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A critical challenge in energy research is the development of earth abundant and cost-effective materials that
catalyze the electrochemical splitting of water into hydrogen and oxygen at high rates and low
overpotentials. Key to addressing this issue lies not only in the synthesis of new materials, but also in the
elucidation of their active sites, their structure under operating conditions and ultimately, extraction of the
structure—function relationships used to spearhead the next generation of catalyst development. In this
work, we present a complete cycle of synthesis, operando characterization, and redesign of an
amorphous cobalt phosphide (CoP,) bifunctional catalyst. The research was driven by integrated
electrochemical analysis, Raman spectroscopy and gravimetric measurements utilizing a novel quartz
crystal microbalance spectroelectrochemical cell to uncover the catalytically active species of amorphous

CoP, and subsequently modify the material to enhance the activity of the elucidated catalytic phases.
Recelved 27th March 2018 llustrating th f h, th d tion cobalt—iron phosphide (CoFeP,) catalyst
Accepted 7th May 2018 ustrating the power of our approach, the second generation cobalt—iron phosphide (CoFeP,) catalyst,
developed through an iteration of the operando measurement directed optimization cycle, is superior in

DOI: 10.1039/c8sc01415a both hydrogen and oxygen evolution reactivity over the previous material and is capable of overall water
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Introduction

The potential use of renewable energy derived hydrogen gas
(H,) as an energy vector is heavily dependent on the discovery of
catalysts that facilitate its generation and subsequent utiliza-
tion." In part, scaling H, generation and use to grid-level
requires water splitting catalysts that are facile to prepare, are
composed of earth-abundant components, and rival the
performance of state-of-the-art precious metal based devices.*?
The search for such materials spans several decades and from
these efforts three primary classes of hydrogen evolution reac-
tion (HER) and oxygen evolution reaction (OER) have emerged:
(1) molecular catalysts feature well-defined active sites and
exquisite tunability of functional ligands. As such, they are
regarded as an ideal platform to explore particular structure—
function relationships and to derive guidelines for future cata-
lyst design.*® However, their stability challenges their prospects
for practical use. (2) Crystalline catalysts by definition exhibit
a well-defined long-range order of their constituent atoms and
in certain cases, the arrangement of these atoms on the surface,
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electrolysis at a current density of 10 mA cm™~2 with 1.5 V applied bias in 1 M KOH electrolyte solution.

where catalysis occurs, is precisely known. Their robustness
paired with high activity renders them more suitable for prac-
tical applications compared to molecular catalysts.® (3) Amor-
phous catalysts, on the other hand, are commonly defined by
what we do not know (crystalline arrangement, composition,
active sites...) rather than what we do know about them.
However, the activity of amorphous catalysts in many cases
surpasses that of their molecular and crystalline analogues.”®

In this regard, the lack of rigidity in their atomic order
endows a certain adaptability to amorphous materials that
allows them to undergo various phase and oxidation changes
with changing reaction conditions and facilitate the formation
and breakage of chemical bonds, thereby potentially lowering
kinetic barriers. Nevertheless, underpinning the development
of amorphous catalysts is the need to elucidate their structure
and function during the course of reaction, and to be able to
build upon this knowledge. Operando investigations of amor-
phous materials have been invaluable in shedding light on such
catalysts’ operation. Key operando techniques include the use of
vibrational (Raman and infrared) spectroscopy, UV-vis absorp-
tion spectroscopy, X-ray absorption spectroscopy, nuclear
resonant inelastic X-ray scattering spectroscopy, X-ray diffrac-
tion analysis, X-ray photoelectron spectroscopy, in-line mass-
spectrometry and gravimetric measurements. Each of these
measurements provides complementary points of evidence (for
example, the catalysts' oxidation state, composition, crystalline

This journal is © The Royal Society of Chemistry 2018
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phase and surface intermediates) towards piecing together
a complete picture of the material and reaction of interest.

To this end, we present the framework for a cycle of synthesis,
characterization, function, and design utilizing operando
Raman spectroscopy, electrochemical analysis, gravimetric
measurements and a newly established quartz crystal micro-
balance (QCM) spectroelectrochemical cell (Fig. 1a and b). We
apply this iterative cycle to amorphous cobalt phosphide (CoP,),
which has previously been identified to catalyze both HER and
OER in alkaline conditions with high activity."*** CoP, is also
simple to synthesize and the low cost of its components renders
it a promising material for further development. Furthermore,
bifunctionality allows for additional cost savings as well as an
intrinsic stability over a much greater voltage range (in this case
as the catalyst is stable throughout the OER and HER opera-
tional range) and the possibility to extend the lifetime of the
catalysts through in situ electrochemical regeneration by bias-
switching.***> With regards to scientific interest, bifunctionality
hints towards reaction-dependent changes in surface composi-
tion and/or arrangement, further pressing the need for operando
investigations. In this work, we carried out a combination of ex
situ and operando measurements on CoP, throughout its func-
tional voltage range to capture its catalytically active forms. After
identifying the active states of CoP, as P-modulated metallic
cobalt (HER) and a layered cobalt oxyhydroxide/dioxide (OER),
we devised strategies to modify the material to enhance the
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activity of the catalytic sites. Doing so, we developed a second
generation CoFeP, catalyst through systematically adding P and
Fe to enhance activity of the HER and OER active sites, respec-
tively (Fig. 1c). Our 2™ generation CoFeP, surpasses the original
CoP, in both HER and OER activity and carries out overall water
splitting at 1.5 V with 10 mA cm > in 1 M KOH electrolyte
solution.

Results and discussion

Our chosen material of interest was amorphous CoP,,'**"*1¢
a known catalyst and promising starting point for further
improvement. CoP, was reductively electrodeposited from an
aqueous solution of cobalt chloride, sodium hypophosphite,
and sodium acetate through a series of cyclic voltammetry (CV)
scans onto a copper foil substrate (Fig. S1t). Following the
deposition, catalytic activity was recorded in an alkaline KOH
electrolyte solution (1 M). CoP, exhibited both HER and OER
catalytic currents, requiring overpotentials of approximately 100
and 370 mV to reach 10 mA cm ™2, respectively (Fig. 2a) (plotted
using the projected surface area). 10 mA cm > is used as
a benchmark current density because that is an estimated value
at which a practical solar to fuel technology will have to operate
and is a common reference point for comparison across cata-
lysts in the literature.’” Note that under extremely acidic/basic
conditions there is uncertainty on the exact pH value and
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Designed: CoFeP,

Fig. 1 Strategy to develop a bifunctional water splitting catalyst with enhanced performance. An iterative cycle of synthesis, characterization,
analysis, and design was employed to develop improved catalysts (a). Operando measurements of the catalyst were enabled by a QCM setup,
which allows for integrated electrochemical, gravimetric, and spectroscopic analysis (b). A bifunctional HER and OER CoP, catalyst was chosen
as our starting material and improved upon using structure—function relationships derived through operando measurements to yield a rationally
designed CoFeP; (c).
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Fig. 2 Ex situ characterization of CoP, catalyst. CV scans of CoP, electrodeposited on a Cu foil in 1 M KOH electrolyte solution. The standard
potentials for HER and OER are also indicated by dashed lines assuming a pH of 14 (a). SEM images show that the CoP, consists of a 4 mm thick
film with a rough surface morphology (b and c). The XRD spectrum displays solely peaks attributed to the underlying copper substrate, pointing
to the amorphous nature of CoP, (d). XAS measurements, acquired pre-catalysis, illustrated that the Co component of CoP, is similar to
elemental Co (e). EXAFS fitting elucidated the local environment of Co, which closely resembled elemental Co, with the addition of P and O
components (f). XAS measurements of P fraction signified that the phosphorus was present as a mixture of phosphide and phosphate (g).

