molecule produced). The estimated TOF with respect
to the ageing time is also shown in Fig. 2b. In the first few hours of
oxidation a TOF value up to 5 s~ * is found, which exceeds the best
results recorded by Trotochaud et al. (1-2 s™') using the same
approach with electrodeposited Ni;_,Fe,OOH catalyst layers.*®
After operation for ca. 100 hours the TOF settles to values similar
to the state-of-the-art. Indeed, the high TOF reported initially is
likely overestimated due to the participation of other metallic
atoms (Fe, Co) in the oxygen evolution catalysis, which is not
considered in this analysis. Conversely, lower values obtained by
Qiu et al. (0.1 s7Y), for a synthetic NiFe catalyst exhibiting similar
Noer, May be due to the overestimation of the catalytic center
density in that film, as all metallic atoms were considered.*?

3.4. Spectroscopic analyses

As the stabilized density of catalytically active sites per geometric
surface area based on the nickel redox couple (equivalent to
30 sites A~?) is greater than the density of atoms on the surface

Energy Environ. Sci., 2016, 9, 3448-3455 | 3451
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planes of the Kamacite BCC crystal structure, a change in surface
morphology (e.g. the formation of nanostructures) seems likely.
However, the formation of a significantly roughened surface was
not observed upon examination with high-resolution electron
microscopy both before and after the ageing process (see SEM,
Fig. 3a and b).

Nonetheless, the appearance of fissures on the surface of the
aged electrode suggests the formation of a hydrated gel layer that
contracts when the electrode is dried and placed under vacuum
for SEM analysis. The formation of a catalytically active 3D
hydrous layer via metal electrode anodization has been described
previously.*® Further insights into the chemical nature of this
emergent layer on the Gibeon electrode is given using Raman
spectroscopy. Spectra before and after electrochemical opera-
tion are shown in Fig. 3c. Two main peaks are detected at
550 and 675 cm ! in the pristine sample. These peaks match
the Raman response from the oxidized iron species: Fe;O,
(550 and 670-675 cm™ '), y-Fe,O; (650-740 cm™ ') and y-FeOOH
(660 cm ').*>*" After 48 hours of OER operation, additional
peaks appear in the spectrum, ie. a band between 294 and
350 cm ™, one feature including two peaks at 480 and 527 cm ™"
and a broad band centered at 1390 cm ™. The two first peaks
are likely related to the increase in oxidized iron species on the
surface as Fe;O, (292 cm™ '), a-Fe,O; (290-350 cm ') and
v-FeOOH (243-300 cm™ ') have shown a response at these
wavenumbers.***" The second feature (480-527 cm™ ") is attribut-
able to defective or disordered Ni(OH),. Both the o and B forms
exhibit Ni-O bands in the range of 445-465 cm ™, which are
shifted positively when Ni(OH), is disordered, doped or alloyed
with Fe, and characteristic peaks have been detected at 530
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Fig. 3 Scanning electron micrographs of a Gibeon electrode before (a)
and after (b) 50 hours of operation at 500 mA cm~2 in 1 M NaOH (scale
bars 200 nm) and (c) Raman spectra of a Gibeon sample before (blue) and
after 48 hours of oxidation (red). Raman shift positions of the detected
peaks are overlaid on the graph.
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and 526 cm ™ '.*>*>*3 1t should be noted that cobalt(ur) species
respond in the 480-527 region as well. The principle peaks of
CoOOH, Co(OH), and Co;0, are found at 503 cm ™, 523 cm ™
and 481 cm ™, respectively.*>**> The broad feature centered at
1390 cm™ " is located in the range characteristic of lattice OH
vibrations in the hydroxide layers and can be attributed to the
superposition of the Fe-OH and Ni-OH responses, which have
been detected at 1335 and around 1400 cm ™ * for Fe(OH); and
o-Ni(OH),, respectively.*"*® Overall, the Raman experiments
confirm the formation of (oxy)hydroxides of iron and nickel
and are also consistent with cobalt species at the surface of the
Gibeon electrode after ageing.

X-ray photoelectron spectroscopy (XPS) surface and depth
profiling were used to gain further insight into the nature and
extent of the 3D catalyst layer. The XPS survey of the Gibeon
electrode surface before and after operation shows the presence
of carbon, oxygen, iron, nickel and a small amount of cobalt (see
the ESLt Fig. S5), and the atomic composition was obtained at
different depths inside the material after etching the surface with
Ar' ions. The atomic profiles obtained for the electrode before
operation and after 50 hours at 500 mA cm™ > are compared
in Fig. 4.

