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Laser Fragmentation-Induced Defect-Rich Cobalt Oxide
Nanoparticles for Electrochemical Oxygen Evolution

Reaction

Mingquan Yu,” Friedrich Waag,™ 9 Candace K. Chan,” ¥ Claudia Weidenthaler,”

Stephan Barcikowski,™ 9 and Harun Tiysiiz*?

Sub-5 nm cobalt oxide nanoparticles are produced in a flowing
water system by pulsed laser fragmentation in liquid (PLFL).
Particle fragmentation from 8 nm to 4 nm occurs and is attrib-
uted to the oxidation process in water where oxidative species
are present and the local temperature is rapidly elevated
under laser irradiation. Significantly higher surface area, crystal
phase transformation, and formation of structural defects
(Co*" defects and oxygen vacancies) through the PLFL process
are evidenced by detailed structural characterizations by nitro-
gen physisorption, electron microscopy, synchrotron X-ray dif-
fraction, and X-ray photoelectron spectroscopy. When em-

Introduction

As the energy crisis and environmental pollution increase,
public interest and research topics have increasingly focused
on developing a sustainable energy conversion/storage system
with high efficiency and economical scalability." Water split-
ting provides a promising path for converting renewable
energy into hydrogen, a clean fuel that can be consumed for
various energy demands.”? The anodic half reaction, the
oxygen evolution reaction (OER), is very challenging and has
been considered as the bottleneck for overall water splitting as
a large overpotential is needed to drive this thermodynamical-
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ployed as electrocatalysts for the oxygen evolution reaction
under alkaline conditions, the fragmented cobalt oxides exhibit
superior catalytic activity over pristine and nanocast cobalt
oxides, delivering a current density of 10 mAcm 2 at 369 mV
and a Tafel slope of 46 mVdec ', which is attributed to a larger
exposed active surface area, the formation of defects, and an
increased charge transfer rate. The study provides an effective
approach to engineering cobalt oxide nanostructures in a flow-
ing water system, which shows great potential for sustainable
production of active cobalt catalysts.

ly uphill reaction of four-proton-coupled electron transfer.”’ To
lower the energy barrier, catalyzing OER requires active electro-
catalysts for competitive energy conversion efficiency. Howev-
er, most active OER electrocatalysts are still based on noble
metal/metal oxides (e.g., Pt, RuO,, and IrO,), which limits their
large-scale application for water splitting considering the pro-
hibitive price and elemental scarcity of noble metals.*** There-
fore, it is crucial to design efficient catalysts based on abun-
dant transition metals that may be feasible for commercial
mass manufacture.

Owing to their low cost and 3d electron configuration, first-
row transition metal based catalysts have been intensively
studied as alternatives to noble metal catalysts,”” in various
forms such as oxides,®®® perovskites,® (oxy)hydroxides,®”
phosphates,’® and metal-organic frameworks.”’ Of these mate-
rials, spinel Co;0, is particularly interesting, owing to its:
(1) high catalytic activity,® (2) satisfactory stability under reac-
tion conditions,"” and (3) applicability over a broad range of
pH conditions.” When employed as the electrocatalyst for
OER, which occurs on the surface, the catalytic activity of
Co;0, can be improved by nanostructuring, which is a straight-
forward strategy to provide more active sites with higher sur-
face area. Different synthetic approaches have thus been de-
veloped to prepare nanostructured Co;0, such as hydrother-
mal methods,"? nanocasting,®® and plasma engraving."?
Moreover, theoretical calculations have revealed that tuning
the electronic state of Co;0, modulates the adsorption energy
of intermediate species to lower the energy barrier™ This can
be achieved by substitution of a foreign element (e.g., Ni, Cr,
Cu),P<™ defect formation,"*'® and constructing hybrid struc-
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tures."”? Despite the massive amount of work on developing

cobalt oxide catalysts, there is still a challenge to fabricate
cobalt oxide in a scalable system, which delivers nanoscale
morphology with modified electrical structure for efficient OER
catalysis.