therefore the thermodynamic potential of HER and OER. Thus,
overpotentials for the half-reactions are only estimates
assuming pH 14. However, performing CV to catalyze both
reactions internally standardizes the measurements because
the thermodynamic difference between the two half reactions
will be fixed to 1.23 V, independent of the precise pH value.
Prolonged chronopotentiometric scans revealed little activity
decrease of the catalyst over the course of ~17 hours, indicating
excellent stability (Fig. S21). Scanning electron microscopy
(SEM) images (Fig. 2b and c), acquired after CV characteriza-
tion, indicate the rough, flake-like structure of the CoP, film
with approximately 3-5 um thickness. Energy dispersive X-ray
spectroscopy (EDS) measurements, also acquired after CV
testing of CoP,, point to an elemental composition of approxi-
mately 96.5% Co and 3.5% P. Low concentrations of P are
common in electrodeposited cobalt-phosphorus containing
films.'%*+131618 The absence of any peaks beyond those
belonging to the underlying copper foil in the powder X-ray
diffraction (XRD) spectra of the CoP, showed a lack of detect-
able long-range structure (Fig. 2d), consistent with the amor-
phous nature of this material.

5324 | Chem. Sci,, 2018, 9, 5322-5333

In order to obtain a better understanding of this material we
carried out a series of X-ray absorption spectroscopy (XAS)
measurements on the CoP, catalyst following its synthesis.
Results from cobalt K-edge X-ray absorption near edge spec-
troscopy (XANES) of CoP, were first compared to a series of Co
containing standards (Fig. 2e). The spectral similarity and edge
energy of CoP, to Co signifies that the electronic structure and
oxidation state component was close to Co(0), albeit with a less
steeply rising edge (Fig. S37).

Next, extended X-ray absorption fine structure (EXAFS)
spectra of the Co were acquired and subsequently modelled.
The fitting revealed that the 1°* coordination shell contained 9
Co nearest neighbors (in contrast to 12 for elemental Co) and
~1-2 each of O and P atoms (Fig. 2F, 3 and Table S1%). A 2™
shell of 3 Co atoms (bulk Co features 6) was also incorporated to
attain a better fit. The EXAFS data suggests a local environment
very close to elemental Co with a hexagonal close packed (HCP)
crystal structure. Intensity in the EXAFS spectra at 4-5 A
suggests that some medium range order is retained within the
CoP, film through not at a length scale to yield peaks in the XRD
spectrum. XANES spectra of P, on the other hand, indicated

This journal is © The Royal Society of Chemistry 2018
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CoP, featured a mixture of phosphide (peak at 2144 eV) and
phosphate (peak at 2150 eV) incorporated within the amor-
phous framework (Fig. 2g).**?° X-ray photoelectron spectroscopy
(XPS) data (Fig. S47) also points to the metallic nature of Co and
mixture of phosphide and phosphate character of P in CoP,.>"*

Taken together, the data suggests that CoP, consists of
several shells of local ordering of HCP structured metallic cobalt
atoms doped with P. XAS analysis of CoP, revealed a high degree
of similarity of the structural and electronic properties of CoP,
to Co, though the HER performance between the two materials
differed greatly (vide infra). Second, the localized structural
similarity of CoP, to elemental Co is quite different than in
other amorphous materials, such as electrodeposited CoO,
which featured a layered cobalt oxide structure,” and CoS,,***
CoPi,** Ni-B;,*” and MoS,,”® which exhibit typically 4-7 fold
heteroatom coordination. In the case of CoP,, the small quan-
tity of P likely functions as a dopant within a metallic-like Co
matrix. This is also significantly different than crystalline cobalt
phosphide catalysts (i.e., CoP, CoP,, Co,P, etc.), which feature
much higher proportions of P.>-*

Following initial ex situ characterization, we studied the
operando structure and function of CoP, with a combination of
electrochemical, gravimetric, and spectroscopic measurements.
To the best of our knowledge, this is the first time that this
combination of measurements has been carried out to probe an
electrocatalyst. Complementary multi-modal analysis is often
necessary to piece together a complete picture of a material's
precise structure, especially for the case of amorphous catalysts
that are particularly prone to environment- and input-driven
transformations and typically do not feature a well-
understood ex situ structure as a starting point. In this work,
QCM elucidated whether surface or bulk changes were occur-
ring while Raman provided insights into the chemical nature of
the metastable phases.

QCM offers exceptionally sensitive measurements of mass
change on a piezoelectric quartz resonator substrate by
recording mass-dependent changes in its resonance frequency
under an alternating voltage.*>** Briefly, the application of
a voltage on a piezoelectric material such as quartz induces
a physical deformation, which may be a cyclical deformation
under an alternating current. The resonance frequency of the
piezoelectric crystal, used as the working electrode in an elec-
trochemical QCM experiment, is linearly dependent on the
mass adsorbed onto its surface, and this quantity is used to aid
in monitoring the behavior of catalysts deposited on the crystal.
By comparing in situ changes in mass to the total mass depos-
ited on the substrate, information from QCM measurements
can help deconvolute surface from bulk transformations.
However, it must be noted that chemical and electronic changes
to the surface may also be interconnected with changes to the
bulk.*

Raman spectroscopy, on the other hand, allows for the
detection of certain molecular vibrational modes within both
the bulk and surface of our material in the course of its func-
tion. Operando Raman measurements are also critical as post-
electrolysis spectroscopy only captures an air-stable phase,
which is not necessarily the catalytically active one.

This journal is © The Royal Society of Chemistry 2018
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We first repeated the electrodeposition of CoP,. in our QCM
cell under a constant flow of precursor solution. The buildup of
CoP, onto a gold-coated quartz chip by CV cycles under reduc-
tive potential was quantitatively monitored and yielded a value
of 165.2 ug cm™? after 5 cycles (Fig. 3a). This mass loading
would correspond to an average film thickness of ~0.2 pm by
assuming a close-packed metallic Co composition (8.9 g ecm™?),
though the actual thickness is likely larger due to porosity and
roughness effects.

The same sample’'s HER and OER catalytic activity was
subsequently probed in 1 M KOH (Fig. 3b). Scanning towards
cathodic potentials, a redox wave centered at —0.8 V vs. NHE
corresponding to a reversible 2% (3.5 pg cm™?) mass loss/gain
was observed prior to HER catalysis. Once HER -catalysis
began, the mass remained constant. Scanning the reverse
direction, at anodic potentials, before the onset of OER catal-
ysis, a broader redox wave at 0.3 V vs. NHE was observed. This
wave corresponds to a reversible 0.3% (0.5 ug cm™?) mass gain/
loss. Relatively small and fully reversible mass changes in
comparison to the total catalyst amount point to a surface
process occurring rather than a complete bulk transformation
within CoP,. The measured mass changes were also reversible
over multiple CV cycles. Furthermore, because the mass change
plateaued prior to OER and HER catalysis, the formation of H,
and O, gas would not significantly contribute to our observed
QCM data in Fig. 3b.