The presence of adventitious carbon was noted on the surface
of both electrodes. For the pristine electrode, the iron content
increases relatively rapidly with depth to 80 at% and the oxygen
content decreases from ca. 30 at% at the surface to below
detectable limits over the same length scale. XPS detected Ni in
the pristine sample at 3.7 & 1.4 at% on average over the 250 nm
tested, these results are consistent with the ca. 5 at% Nickel
detected when using ICP-OES. In contrast in the aged electrode,
Ni rose to over 20 at% and oxygen also increased in the

Initial

Relative atomic composition (%)

Depth (nm)

Fig. 4 Atomic composition profile obtained via XPS of a Gibeon sample
before (top) and after 50 hours of operation at 500 mA cm~2ina 1 M NaOH
electrolyte (bottom). Spectra were obtained for both samples at different
times after etching the surface with Ar* ions at a rate of 8.8 nm min™.

This journal is © The Royal Society of Chemistry 2016
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first 100 nm depth of the film, whereas the iron fraction was
reduced to 12 at% at the surface of the oxidized electrode, rising
to reach bulk concentrations after 200 nm in depth. Cobalt was
detected in the pristine sample, but not at a statistically sig-
nificant concentration considering the uncertainty of the XPS
measurement. However, in the aged electrode, Co was detected
at an atomic ratio slightly exceeding 5 at% near the surface, with
the concentration decreasing to background levels at a depth of
150 nm. The gradient of oxygen concentration implies a change
in the oxidation state of the metal atoms through the depth of
the film. The oxidation states of Fe, Ni and the trace Co were
investigated by examining their characteristic 2p;/, peak (Fig. S6
and S7, ESIf) at several depths inside the electrode. In the
pristine electrode, both iron and nickel were detected at binding
energies close to those associated with their metallic state
Fe’ and Ni° whereas the Co response was not visible due to
the strong response of the iron Auger Line (L3M45M45). After
50 hours of operation, the nickel peak shifted from 853 to 857 eV,
characteristic of the Ni** state (particularly for amorphous
Ni(OH),).*” Similarly, the Fe peak also shifted to higher binding
energies (706 to 711.7 eV), which can be assigned to the ferric
(3+) state as detected in FeOOH.*® For cobalt in the aged
electrode, the 2p;/, signal was detected at 780.3 €V (as measured
in CoOOOH or C0,0;).** After 20 minutes of etching (176 nm) the
aged electrode, the signals return to the metallic states detected
for the pristine electrode, indicating that only the surface layer is
modified. Overall, the composition and oxidation state charac-
terization using XPS suggests that the 3D catalyst layer on the
aged electrode has a metal cation surface stoichiometry of
C0p.11>"Feg 33° Nig 55>" with a smooth gradient toward more
reduced states over 200 nm towards the bulk concentrations.
It should be noted that while the XPS measurements indicate
that nickel is primarily in the 2+ oxidation state, during OER
operation the 3+ oxidation state is present in the active catalyst
as the potential applied is positive of the Ni***" redox wave.
Fe'* is also likely present in the catalyst under operation.*® The
metal composition of the active layer is likely related to the initial
composition of the meteorite and to the experimental conditions
used for OER operation. The influence of these parameters will be
the focus of future investigations.

3.5. Discussion

The Gibeon meteorite can be processed to form a highly-active
3D electrocatalyst for the OER reaction. The procedure requires
cutting, polishing and ageing of the resulting electrode by
driving the OER at 500 mA cm > The mechanism for the
formation of the catalysts is consistent with the selective etching
of iron atoms from the surface with concurrent concentrations
of Ni and Co in the active layer, which is supported by the
observation of a black deposit on the counter electrode during
the initial stages of catalyst formation from the reduction of the
etched iron. This type of formation mechanism has been dis-
cussed in more detail in a previous study using stainless steel.’”
Previous investigations of synthetic nickel-iron catalysts have
suggested the formation of a layered double hydroxide (brucite
structure) under operation,”™" which is characterized by the

This journal is © The Royal Society of Chemistry 2016
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transformation of Ni(OH), to NiOOH at potentials anodic of
1.4 V vs. RHE. Such a crystallographic arrangement with layers
of nickel (oxy)hydroxide, separated by water and hydroxyl ions,
is highly porous and enables a greater amount of catalyst species
to be in contact with the electrolyte. This mechanism is con-
sistent with our observation of the increase of the Ni**”*" redox
wave intensity with the ageing time. The extensive ageing test
performed in this work shows that the formation of the active
catalyst layer is self-limiting as the magnitude of the Ni redox
wave stabilizes after ca. 300 hours.