Recently, laser-induced engineering of materials has been
adopted to effectively reduce particle sizes with a narrow size
distribution.® As no surfactants are required during the pro-
cess, with simply pure water employed as the solvent, the
products from laser synthesis expose a clean surface without
the surface-blocking effect of molecular ligands or residues of
chemical precursors."™ In addition, high temperature and pres-
sure can be generated locally upon laser irradiation, followed
by a rapid cooling down of the products. Such a process nor-
mally induces formation of defects and structural disorder in
the obtained product, resulting in not only reduced particle
size but also modulated electronic states.®'? A large range of
starting materials could be subjected to laser irradiation for ef-
ficient structural engineering, including metal colloids, ionic
crystal powders, and semiconductors."® Remarkably, this tech-
nology is appealing for material synthesis owing to its simple
preparation process compared with chemical synthesis.'*
Therefore, laser irradiation is a desirable technology to prepare
cobalt oxide based electrocatalysts for OER. In a pioneering
work, nanoparticles with broad size distributions from nano-
meters to micrometers were produced by pulsed laser frag-
mentation in liquid (PLFL) of cobalt and cobalt oxides (CoO
and Co;0,) powders dispersed in different solvents.”™ Whereas
Co;0, was obtained for all educt powders during PLFL in
water, the crystal structure remained unchanged during PLFL
in hexane. Subsequent studies focused on a water-based PLFL
approach to produce Co;0, particles with a controlled particle
size for applications in electrochemical catalysis.'"**" However,
these reported PLFL approaches took place in a stationary con-
tainer, for example, a beaker, with up to hours of irradiation
using nanosecond-pulsed laser beams, which hindered its ap-
plicability in terms of practical material production. Recently,
some of us reported a synthesis method to treat commercial
CoFe,0, powder by employing PLFL.?? Reduced particle size
and structural disorder were induced on CoFe,0, particles that
were dispersed in water and irradiated in a flowing system by
a picosecond-pulsed laser beam. As discussed, when water is
used as a solvent, the laser-irradiated product can be obtained
with clean surfaces without any organic residues. By tuning
the energy intensity of the laser, the particle concentration,
and the flow rate of the colloid, the physicochemical proper-
ties (band gap,”® crystal phase,?? and atomic disorder™) of
the targeted material can be tuned. In addition, ultrashort (pi-
cosecond)-pulsed laser beams allow a more efficient size re-
duction compared with longer, nanosecond-pulsed laser
beams owing to reduced heat loss.?? As this PLFL technique is
processed in a flowing system, continuous production of frag-
mented catalysts for large-scale synthesis is feasible. Further
upscaling of the process can be done by using a laser system
with higher average powers. Consequently, this continuous-
flow PLFL approach shows distinct advantages over batch
PLFL owning to these factors: (1) energy dose control on parti-
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cles, (2) shorter irradiation period, and (3) continuous produc-
tion, making it applicable for sustainable production processes
of nanomaterials."8 %%

In this work, we utilized PLFL in a water-flowing system to
engineer the structure of cobalt oxides (CoO and Co;0,) for
electrochemical OER. Spinel Co;0, was initially prepared by a
facile method with the utilization of coffee waste (CW) as a
sustainable hard template."™ Subsequently, a mild reduction
procedure was applied to obtain CoO while maintaining the
mesoporous structure comprised of approximately 8 nm parti-
cles. The subsequent PLFL treatment induced particle downsiz-
ing along with crystal oxidation in water on CoO, although no
significant changes were observed when the starting oxide
had a spinel phase. Particle fragmentation (from ca.8 nm to
ca. 4.2 nm) of CoO is proposed to be induced by the oxidation
process in water, where instant temperature elevation upon
laser irradiation-initiated fragmentation. An increased specific
surface area was thus exhibited for the fragmented CoO parti-
cles, as well as the formation of Co?" defects and oxygen va-
cancies owing to a fast heating/quenching process. It was then
found out that the obtained cobalt oxide with sub-5 nm nano-
particles could provide more catalytic sites and enable faster
electron transfer when serving as an OER electrocatalyst. As a
result, the fragmented and oxidized cobalt oxide shows a
much higher OER activity compared with those of the initial
oxides and also the ordered mesoporous Co;O, that were
nanocast from ordered mesoporous silica.