Operando Raman spectra, acquired in the same cell, granted
complementary information on the potential-dependent
behavior of CoP,. In the reductive regime of —0.9 to —0.8 V vs.
NHE, CoP, yielded no distinct peaks in the Raman spectrum. At
—0.6 V vs. NHE, spectral features attributed to Coz;O, arise,
mainly in the form of a prominent band centered at
690 cm "33 Next, beginning at 0 V, the 690 cm ™' band
decreases in intensity and a strong band at 503 cm ™" appears.
This matches the dominant Raman active mode of CoOOH,
indicating the conversion of surface Coz;O, to CoOOH.**3*
Further spectral changes were observed when applying poten-
tials >0.2 V: the 503 cm ™" peak broadens and a wide feature
around 580 cm™' grows in intensity. A lone broad feature at
580 cm ™" was previously attributed to amorphous CoO,.'*?**
At potentials of 0.6 and 0.8 V, the 580 cm ™' feature grows in
intensity and another peak appears at 465 cm ™' as the 503 cm ™"
peak decreases but does not fully fade. A coexistence of two
broad peaks at 580 cm " and 465 cm ™" closely matched that of
a weakly ordered CoO, species.*”** We propose here that under
OER relevant voltages the surface is comprised of a mixture of
CoOOH and CoO, functioning as the OER active phase.

We compared the potential-dependent Raman spectra of
CoP, to those of an electrodeposited, P-free, cobalt film. The
potential-dependent spectra of the cobalt film in the same
conditions were nearly identical Raman spectra as CoP,, sug-
gesting that both CoP, and the similarly electrodeposited Co
transverse through the same potential-dependent phases
(Fig. 3d). The ~35 cm ™" full-width half-max (FWHM) of the
primary features in the Raman spectra indicate that the surface
oxide domains have limited order and are nanoscopic (~5 nm)
in size.*® In addition to the spectroscopic and gravimetric data

Chem. Sci,, 2018, 9, 5322-5333 | 5325
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Fig. 3 Operando characterization of CoP,. Quartz crystal microbalance — Raman spectroelectrochemical studies enable operando monitoring
of mass change and molecular vibrations during an electrochemical measurement. The mass of CoP, deposited on the working electrode was
quantified during 5 CV cycles (a). ACV scan in 1.0 M KOH of CoP, reveals a reversible change of ~2.0% of the total mass corresponding to a redox
wave centered at —0.8 V vs. NHE and a reversible mass change of 0.3% at 0.2 V vs. NHE (b). Operando Raman spectroscopy, also conducted in
1.0 M KOH at 25 °C, reveals the formation of CozO4 from —0.6 V to 0.0 V vs. NHE, CoOOH at 0 V vs. RHE and CoO,/CoO, at 0.4 V vs. NHE (c). The
Raman spectra for CoP, are similar to those of an electrodeposited Co under the same conditions, indicating that the spectra of CoP, stem from
phases of Co (d). An electrochromic effect (e) of the CoP,, measured on a fluorine-doped tin oxide electrode, also supports our assignment to
the film interconversion between metallic, oxide, and oxyhydroxide phases. The dominant surface phase under each voltage range is illustrated in
(f). Note: ions and solvent molecules filling in spaces between layers are not shown.
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presented, we observed an electrochromic effect in CoP,
(Fig. 3e), in which the film displayed potential dependent
coloration when moving from negative to positive potentials
(between silver, grey, and black, negative to positive potentials),
matching previous observations of electrodeposited Co films
exhibiting electrochromic changes as they interconvert between
metallic, oxide, and oxyhydroxide phases.*”"°

Attenuated total reflection infrared spectroscopy (ATR-IR)
analysis of post-electrolysis CoP, imparted another layer of
mechanistic information behind the material's potential-
dependent behavior (Fig. S6T). The spectrum is largely
featureless at —0.9 V vs. NHE, matching the expected behavior
of a metallic cobalt film. At potentials positive of —0.4 V, peaks
in the ~1147 cm™ " range attributed to surface phosphates were
observed, indicating that they stem from the oxidation of
phosphide and are likely intermixed within the oxide surface
layer.®* At —0.4 V, the lack of a band at 450 cm™ ' and strong
features at ~500-650 cm points to Co;0, being the dominant
phase, as opposed to CoO.>* As the potential is further increased
to 0.2 V and above, strong features in the 650-800 cm ™" range
point to the rise of an oxyhydroxide phase.>

From the above data, a picture of the potential-dependent
CoP, behavior emerges (Fig. 3f). Before reaching HER catal-
ysis, CoP, reduces its oxide surface layer, which leads to a mass
loss and the disappearance of the cobalt oxide Raman features.
Reduction to metallic Co at —0.8 V vs. NHE can be expected
from the cobalt-water Pourbaix diagram.** The cobalt, as evi-
denced from XRD and XAS studies, has a close range HCP-like
structure, with only short range order. The HER catalytic
current greatly decreases upon the addition of 100 mM KSCN
(Fig. S77), an inhibitor of metal sites, suggesting cobalt to be in
the metallic form and the primary HER active site here.* In our
case, we suggest that the role of the phosphorus component in
CoP, may be to modify the electronic structure of the metallic
cobalt active sites. This would modify the binding energy of
hydrogen to them: a critical parameter influencing the HER
catalytic activity.*®

However, metallic cobalt is no longer at the surface as the
potential is increased in the positive direction. Previous studies
of crystalline transition metal phosphide OER catalysts have
observed a thin oxygen-containing surface layer after water
oxidation catalysis with ex situ transmission electron micros-
copy measurements.””*®* The CoP, catalyst features similar
electrochemical redox waves to an electrodeposited cobalt film
(Fig. S81) and matches the CV behavior that has been observed
in electrodeposited cobalt films, with redox peaks assigned to
interconversions between metal, oxide, hydroxide and oxy-
hydroxide phases.*”>* The OER-active species of CoP,, as deci-
phered through our multi-modal operando analysis, is ~5 nm
domains of layered CoOOH and CoO, that grow together over-
top the conductive CoP, bulk material. The OER active sites in
basic conditions have previously been suggested to be surface-
exposed Co(m) and Co(wv) sites of CoOOH and Co00,.>***%-64
These materials feature edge-sharing CoOg octahedra, oriented
in a layered structure with accessible interlayer sites for OER
catalysis. This accessible surface, along with the small domain
size, leads to exposure of a high density of crystalline faces,

This journal is © The Royal Society of Chemistry 2018
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edges and corners to the electrolyte. The exposed surface is
thought to be key behind the high OER performance of this
material.®> In brief, operando QCM studies revealed that
a reversible surface process was occurring and operando
Raman, in conjunction with ex situ measurements helped
elucidate the chemical nature of the surface-active species,
which would have been difficult to capture with a single bulk
characterization technique (e.g. in situ EXAFS).