In addition to the formation of an (oxy)hydroxide layer, the
unique composition of the Gibeon meteorite may be important
for an outstanding performance. Indeed, the 5ogr and Tafel
behavior of this catalyst are equivalent to, or even slightly better
than, state-of-the-art manufactured NiFe electrocatalysts (which
show 5jopr ~ 0.28-0.35 V at 10 mA cm ™ and Tafel slopes in the
range of 30-40 mV decade '),>***”* and IrO, and RuO,, two
benchmark OERs (also with #7ogr ~ 0.28-0.32 V and a small Tafel
slope of 30-40 mV dec *).**°

In previous work on NiFe electrocatalysts, the Ni: Fe ratio has
been shown to impact the catalytic performance by affecting the
electronic conductivity, thereby modifying the local electronics of
active Ni centers.’>*>*>” These studies have established a corre-
lation between the Ni:Fe atomic stoichiometry and the appear-
ance of the Ni>"*" redox wave, which provides further insight into
the composition of the active Gibeon catalyst. Specifically, both
the anodic and cathodic waves from Ni*"** were reported to be
only observable for a Ni: Fe ratio > 69 at%. However, the results
obtained with a Gibeon electrode differ from these previous
studies as we observe the appearance of both oxidation and
reduction waves after ageing for only 15 minutes when the
surface analysis only suggests the Ni: Fe ratio is <60 at% after
50 hours. This discrepancy suggests that surface Co atoms may
also be important for the appearance of the redox wave in the
CV. Nonetheless, based on the uncertainty with the redox wave
assignment of the catalyst composition, the XPS-based compo-
sition is more reliable. In addition to the concentration of
Ni and Co in the catalyst layer, the possible role of other trace
elements (Ga, Ge and Ir) on the high activity cannot be dis-
counted despite their concentration being below the quantification
limit for XPS. In particular, IrO, is known to be a state-of-the-art
OER catalyst.*

While the atomic composition is undoubtedly important for
the high activity, the native atomic arrangements in the Kamacite
crystal structure and the unique thermal history of the Gibeon
meteorite are not likely to be important factors in the high OER
electrocatalytic activity. Indeed, the initial performance of the
Gibeon electrode was unremarkable. Only after the formation of
the 3D (oxy)hydroxide layer with concentrated Ni and Co—which
destroys the crystallinity of the electrode—was the state-of-the-art
catalytic activity recorded. Despite this, overall our study of the
electrocatalytic behaviour of the Gibeon meteorite has suggested
that further investigation of Ir-Co-Ni-Fe based OER electrocata-
lysts is warranted to better understand possible synergistic effects
and, moreover, indicated for the first time that naturally-occurring
materials can function as state-of-the-art electrocatalysts.
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4. Conclusions

We have shown the robust and exceptional electrocatalytic activity
of a natural mineral of extraterrestrial origin, i.e. a Gibeon
meteorite. Electrodes prepared from this iron-based mineral
exhibited a state-of-the-art performance for the oxygen evolution
reaction in the alkaline electrolyte with an overpotential as low as
0.27 V for a current density of 10 mA cm™> and a Tafel slope of
37 mV decade™', comparable to the top-performing synthetic
Fe-Ni catalysts. The catalytic activity of the Gibeon electrodes
emerged after 10 hours of operation at 500 mA cm > due to the
etching of iron and the formation of a 3D oxy(hydroxide) layer
with a metal atom composition of primarily Co, 11Fe, 33Nig 55, as
indicated from the Raman and XPS studies, and trace Ir as
indicated from the elemental analysis. The growth of the catalyst
layer was self-limiting to a depth of <200 nm after ca. 300 hours
of operation as indicated from the depth profiling and CV results,
and showed stability for at least 1000 hours. While the crystal
structure of the Gibeon meteorite likely does not contribute to the
electrocatalytic activity due to the atomic rearrangement implied,
its unique composition suggests that further investigation of the
Ir-Co-Ni-Fe systems for water oxidation is of interest. Finally, this
study demonstrated the ability of natural materials to be highly
active as electrocatalysts and potentially in other catalytic processes.
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