Results and Discussion

The synthetic strategies to obtain the cobalt oxide particles are
illustrated in Scheme 1. First, spinel Co;0, was prepared from a
scalable CW-templating method."” Through a simple impreg-
nation-calcination process, Co;0, nanoparticles with diameters
of approximately 8 nm were obtained (see the Supporting In-
formation, Figure S1). Along with the decomposition of metal
precursors to crystalize Co;0,, the CW template was removed
during the same calcination step in the presence of oxygen
(see the Supporting Information for the experimental details).
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Scheme 1. Preparation of cobalt oxide electrocatalysts by pulsed laser frag-
mentation in water.
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Distinct reflections in the X-ray diffraction (XRD) patterns of
the CW-templated oxides are well indexed to the spinel struc-
ture of Co;0, with Co®>" and Co®" located at tetrahedral and
octahedral sites, respectively (Figure S2). Then, the Co;0, was
exposed to a mild reduction step under ethanol vapor at
270°C to obtain cobalt monoxide (CoO). The XRD patterns of
the reduced oxide exhibited three reflections at 36.5°, 42.4°,
and 61.5°, which can be assigned to the (111), (200), and
(220) planes of cubic CoO, respectively. Afterwards, the CW-
templated Co;0, and CoO were irradiated with a picosecond
laser beam in suspension. The products were collected after
drying and labeled as Co;0,-L and CoO-L, respectively. When
Co;0,, which is a thermodynamically stable phase, was irradiat-
ed as the target material, the XRD patterns for the product
(Co50,-L) were similar to those for the starting material. In con-
trast, when CoO was irradiated with the laser beam, the XRD
results show an oxidation process from cubic CoO to spinel
Co;0, with broader peak widths, demonstrating that the PLFL
process led to an oxidation and crystal downsizing effect on
CoO. It should be noted that non-degassed, deionized water
was utilized as the solvent for the PLFL process. Dissolved mo-
lecular oxygen may have contributed to the oxidation of CoO.
In addition, laser-induced splitting of water molecules during
PLFL is known to lead to the formation of reactive oxygen spe-
CieS.[2°'25]

To confirm the oxidation process and obtain more accurate
information on the crystal structure, high-resolution XRD pat-
terns were measured by using synchrotron radiation. As start-
ing models for structure refinements, the crystal structures
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given in a previous study were used.”” The results from the

Rietveld analysis are listed in Table S1. The as-prepared CW-
Co;0, sample was phase pure with the standard spinel struc-
ture, whereas a mixture of Co;0, (5wt%) and CoO (95 wt%)
phases was observed in the ethanol-reduced sample, confirm-
ing the reduction effect from the ethanol treatment (Fig-
ure 1a,b). It should be noted that laboratory XRD using CuK,,,
radiation is not able to detect such a low concentration of
Co;0, (5wt% or 1.61 mol%). Cobalt-containing samples are
excited by the Cu radiation, which causes fluorescence radia-
tion. This also increases the noise of the measured data and is
one reason that cobalt phases of low content cannot be seen
clearly. After the PLFL process, similar XRD patterns were ob-
served on Co;0,-L compared with pristine Co;0,, apart from a
small amount of CoO generated owing to laser radiation (Fig-
ure 1¢). The formation of CoO was also observed when treat-
ing commercial CoFe,O, with the same PLFL process, with
thermal decomposition proposed as the reason.”? For CoO-L,
substantial oxidation had occurred in the sample, with only
5wt% of the CoO phase remaining (Figure 1d). More impor-
tantly, the oxidized phase was determined by structure refine-
ment to be Co®",,Co®",0%7, ,, which possesses 10% fewer
Co®™ cations in the tetrahedral sites of the perfect spinel struc-
ture, suggesting the formation of Co’" defects as well as
oxygen vacancies. It has been reported that instantaneous
temperature elevation upon picosecond laser irradiation can
initiate the formation of vacancy defects, including metal and
oxygen vacancies, which become trapped in the crystal with
subsequent quenching in water.!'8 1928
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Figure 1. Rietveld refinement analysis of synchrotron diffraction patterns of CW-templated Co,;0, (a), Co;0,-L (b), CoO (c), and CoO-L (d). The reflections
marked by the circles and triangles are indexed to spinel Co;0, and cubic CoO, respectively.
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Owing to the lower formation energy of Co®>" de-
fects than that of Co®" defects, Co®" defects are
preferentially generated in a Co;0, spinel struc-
ture,"” matching well with the observation in this
study. It has been well documented that introducing
vacancies is favorable for both electrocatalytic activi-
ty and structural stability. The formation of defects
results in distortion to neighboring atoms and elec-
tronic delocalization. Such effects can enhance the
charge transport in semiconductors and lower the
adsorption energy of water molecules, respectively,
which contribute to a higher electrocatalytic activi-
ty.'6181929 Fyrthermore, the structure distortion
helps to decrease the surface energy and hence
endow the defective Co;0, with better structural
stability."'®3"