Inspired by the ability to capture the dynamic nature of CoP,
at the molecular scale, we moved to build upon these insights to
design an improved next-generation catalyst. Our experiment
elucidated the active state of CoP, under HER and OER operating
conditions; we thus devised rational strategies of modifying the
catalyst to improve the activity of the active species. Because the
HER-active state was deemed likely to be P-doped metallic Co, we
reasoned that systematically modifying the P content within the
material would lead to an altered electronic structure of the Co
active site. This would consequently lead to modified binding
energies of the adsorbed hydrogen intermediates and thus,
enhanced or diminished HER catalytic activity.>®

To test this hypothesis, we synthesized a series of CoP,
catalysts with varying amounts (0 to 3 M) of sodium hypo-
phosphite in the solution and subsequently varying amounts of
P incorporated (0 to 6.5 atomic%; further increasing hypo-
phosphite concentration did not result in increased P incor-
poration), then recorded their catalytic activity (Fig. 4a). We
discovered that the HER activity increased and the Tafel slopes
decreased with systematically increasing P that was incorpo-
rated into the film (Fig. 4a, b and S9t). As metallic cobalt HER
activity is limited by a high Co-H binding energy that is too
high,*® increasingly incorporating electronegative P dopants
into the lattice likely weakens this bond, shifting it closer to
being endergonically neutral and consequently increasing HER
kinetics.®*® Furthermore, in alkaline conditions, as water is the
primary proton source, the first reaction step in the HER
consists of water dissociation. Electronegative dopants such as
P would also give rise to more positively charged Co active sites,
which may exhibit increased electrostatic affinity to OH™
species generated by water dissociation, thereby decreasing the
barrier for the water dissociation step, and consequently,
further accelerating HER kinetics.**

The presence of only surface oxides/hydroxides is believed to
be a minor contributor, by themselves, to the enhancement of
the HER reaction because of the relatively poor performance of
an equivalent P-free electrodeposited cobalt film towards the
HER. Given the fact that the P content is still relatively minor,
we believe that the amorphous nature and active sites on the
surface are similar as for the first generation CoP,, with the
catalytic enhancement stemming from slight electronic differ-
ences of the cobalt species. Indeed, when comparing the high-
resolution Co 2p XPS data of CoP, samples with 0.9% P and
6.5% P, a decreased magnitude of satellite peaks in the spectra
of the latter point to a more cationic state (less valence elec-
trons) of Co in CoP, 6.5% P (Fig. S107).** The OER activity
exhibited little change in this process (Fig. S9), suggesting that
increasing P content did not significantly change the nature of
the oxide/oxyhydroxide layer formed under anodic conditions.
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Fig. 4 Systematically enhanced performance of bifunctional catalyst
guided by insights from operando measurements. CV illustrated that
increasing P doping improves the HER performance (a) and decreases
the Tafel slopes (b). Iron doping was utilized to improve the OER
kinetics (c) with a concomitant decrease in Tafel slopes (d). The opti-
mized CoFeP, catalyst displayed spectroscopically distinct Raman
active vibrations, which do not perfectly match any cobalt or iron
phases but rather resemble cobalt—iron mixed-metal oxide phases (e).
The CoFeP, catalyst outperforms the first generation CoP, in both OER
and HER activity (f). The inset depicts the total voltage necessary to
achieve 10 mA cm™2 for overall water electrolysis for CoP, and CoFeP,.
All measurements were conducted in 1.0 M KOH at 25 °C.

The cumulative effect of P incorporation decreased the total
voltage necessary to attain 10 mA cm™> for water electrolysis
with the bifunctional catalyst from 1.84 V to 1.67 V for 0 and
6.5% P containing films, respectively (Fig. S97t).

We subsequently shifted our focus towards improving the
OER activity of our CoP, catalyst. As we had established that the
OER active phase was the layered CoOOH and CoO,, our
strategy of choice to improve the OER active material was
through Fe doping to generate the mixed-metal oxide/
oxyhydroxide which retained the layered structure and active
site accessibility, yet benefited from favorable effects of Fe
doping. Incorporation of Fe sites into Co- and Ni-based oxide
OER catalysts has been previously demonstrated to enhance
OER catalysis due to the promotion of higher valent Co sites due
to Fe Lewis acidity, by incorporating highly active Fe sites in
a conductive Co or Ni matrix, or by modifying interfacial
interactions between solvent, intermediates, and active sites,

though an agreed-upon mechanism is lacking.”*"°
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Beginning with the best performing HER material (6.5% P),
we incorporated Fe into CoP, by immersing the catalyst into an
80 °C aqueous solution of FeCl, (0.1 M) for selected amounts of
time (30 s to 60 min). The resulting films (Fig. S117) were
denoted by their overall Fe vs. Co atomic composition, though
the Fe was more concentrated near the surface (Fig. S127).
Immersion times beyond 60 min did not increase the Fe
concentration. Systematically increased Fe incorporation
resulted in increased OER activity and decreased Tafel slopes
(Fig. 4c and d). The incorporation of Fe into the material led to
only small decreases in HER activity, which were outweighed by
the gains made on the OER end (Fig. S13at). The incorporation
of Fe led a decrease in water oxidation overpotential at 10 mA
ecm > by ~60 mV and an overall water electrolysis voltage
decrease from 1.67 V to 1.63 V at 10 mA cm > (Fig. S13b¥).

While the operando mass change for CoFeP, was similar to
CoP, (Fig. S14t), Raman spectroscopy revealed a distinct set of
bands under reaction conditions (Fig. 4a and S15%). At —0.6 V
vs. NHE, the spectrum resembled that of Co;_,Fe,O,4, primarily
evidenced through a widened and blue-shifted band at
~677 em™~ .77 This material also features a spinel-like crystal
structure similar to Coz0, observed for CoP, under similar
voltages. The CoFeP, spectrum continued to evolve at more
positive voltages, with the ~677 cm™" band being diminished
and peaks arising in the 420-580 cm™' range. Cos;_,Fe,O,4
polarized at oxidizing potentials and CoFe layered double
hydroxides have Raman features centered in this range.®>*
Furthermore, we do not observe Raman features associated any
pure iron oxide/oxyhydroxide phase, indicating a lack of
obvious phase segregation.®>**

Post-electrolysis IR spectra (Fig. S16t) point to interconver-
sions between a cobalt-iron mixed-metal spinel (bands at
499 cm ! and 623 cm '), to a layered (oxy)hydroxide (band at
846 cm™').**® Shifted band positions and altered potential-
dependent spectral transitions relative to what was observed
for CoP,, provide further evidence of Fe substitution within the
surface domains. Given the whole of the data, we believe that
the mixed-metal (oxy)hydroxide OER active phase of CoFeP, also
retains the layered structure with a high amount of accessible
surface area and additional electronic and catalytic benefits
conferred by the added-in iron species. The end-result of our
iterative cycle is presented in Fig. 4f. For a benchmark 10 mA
cm ™ ? for overall water electrolysis, a net gain of ~210 mV over
electrodeposited Co and ~70 mV over CoP, was attained (Fig. 4f
inset). The CoFeP, displayed stability for >200 h under chro-
nopotentiometric measurements (Fig. S177). Surface regenera-
tion through bias switching may be applied for even longer
operating lifetimes in commercial applications.****

The faradaic yields for H, and O, for CoFeP, were quantita-
tive (Fig. S18a and bf). In addition, the yield for H, under an
operating current of 10 mA cm™> was not significantly dimin-
ished in the presence of oxygen, when running electrolysis in
a 1-compartment cell and decreased to ~90% in a fully air-
saturated electrolyte (Fig. S19t). We refer the interested reader
to a review on oxygen tolerant catalysis for further insights.®”
Overall, this represents, to the best of our knowledge, the first
example of systematically improved activity for both reactions

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 High performance water electrolysis. Overall water electrolysis with the optimized CoFeP, catalyst as the cathode and anode (a). Linear
sweep measurements show the onset of water electrolysis at ~1.6 V for CoFeP, deposited on planar copper and ~1.5 V when CoFeP, is
deposited on a high surface area nickel foam substrate (b). The nickel foam contribution is negligible in this range. A voltage of 1.62 V and 1.50 V
was necessary to drive the overall water electrolysis at 10 mA cm~2 for CoFeP, on copper and nickel foam, respectively, and did not significantly
increase over the course of 50 hours (c). All measurements conducted in 1.0 M KOH at 25 °C.

of a bifunctional catalyst using insights gained through oper-
ando characterization.

Finally, we demonstrate the excellent performance of the
CoFeP, catalyst in alkaline electrolysis for overall water elec-
trolysis measurements in a 2-electrode configuration (Fig. 5a).
CoFeP, on a planar copper foil required ~1.6 V to attain 10 mA
cm ™ towards overall water splitting (Fig. 5b). In order to
compare to commercial electrolyzers, which commonly take
advantage of high surface area substrates, CoFeP, was also
deposited on a nickel foam substrate (Fig. S21-S247). Due to an
increased quantity of active sites per projected area, both the
current densities of HER and OER were increased (Fig. S21-
S247%).

In a 2-electrode configuration, the net effect was a decrease
in total voltage to ~1.5 V to reach 10 mA cm > (Fig. 5b). The bare
nickel foam, a common material in alkaline electrolyzers,
needed almost 1.8 V to match the equivalent current density.
After 50 h of continuous operation, only minimal losses (~30
mV) were experienced (Fig. 5¢) in a demonstration for CoFeP,
practical applicability. The exact thermodynamic potential of
HER and OER half-reactions is difficult to determine in extreme
PH conditions, but our two-electrode experiments with the
bifunctional catalyst give a unique opportunity to quantitatively
gauge performance because the potential difference between
the reductive and oxidative reactions is always constant.
Therefore, the total overpotential (nuer + 7orr), With the
inclusion of other resistance losses, can be exactly determined.
Further approaching the operating conditions of typical alka-
line fuel cells (10 M KOH at 80 °C), the CoFeP, catalyst,
deposited on Ni foam can drive an overall water electrolysis
current of 100 mA cm™~? at 1.5 V (Fig. S25). For reference,
a comparison to the best performing bifunctional catalysts in
the literature is reported in Table S2.}

Conclusions

In conclusion, we present a study for catalyst development
through a cycle of synthesis, characterization, analysis, and re-
design. We investigated an amorphous cobalt phosphide

This journal is © The Royal Society of Chemistry 2018

bifunctional catalyst with an array of ex situ and operando
methods to elucidate its behavior under operating conditions.
Capturing the potential-dependent surface-active species with
our multi-modal approach aided us in devising a strategy to
rationally enhance the activity of those sites. Doing so, we
designed a CoFeP, material improving upon the original for
HER and OER reactivity and capable of overall water electrolysis
at 1.5 Vin 1 M KOH electrolyte. Overall, the work presented here
advances the understanding of amorphous materials and their
catalytically active dynamics and interfaces. Furthermore, this
set of techniques and analytical approach is also not restricted
to water splitting catalysts and can benefit a wide range of
catalytic reactions such as CO, and N, reduction.

Experimental section
Electrochemistry

The precursor solution for CoP, consisted of sodium acetate
(0.1 M), cobalt chloride (0.05 M), and sodium hypophosphite
(1.0 M). The P content was modified by varying the sodium
hypophosphite concentration (0, 0.03, 0.1, 0.5, 1.0, 3.0 M), while
keeping the concentrations of the other precursors constant.
CoP, was electrodeposited through 16 CV cycles between —0.1
and —0.8 V vs. NHE onto a cleaned copper, nickel-foam, or
fluorine-doped tin oxide (FTO) substrate, with a typical elec-
trode area of 0.1 cm ", Iron was doped into the CoP, film by
immersing the CoP, post-synthesis into a solution of iron(u)
chloride (100 mM) at 80 °C for times of 30 s, 5 min, 15 min, and
60 min. Following synthesis, the substrates were thoroughly
rinsed with water. A two-compartment cell was utilized, unless
specified otherwise. For two-electrode overall water electrolysis
measurements, experiments were conducted in a 1-compart-
ment cell in a nitrogen atmosphere to minimize resistance
between the two electrodes. In a three electrode configuration,
a Ag/AgCl reference electrode and a glassy carbon rod counter
electrode were utilized. All measurements were conducted at
~25 °C. The catalytic activity of CoP, and CoFeP, films were
studied a KOH electrolyte solution (typically 1.0 M) under
a nitrogen atmosphere. Each film was tested for HER and OER

Chem. Sci,, 2018, 9, 5322-5333 | 5329
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activity in a CV scan (5 mV s~ '), allowing for the total voltage of
overall water electrolysis to be accurately recorded. IR
compensation (~1 ohm, determined through electrochemical
impedance spectroscopy) was performed to account for solution
resistance. Prior to each CV, the catalyst film was held at —0.8 V
vs. NHE for 150 s to activate the HER active state. Chro-
nopotentiometric stability scans were performed at +10 and
—10 mA cm >, Current densities were plotted using the pro-
jected surface area. The actual surface area is much greater and
estimates of the actual surface area, leading to an enhanced
activity are provided in Fig. S23 and S24.1 Alvatek Ivium Com-
pactStat and IviumStat potentiostats were used for electro-
chemistry experiments. Reference electrodes were tested after
prolonged measurements to exclude effects of potential drifts
on measurements.

X-ray absorption spectroscopy

XAS data of CoP, films were acquired at B18 beamline at Dia-
mond Light Source in transmission and total electron yield
mode. Energy calibration was performed using a series of
standards (e.g. Co foil). CoP, was electrodeposited onto a thin
~250 um class cover slip coated with FTO for optimal signal
quality. Phosphorus XAS data were acquired in an oxygen-free
chamber. XANES normalization and processing was per-
formed with Athena software to remove pre- and post-edge
contributions. Artemis, IFEFFIT and Feff 6 software were
utilized to EXAFS data processing and analysis.®**° EXAFS data
were fit according the EXAFS equation:

N-:
x(k) = S0* s Fik)e e 2R sin kR, — (k)

i

Experimental data were fit with ab initio phases and ampli-
tudes used in the EXAFS equation to fit the experimental data. A
Hanning window was utilized for the Fourier-transform of the
data. In the fitting, N; were coordination numbers of the central
atom located at a distance of R;. F(k) is the amplitude function
of each shell. The amplitude reduction factor, S, is intrinsic to
the central atom and accounts for shakeup processes. This
value was 0.76 for Co and was held consistent throughout all
fitting. The Debye-Waller term, e 2%’ factors in thermal and/
or structural disorder. The mean free path term, e 29" where
A;, is the photoelectron mean free path, accounts for amplitude
losses in inelastic scattering. The sinusoidal component:
sin(2kR; + ¢4k)), accounts for the periodicity in the X-ray
absorption coefficient. Here, ¢,(k) is the phase function for
the coordination shell, i. Throughout the EXAFS fitting process,
all variables were fixed except for R;, N, and ¢;, which were
allowed to float. Established crystal structures of hexagonal
close packed cobalt metal, CoO, CoP, and Co,P were used as
standard models for fitting. Additional EXAFS fitting is pre-
sented in Table S2, Fig. S27 and S28.}

X-ray photoelectron spectroscopy

XPS spectra were taken using an ESCALAB 250Xi instrument.
Prior to data acquisition, the surface of each sample was etched
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away to remove contaminants and any native oxide layers.
Quantitative peak fitting was performed after a Shirley-type
function removed the background arising from energy loss.
Following this, processed spectra were fitted to a series of
Voight-type peaks to take in consideration spectrometer
(Gaussian) and lifetime (Lorentzian) broadening.