The particle size and morphology were then ex-
amined by transmission and scanning electron mi-
croscopy (TEM, SEM). Consistent with the XRD result,
a similar morphology was exhibited for Co;O,-L,
where nanoparticles of approximately 8 nm were in-
terconnected to form a mesoporous structure (Fig-
ure S3). Owing to the mild reduction conditions
(270°C for 2 h), particles were not grown or aggre-
gated on CoO, as shown in Figure 2a. A closer ex-
amination at higher magnification confirms the high
crystallinity with clear lattice fringes (Figure 2b). The
space between lattice fringes was measured to be
0.213 nm and 0.246 nm, corresponding to the (200)
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h 140
and (111) planes of cubic CoO, respectively. After gSS- 4.2 0.6 nm =%:?>g-L Em- Co0: 49 m’ g
the PLFL process, much smaller particles were 30 “onge ] CoO-L:136m?g"
formed on CoO-L, as shown in Figure 2¢, compared %25- 8.0+0.9nm 5
with the TEM image of the initial CoO. In Figure 2d, § 201 3
the observed lattice fringes in the CoO-L crystallites & 1% H
correspond to planes in spinel Co;0,, supporting the 101 E-
XRD result on the laser-induced oxidation effect. 5 1 i I g
Meanwhile, vacancy sites (marked with yellow circles R 8 10 12 @ by 02 04 06 08 10

in Figure S4) were observed in the crystal structure,
suggesting the laser-induced formation of defects
on CoO-L. This is in line with the Rietveld analysis of
XRD patterns obtained by synchrotron measure-
ments. To check the fragmentation effect of PLFL,
the average particle size was then calculated based
on 120 particle counts (Figure S5). As seen in Figure 29, the
average particle size of 8 nm was dramatically decreased to
42 nm for CoO after laser irradiation. Furthermore, SEM
images provide a visualized downsizing effect comparing the
particles of CoO (Figure 2e) and CoO-L (Figure 2 f), which were
interconnected to form a mesoporous structure.

Normally, particle size reduction contributes to a higher spe-
cific surface area, which can be examined by nitrogen physi-
sorption measurements. The mesoporous structure of these
oxides was confirmed from the typical type IV isotherms (Fig-
ure 2h and Figure S6). The same Brunauer-Emmett-Teller (BET)
surface area of 46 m*g~' was measured for Co;0, and Co;0,-L,
slightly lower than that of CoO (49 m?g~"). CoO-L showed a
very high BET surface area of 136 m*g ™, agreeing well with

ChemSusChem 2020, 13, 520528 www.chemsuschem.org

Particle size (nm) Relative Pressure (p/p®)

Figure 2. TEM (a, ¢), high-resolution TEM (b, d), and SEM (e, f) of CoO and CoO-L, respec-
tively. (g) Particle size distribution histograms. (h) Nitrogen sorption isotherms. Insets in

(b) and (e) are the corresponding close-up of the marked rectangles (white color) show-
ing the lattice fringes.

the XRD and TEM results. For OER catalysts, such a high surface
area is highly desirable as more catalytic sites on the surface
could be exposed to the electrolyte.