Electron microscopy

Scanning electron microscopy was performed with a FEI Philips
XL30 FEG SEM. Imaging was performed at 5 keV while EDS
analysis was performed at 20 keV, which captured mainly bulk
composition due to the electron beam penetration depth at this
voltage. EDS line scan cross-section analysis was acquired at
a 90 degree tilt.

Quartz crystal microbalance measurements

QCM measurements were performed with a Biolin Q-sense
explorer module. A custom QCM cell was used that allowed
QCM measurements to be conducted simultaneously with
optical measurements through a quartz top window. A gold
coated quartz chip served as both a working electrode and
piezoelectric sensor. All measurements were conducted in flow-
mode. All harmonics gave similar signals during the measure-
ments, and the 3™ harmonic was used for quantification.
Changes in mass were quantified using the Sauerbrey equation:

W,
A,/Palyq

where f, is the resonance frequency of the quartz oscillator, 4 is
the piezoelectrically active crystal area, Am is the change in
mass, pq is the density of quartz, and ug is the shear modulus of
quartz. Mass losses were reversible over multiple CV cycles, run

at5mvs L

Af =

m

Raman spectroscopy

A Horiba Jobin Yvon Labram HR Evolution confocal Raman
instrument and Labspec software were utilized to acquire
Raman spectra. Raman spectra were acquired with a 473 nm
diode laser operating at 1 mW laser power. Sample integrity was
confirmed by (1) comparing spectra at varying laser intensity
and (2) by monitoring for any changes in spectral shape over
time. Furthermore, during spectral acquisition, the sample was
continually raster scanned to minimize exposure to any single
area. To acquire spectra operando, the same cell was used as for
QCM measurements. All Raman measurements were performed
under steady state conditions in a stepped-chronoamerometry
mode following QCM analysis. All spectral changes were
reversible upon switching back to the original voltage. Experi-
mental spectra of CoP, and CoFeP, were compared to those
obtained from commercially available standards (Fig. S267).

Infrared spectroscopy

Attenuated total reflection Infrared (ATR-IR) spectra of CoP, and
CoFeP, post-electrolysis samples were obtained by using
a Thermo Scientific Nicolet iS 50 FT-IR spectrometer, equipped

n
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with a diamond single-reflection crystal, a DLaTGS detector and
a Polaris™ IR radiation source. Spectra were acquired in the
spectral region between 4000 and 400 cm™ ' with a spectral
resolution of 4 cm™". Each spectrum is accumulated by 200
scans in total. ATR-IR spectra were evaluated using Bio-Rad
Win-IR Pro software.

Determination of faradaic yields

Headspace H, was quantified using gas chromatography (Shi-
madzu GC equipped with a Mol-sieve column). GC calibration
was performed with known quantities of H, and CH, to
precisely quantify the response factors for each gas over the
range of our experimental data and quantify their response
factor ratio (H,/CH, response factor) as well. CH, was utilized as
an internal standard to account for any potential leakage of gas
out of the electrolysis cell.

Prior to electrolysis, the two-compartment reaction cell was
purged with 2% CH, in N, as the internal standard for 30
minutes. At periodic intervals, gas extracted from the reactor
and injected into the GC using a gas-tight syringe. Faradaic O,
yields were recorded using an Ocean Optics NeoFox Fospor
fluorescent sensor, connected into the reaction cell through
a fiber-optic cable, and Neofox Viewer software. Dissolved O,
was accounted for through Henry's Law.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We thank the Diamond Light Source for the award of beam time
on B18 as part of the Energy Materials Block Allocation Group
under proposal SP14239. N. K. acknowledges the Royal Society
Newton International Fellowship, NF160054. We acknowledge
the ERC Consolidator Grant ‘MatEnSAP’ (682833) and thank Dr
Moritz F. Kuehnel, Mr Andreas Wagner, Dr Khoa Ly and Dr
Bertrand Reuillard for discussions. We thank Mr Chris Amey for
XPS data.

Notes and references

1 N. S. Lewis and D. G. Nocera, Proc. Natl. Acad. Sci. U. S. A.,
2006, 103, 15729-15735.

2 M. Carmo, D. L. Fritz, J. Mergel and D. Stolten, Int. J.
Hydrogen Energy, 2013, 38, 4901-4934.

3 K. Zeng and D. Zhang, Prog. Energy Combust. Sci., 2010, 36,
307-326.

4 J. Willkomm, N. M. Muresan and E. Reisner, Chem. Sci.,
2015, 6, 2727-2736.

5 V. S. Thoi, N. Kornienko, C. G. Margarit, P. Yang and
C.]J. Chang, J. Am. Chem. Soc., 2013, 135, 14413-14424.

6 G. A. Somorjai and Y. Li, Introduction to surface chemistry and
catalysis, John Wiley & Sons, 2010.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Chemical Science

7 S. Cobo, J. Heidkamp, P.-A. Jacques, J. Fize, V. Fourmond,
L. Guetaz, B. Jousselme, V. Ivanova, H. Dau, S. Palacin,
M. Fontecave and V. Artero, Nat. Mater., 2012, 11, 802-807.

8 D. MerKki, S. Fierro, H. Vrubel and X. Hu, Chem. Sci., 2011, 2,
1262-1267.

9 A. Indra, P. W. Menezes, N. R. Sahraie, A. Bergmann, C. Das,
M. Tallarida, D. Schmeifer, P. Strasser and M. Driess, J. Am.
Chem. Soc., 2014, 136, 17530-17536.

10 N.Jiang, B. You, M. Sheng and Y. Sun, Angew. Chem., Int. Ed.,
2015, 54, 6251-6254.

11 F. H. Saadi, A. I. Carim, E. Verlage, J. C. Hemminger,
N. S. Lewis and M. P. Soriaga, J. Phys. Chem. C, 2014, 118,
29294-29300.

12 S. Anantharaj, P. N. Reddy and S. Kundu, Inorg. Chem., 2017,
56, 1742-1756.

13 1. Paseka and J. Velicka, Electrochim. Acta, 1997, 42, 237-242.

14 B. C. M. Martindale and E. Reisner, Adv. Energy Mater., 2016,
6, 1502095.

15 M. W. Kanan and D. G. Nocera, Science, 2008, 321, 1072-1075.

16 C. Liu, B. C. Colon, M. Ziesack, P. A. Silver and D. G. Nocera,
Science, 2016, 352, 1210-1213.

17 B. A. Pinaud, J. D. Benck, L. C. Seitz, A. J. Forman, Z. Chen,
T. G. Deutsch, B. D. James, K. N. Baum, G. N. Baum, S. Ardo,
H. Wang, E. Miller and T. F. Jaramillo, Energy Environ. Sci.,
2013, 6, 1983-2002.

18 A. Brenner, D. E. Couch and E. K. Williams, J. Res. Natl. Bur.
Stand., 1950, 44, 109-122.

19 Z. Yin, M. Kasrai, G. M. Bancroft, K. H. Tan and X. Feng,
Phys. Rev. B, 1995, 51, 742.

20 P. E. R. Blanchard, A. P. Grosvenor, R. G. Cavell and A. Mar,
Chem. Mater., 2008, 20, 7081-7088.

21 A. P. Grosvenor, S. D. Wik, R. G. Cavell and A. Mar, Inorg.
Chem., 2005, 44, 8988-8998.

22 J. Chastain, R. C. King and ]. F. Moulder, Handbook of X-ray
photoelectron spectroscopy: a reference book of standard spectra
for identification and interpretation of XPS data, Physical
Electronics Division, Perkin-Elmer Corporation Eden
Prairie, Minnesota, 1992.