To investigate the surface chemical state, X-ray photoelec-
tron spectroscopy (XPS) was carried out to study the oxidation
state of atoms in the top few layers. The binding energies of
fitted peaks in the Co2p and O1s regions are summarized in
Tables S2 and S3, respectively. In the high-resolution Co2p XPS
spectra (Figure 3), characteristic peaks of Co*" and Co®" were
fitted fo the Co2p,, and Co2p,,, peaks of Co;0, Co;0,-L, and
CoO-L,2" in good agreement with the XRD result that these
oxides mainly show the spinel structure of Co;0,. The peaks at
approximately 779.7 and 794.9 eV are ascribed to Co*", with
the peaks located at about 781.4 and 796.6 eV corresponding

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Co2p XPS spectra of Co;0,, Co;0,-L, CoO, and CoO-L.

to Co?*.1%2293132 Eor the reduced oxide CoO, the main peaks
at 780.1 and 795.8 eV were assigned to only Co?", accompa-
nied by satellite peaks at 786.1 and 802.5 eV.>?

In the O 1s spectra, four characteristic peaks of oxygen com-
ponents were identified (Figure S7). Two intense peaks at
530.0 and 531.0 eV are assigned to the lattice O from the
metal oxide and hydroxide, respectively.®" The other two
minor peaks at 531.8 and 532.8 eV are due to the surface con-
tamination of hydroxyl and carbonate ions from water and
carbon dioxide.®"*" The area of the lattice hydroxide peaks in-
creased in the laser-irradiated oxides, indicating cobalt hydrox-
ide species were formed on the surface during the PLFL pro-
cess. This could be due to the hydration of the hot oxide parti-
cles in water.® Furthermore, Fourier transform infrared spec-
troscopy (FTIR) spectra were collected to study the generated
species on the particles. Two sharp absorption bands at 547
and 655 cm™', assigned to the Co-O vibration of Co;0, were
observed on the spinel oxides (Figure $8).°¢ Compared with
the pristine oxides, CoO-L had much stronger peaks at 3340
and 1640 cm™', which are attributed to the surface hydroxyl
groups.'®3* The surface cobalt hydroxide species could be
oxidized to oxyhydroxide species under anodic potential,
which were regarded as active phase for OER.®” Therefore, the
formation of cobalt hydroxide is beneficial for the electrocata-
lytic performance of oxides upon laser irradiation, in addition
to its superior conductivity over that of crystalline Co;0,.?

The above-mentioned characterization reveals the various
effects of the PLFL process on Co;0, and CoO. The laser irradi-
ation leads to a particle downsizing, change of oxidation state,
and formation of structural defects on cobalt monoxide (CoO),
whereas the laser-irradiated cobalt spinel oxide was generally
unchanged. Although the mechanism of size reduction is still
unclear during PLFL, it is generally believed that photothermal
evaporation or Coulomb explosion induce the fragmenta-
tion."®3% Whereas lattice temperatures above the boiling point
of the material need to be reached to initiate its photothermal
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evaporation, Coulomb explosion is the result of an extremely
fast heating of the electrons of the material above a critical
temperature, even higher than the boiling point of the materi-
al.'®* To achieve fragmentation by photothermal evaporation
or Coulomb explosion, enough energy should be accumulated
on the sample upon laser irradiation. The accumulated energy
is mainly determined by the laser fluence, and the optical and
thermal properties of target particles. In the case of the frag-
mentation of cobalt oxide particles, a previous study calculated
the temperature rise in commercial Co;0, as a function of laser
fluence and found that a beam fluence of at least 410 mJcm 2
was required to heat the commercial particles to boiling
(above 3700°C) upon 20 min of continuous irradiation in a sta-
tionary tube."™ Although a higher laser fluence (700 mJcm ™)
was applied in our system, a much lower temperature increase
should be expected owing to: () a much smaller absorption
cross section of the 8 nm particles compared with the com-
mercial particles with an average diameter of around 400 nm,
(ii) a significantly shorter laser pulse duration of 10 picoseconds
compared with 7 nanoseconds, and (iii) the more rapid cooling
of the particles in the flowing water system. As a result, Co;0,
particles were probably not fragmented because the local tem-
perature could not reach the boiling point, and the spinel
structure was maintained as it is the thermodynamically pre-
ferred crystalline phase.”? Nevertheless, the formation of a
small amount of CoO suggests that the laser irradiation elevat-
ed the local temperature to the decomposition temperature of
the Co;0, phase (ca. 900°C).*" In the case of cobalt monoxide
(Co0), we propose that the fragmentation effect is related to
the crystal transformation. The crystal structure of CoO is not
stable at high temperature and it can be oxidized to Co;0,
spinel above 200°C."*? During the laser treatment, cobalt mon-
oxide was oxidized to cobalt spinel oxide by dissolved molecu-
lar oxygen or by reactive oxygen species, which can be prod-
ucts of laser-induced water splitting.”™ The oxidation step
leads to the formation of polycrystalline Co;0, and probably
also to the size reduction. It remained unclear from the results
of the analysis which mechanism the size reduction followed.
However, a passivation of the surface of the size-reduced
Co;0, particles by hydroxide species most likely prevented
them from ripening.