23 J. B. Gerken, J. G. McAlpin, J. Y. C. Chen, M. L. Rigsby,
W. H. Casey, R. D. Britt and S. S. Stahl, J. Am. Chem. Soc.,
2011, 133, 14431-14442.

24 N. Kornienko, J. Resasco, N. Becknell, C.-M. Jiang, Y.-S. Liu,
K. Nie, X. Sun, J. Guo, S. R. Leone and P. Yang, J. Am. Chem.
Soc., 2015, 137, 7448-7455.

25 Y. Sun, C. Liu, D. C. Grauer, J. Yano, J. R. Long, P. Yang and
C.J. Chang, J. Am. Chem. Soc., 2013, 135, 17699-17702.

26 M. W. Kanan, J. Yano, Y. Surendranath, M. Dinca,
V. K. Yachandra and D. G. Nocera, J. Am. Chem. Soc., 2010,
132, 13692-13701.

27 D. K. Bediako, B. Lassalle-Kaiser, Y. Surendranath, J. Yano,
V. K. Yachandra and D. G. Nocera, J. Am. Chem. Soc., 2012,
134, 6801-6809.

28 B. Lassalle-Kaiser, D. Merki, H. Vrubel, S. Gul,
V. K. Yachandra, X. Hu and ]. Yano, J. Am. Chem. Soc.,
2015, 137, 314-321.

29 E. ]J. Popczun, C. G. Read, C. W. Roske, N. S. Lewis and
R. E. Schaak, Angew. Chem., Int. Ed., 2014, 53, 5427-5430.

Chem. Sci,, 2018, 9, 5322-5333 | 5331


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8sc01415a

Open Access Article. Published on 08 May 2018. Downloaded on 3/14/2026 3:48:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

30 J. Tian, Q. Liu, A. M. Asiri and X. Sun, J. Am. Chem. Soc., 2014,
136, 7587-7590.

31 Z. Huang, Z. Chen, Z. Chen, C. Lv, M. G. Humphrey and
C. Zhang, Nano Energy, 2014, 9, 373-382.

32 S. Bruckenstein and M. Shay, Electrochim. Acta, 1985, 30,
1295-1300.

33 D. A. Buttry and M. D. Ward, Chem. Rev., 1992, 92, 1355-1379.

34 1. Zegkinoglou, A. Zendegani, I. Sinev, S. Kunze, H. Mistry,
H. S. Jeon, J. Zhao, M. Y. Hu, E. Alp, M. Smialkowski,
U.-P. Apfel, F. Kérmann, J. Neugebauer, T. Hickel and
B. Roldan Cuenya, J. Am. Chem. Soc.,2017, 139, 14360-14363.

35 D. Gallant, M. Pezolet and S. Simard, J. Phys. Chem. B, 2006,
110, 6871-6880.

36 J. Yang, H. Liu, W. N. Martens and R. L. Frost, J. Phys. Chem.
C, 2010, 114, 111-119.

37 V.Hadjiev, M. Iliev and I. Vergilov, J. Phys. C Solid State Phys.,
1988, 21, L199-201.

38 T. Pauporte, L. Mendoza, M. Cassir, M. C. Bernard and
J. Chivot, J. Electrochem. Soc., 2005, 152, C49-C53.

39 J. Tyczkowski, R. Kapica and J. Lojewska, Thin Solid Films,
2007, 515, 6590-6595.

40 B. S. Yeo and A. T. Bell, J. Am. Chem. Soc., 2011, 133, 5587—
5593.

41 A. Boix, E. Mir6, E. A. Lombardo, M. Banares, R. Mariscal
and J. L. G. Fierro, J. Catal., 2003, 217, 186-194.

42 L. Alrehaily, J. Joseph, M. Biesinger, D. Guzonas and J. Wren,
Phys. Chem. Chem. Phys., 2013, 15, 1014-1024.

43 M. Inaba, Y. Iriyama, Z. Ogumi, Y. Todzuka and A. Tasaka, J.
Raman Spectrosc., 1997, 28, 613-617.

44 T. Jakubek, W. Kaspera, P. Legutko, P. Stelmachowski and
A. Kotarba, Catal. Commun., 2015, 71, 37-41.

45 P. Lemmens, V. Gnezdilov, N. N. Kovaleva, K. Y. Choi,
H. Sakurai, E. Takayama-Muromachi, K. Takada, T. Sasaki,
F. C. Chou, D. P. Chen, C. T. Lin and B. Keimer, J. Phys.:
Condens. Matter, 2004, 16, S857-S865.

46 G. Gouadec and P. Colomban, Prog. Cryst. Growth Charac.
Mater., 2007, 53, 1-56.

47 C. Barbero, G. A. Planes and M. C. Miras, Electrochem.
Commun., 2001, 3, 113-116.

48 C. N. Polo da Fonseca, M. A. De Paoli and A. Gorenstein, Adv.
Mater., 1991, 3, 553-555.

49 X. H. Xia, J. P. Tu, J. Zhang, X. H. Huang, X. L. Wang,
W. K. Zhang and H. Huang, Electrochem. Commun., 2008,
10, 1815-1818.

50 L. D. Burke, M. E. Lyons and O. J. Murphy, J. Electroanal.
Chem. Interfacial Electrochem., 1982, 132, 247-261.

51 W. Jastrzebski, M. Sitarz, M. Rokita and K. Bulat,
Spectrochim. Acta, Part A, 2011, 79, 722-727.

52 Y. Li, W. Qiu, F. Qin, H. Fang, V. G. Hadjiev, D. Litvinov and
J. Bao, J. Phys. Chem. C, 2016, 120, 4511-4516.

53 A. D. Jagadale, D. P. Dubal and C. D. Lokhande, Mater. Res.
Bull., 2012, 47, 672-676.

54 M. Pourbaix, Atlas of electrochemical equilibria in aqueous
solutions, 1966.

55 J. Zhang, W. Xiao, P. Xi, S. Xi, Y. Du, D. Gao and ]. Ding, ACS
Energy Lett., 2017, 2, 1022-1028.

5332 | Chem. Sci., 2018, 9, 53225333

View Article Online

Edge Article

56 J. K. Nogrskov, T. Bligaard, A. Logadottir, J. R. Kitchin,
J. G. Chen, S. Pandelov and U. Stimming, J. Electrochem.
Soc., 2005, 152, J23-]26.

57 L.-A. Stern, L. Feng, F. Song and X. Hu, Energy Environ. Sci.,
2015, 8, 2347-2351.

58 Y.-P. Zhu, Y.-P. Liu, T.-Z. Ren and Z.-Y. Yuan, Adv. Funct.
Mater., 2015, 25, 7337-7347.

59 M. Zhang, M. De Respinis and H. Frei, Nat. Chem., 2014, 6,
362-367.

60 M. Bajdich, M. Garcia-Mota, A. Vojvodic, J. K. Ngrskov and
A. T. Bell, J. Am. Chem. Soc., 2013, 135, 13521-13530.

61 M. Favaro, J. Yang, S. Nappini, E. Magnano, F. M. Toma,
E. J. Crumlin, J. Yano and I. D. Sharp, J. Am. Chem. Soc.,
2017, 139, 8960-8970.

62 J. Chen and A. Selloni, J. Phys. Chem. C, 2013, 117, 20002-
20006.

63 C.-W. Tung, Y.-Y. Hsu, Y.-P. Shen, Y. Zheng, T.-S. Chan,
H.-S. Sheu, Y.-C. Cheng and H. M. Chen, Nat. Commun.,
2015, 6, 8106.

64 Y.-C. Liu, J. A. Koza and J. A. Switzer, Electrochim. Acta, 2014,
140, 359-365.

65 E.]J. Little Jr and M. M. Jones, J. Chem. Educ., 1960, 37, 231-
233.

66 E. Skalason, V. Tripkovic,c M. E. Bjorketun,
S. Gudmundsdottir, G. Karlberg, J. Rossmeisl, T. Bligaard,
H. Jonsson and J. K. Nerskov, J. Phys. Chem. C, 2010, 114,
18182-18197.

67 M. Gong, W. Zhou, M.-C. Tsai, J. Zhou, M. Guan, M.-C. Lin,
B. Zhang, Y. Hu, D.-Y. Wang, J. Yang, S. ]J. Pennycook,
B.-J. Hwang and H. Dai, Nat. Commun., 2014, 5, 4695.

68 P. Chen, T. Zhou, M. Zhang, Y. Tong, C. Zhong, N. Zhang,
L. Zhang, C. Wu and Y. Xie, Adv. Mater., 2017, 29, 1701584.

69 R. Subbaraman, D. Tripkovic, D. Strmcnik, K.-C. Chang,
M. Uchimura, A. P. Paulikas, V. Stamenkovic and
N. M. Markovic, Science, 2011, 334, 1256-1260.

70 M. W. Louie and A. T. Bell, J. Am. Chem. Soc., 2013, 135,
12329-12337.

71 M. S. Burke, M. G. Kast, L. Trotochaud, A. M. Smith and
S. W. Boettcher, J. Am. Chem. Soc., 2015, 137, 3638-3648.

72 N.Li, D. K. Bediako, R. G. Hadt, D. Hayes, T. J. Kempa, F. von
Cube, D. C. Bell, L. X. Chen and D. G. Nocera, Proc. Natl.
Acad. Sci. U. S. A., 2017, 114, 1486-1491.

73 M. Gorlin, P. Chernev, ]J. Ferreira de Aratjo, T. Reier,
S. Dresp, B. Paul, R. Krdhnert, H. Dau and P. Strasser,
J. Am. Chem. Soc., 2016, 138, 5603-5614.

74 M. Gorlin, J. Ferreira de Aradjo, H. Schmies, D. Bernsmeier,
S. Dresp, M. Gliech, Z. Jusys, P. Chernev, R. Kraehnert,
H. Dau and P. Strasser, J. Am. Chem. Soc., 2017, 139, 2070-
2082.

75 D. Friebel, M. W. Louie, M. Bajdich, K. E. Sanwald, Y. Cali,
A. M. Wise, M.]J. Cheng, D. Sokaras, T.-C. Weng,
R. Alonso-Mori, R. C. Davis, J. R. Bargar, J. K. Ngrskov,
A. Nilsson and A. T. Bell, . Am. Chem. Soc., 2015, 137,
1305-1313.

76 C.Yang, O. Fontaine, J.-M. Tarascon and A. Grimaud, Angew.
Chem., Int. Ed., 2017, 56, 8652-8656.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8sc01415a

Open Access Article. Published on 08 May 2018. Downloaded on 3/14/2026 3:48:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

77 N. Bahlawane, P. H. T. Ngamou, V. Vannier, T. Kottke,
J. Heberle and K. Kohse-Hoéinghaus, Phys. Chem. Chem.
Phys., 2009, 11, 9224-9232.

78 J. Fu, C. J. DeSantis, R. G. Weiner and S. E. Skrabalak, Chem.
Mater., 2015, 27, 1863-1868.

79 T. M. A. Bui, H. Le Trong, L. Presmanes, A. Barnabé,
C. Bonningue and P. Tailhades, CrystEngComm, 2014, 16,
3359-3365.

80 F. Yang, K. Sliozberg, I. Sinev, H. Antoni, A. Bihr, K. Ollegott,
W. Xia, J. Masa, W. Griinert, B. Roldan Cuenya, W. Schuhmann
and M. Mubhler, ChemSusChem, 2017, 10, 156-165.

81 G. V. Jacintho, A. G. Brolo, P. Corio, P. A. Suarez and
J. C. Rubim, J. Phys. Chem. C, 2009, 113, 7684-7691.

82 D. Bersani, P. Lottici and A. Montenero, J. Raman Spectrosc.,
1999, 30, 355-360.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Chemical Science

83 D. L. A. de Faria, S. Venancio Silva and M. De Oliveira,
J. Raman Spectrosc., 1997, 28, 873-878.

84 T. Baird, K. C. Campbell, P. J. Holliman, R. Hoyle, G. Noble,
D. stirling and B. P. Williams, J. Mater. Chem., 2003, 13,
2341-2347.

85 H. C. Bruun Hansen, C. Bender Koch and R. M. Taylor,
J. Solid State Chem., 1994, 113, 46-53.

86 E. Uzunova, D. Klissurski, I. Mitov and P. Stefanov, Chem.
Mater., 1993, 5, 576-582.

87 D. W. Wakerley and E. Reisner, Energy Environ. Sci., 2015, 8,
2283-2295.

88 M. Newville, J. Synchrotron Radiat., 2001, 8, 322-324.

89 B. Ravel and M. Newville, J. Synchrotron Radiat., 2005, 12,
537-541.

90 B. Ravel, J. Synchrotron Radiat., 2001, 8, 314-316.

Chem. Sci,, 2018, 9, 5322-5333 | 5333


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8sc01415a

	Catalysis by design: development of a bifunctional water splitting catalyst through an operando measurement directed optimization cycleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc01415a
	Catalysis by design: development of a bifunctional water splitting catalyst through an operando measurement directed optimization cycleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc01415a
	Catalysis by design: development of a bifunctional water splitting catalyst through an operando measurement directed optimization cycleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc01415a
	Catalysis by design: development of a bifunctional water splitting catalyst through an operando measurement directed optimization cycleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc01415a
	Catalysis by design: development of a bifunctional water splitting catalyst through an operando measurement directed optimization cycleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc01415a
	Catalysis by design: development of a bifunctional water splitting catalyst through an operando measurement directed optimization cycleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc01415a
	Catalysis by design: development of a bifunctional water splitting catalyst through an operando measurement directed optimization cycleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc01415a
	Catalysis by design: development of a bifunctional water splitting catalyst through an operando measurement directed optimization cycleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc01415a
	Catalysis by design: development of a bifunctional water splitting catalyst through an operando measurement directed optimization cycleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc01415a
	Catalysis by design: development of a bifunctional water splitting catalyst through an operando measurement directed optimization cycleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc01415a
	Catalysis by design: development of a bifunctional water splitting catalyst through an operando measurement directed optimization cycleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc01415a
	Catalysis by design: development of a bifunctional water splitting catalyst through an operando measurement directed optimization cycleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc01415a
	Catalysis by design: development of a bifunctional water splitting catalyst through an operando measurement directed optimization cycleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc01415a

	Catalysis by design: development of a bifunctional water splitting catalyst through an operando measurement directed optimization cycleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc01415a
	Catalysis by design: development of a bifunctional water splitting catalyst through an operando measurement directed optimization cycleElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc01415a