To examine the mechanism of the size reduction more in
detail, the cobalt oxides were irradiated with two orders of
magnitude lower laser fluence (7 mJcm™?) and their structural
changes were characterized. The oxidation effect was found to
similarly occur on cobalt monoxide, whereas Co;0, remained
as the spinel structure when using the lower energy laser irra-
diation (Figure S9). However, owing to relatively milder reac-
tion conditions, a porous structure with smaller surface area
was exhibited for CoO after the PLFL process using lower laser
fluence (Figure S10). In addition, we conducted PLFL
(700 mJcm ™) on large cobalt oxide particles prepared through
direct calcination of cobalt nitrate precursor. Severe changes
including oxidation and particle fragmentation were only ob-
served on particles with a crystal phase of CoO, further sup-
porting the hypothesis that particle fragmentation goes along
the oxidation route. Furthermore, we conducted ultraviolet-
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Figure 4. (a) The LSV curves of various cobalt oxides. The current density was determined by the geometry surface area of the glassy carbon electrode
(0.196 cm?). (b) Comparison of the overpotential required to reach 10 mAcm™ (left axis) and the current density at 1.7 V vs. RHE (right axis). (c) Tafel plots of
cobalt oxides derived from their LSV curves correspondingly. (d) Capacitive current differences (Aj=j,node—Jeathoce) @t 1.05 vs. RHE against different scan rates.
(e) The Nyquist plots measured at 1.6 V vs. RHE. (f) Chronopotentiometric curve of CoO-L at a current density of 10 mAcm™2 and the inset shows a TEM

image of CoO-L scratched from the electrode after long-term electrolysis.

visible spectroscopy on both large and nanosized cobalt oxide
powders. The obtained results also supported that the oxida-
tion effect is the key factor triggering effective particle frag-
mentation regardless of particle size. A detailed discussion on
the comparison experiment can be found in the Supporting In-
formation (Figures S11-516).

The OER catalytic performance of the oxides was measured
in Tm KOH by following the protocol proposed by Jaramillo
and co-workers,® with the electrochemical results listed in
Table S4. As a reference catalyst, ordered mesoporous Co;0,
was prepared through nanocasting (labeled as OM-Co,0,), and
its structural characterization is presented in Figure S17. As
shown in the linear sweep voltammetry (LSV) curves (Fig-
ure 4a), OM-Co;0, exhibited higher OER activity over CW-tem-

plated Co,0,, on account of its larger surface area (113 m?g™"

ChemSusChem 2020, 13, 520528 www.chemsuschem.org
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vs. 46 m*g™"). As predicted, the highest OER activity was ob-
served for CoO-L, which even outperformed the model catalyst
(OM-Co50,). For a straightforward comparison, Figure 4b sum-
marizes the overpotential and the current density of these
cobalt oxides electrocatalysts. To reach a current density of
10 mAcm 2, an overpotential of 369 mV is required for CoO-L,
which is considerably smaller than those of Co;0, (402 mV),
Co;0,-L (400 mV), CoO (403 mV), and OM-Co;0, (392 mV). Ad-
ditionally, significantly higher current density of CoO-L was
achieved at an applied voltage of 1.7 V (vs. reversible hydrogen
electrode, RHE), implying that oxygen was generated much
faster compared with that from other cobalt oxide electrocata-
lysts under the same potential.

The catalytic kinetics of the cobalt oxides were evaluated by
Tafel plots, which were derived directly from the LSV curves, as

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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shown in Figure 4c. The calculated Tafel slope of CoO-L is
46 mVdec™', which is lower than those of other cobalt oxides
(ca. 52 mVdec™). Despite the same active species (cobalt hy-
droxide/oxyhydroxide) formed on all these cobalt oxides, the
high porosity of CoO-L allows for superior mass transport,
which contributes to its lower Tafel slope (Table 54).* In ad-
dition, the formation of structural defects should also be taken
into consideration, as defect-induced electronic delocalization
could optimize the adsorption energy for the OER intermedia-
tes.'*"% A lower Tafel slope suggests more favorable OER ki-
netics,”*¥ which is especially desirable for practical applications
as the current increases dramatically with applying a higher
voltage to the electrode. Based on the values of the two most
important parameters of OER activity, that is, overpotential at
10 mAcm™ and the Tafel slope, we find that CoO-L displays a
competitive catalytic performance compared with the bench-
mark cobalt electrocatalysts (Table S5).

Next, we employed different electrochemical approaches to
illustrate the outstanding OER activity of CoO-L. The catalytic
performance is determined by the active site density of a cata-
lyst. The double-layer capacitance (Cy) was measured by using
cyclic voltammetry (CV) to estimate the electrochemical surface
area (ECSA) of the cobalt oxide catalysts.*” The CV curves
were collected in a non-Faradic region with different scan rates
(Figure S18). As shown in Figure 4d, the capacitance current
differences were plotted against the scan rate, where the slope
of the plot is proportional to the value of Cy. The largest Cy
was obtained on CoO-L (0.26 mF), which was significantly
higher than those for Co;0, (0.13 mF), Co;0,-L (0.14 mF), and
CoO (0.09 mF). By dividing the specific capacitance of the
metal oxide (0.04 mFcm2),“" the corresponding ECSA were
obtained (Table S4). The largest ECSA on CoO-L resulted from
the highly porous structure and provided more active sites ex-
posed to the electrolyte for catalyzing electrochemical OER.
Next, the LSV curves were normalized based on ECSA to com-
pare the intrinsic activity of cobalt oxides. The largest normal-
ized current density was obtained with CoO-L (Figure S19),
suggesting the amount of exposed active sites is not the sole
promotor for OER activity.

As another key parameter to evaluate an electrocatalyst, the
charge transfer rate of the cobalt oxides was measured by per-
forming electrochemical impedance spectroscopy (EIS) at an
overpotential of 350 mV (Figure 4e). The corresponding Ny-
quist plots can be fitted into a simplified Randles circuit™
(Figure S20). A similar resistance (ca. 6 Q) under high frequency
was observed for all the cobalt oxides, which is assigned to
the electrolyte resistance (1M KOH solution). The diameter of
the semi-circle is related to the charge transfer resistance (R,),
with the lower values indicative of faster charge transport ki-
netics. In comparison with the initial oxides, the samples after
laser irradiation display lower R, which may be attributed to
the formation of structural defects."® Specifically, the R, of
Co;0, (48.8 Q) was slightly decreased to 38.3 Q, whereas a dra-
matic drop was exhibited in the value of R, from CoO (25.8 Q2)
to CoO-L (12 Q). The different changes in R, can be explained
by the contribution of the much smaller particles to a higher
conductivity in CoO-L. The reduction treatment led to a lower
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resistance on Co;0, as well, in line with the other studies that
reported that cobalt monoxide has a faster charge transfer rate
than that of cobalt spinel oxide.””” Among these cobalt oxides,
the lowest R, of CoO-L enables much faster transfer of elec-
trons from catalytic sites to the glassy carbon electrode, im-
proving the reaction rate of OER.

Beside an efficient catalytic performance, the operating sta-
bility of an OER catalyst is essential to its application, especially
in terms of practical water electrolysis. A stability test was car-
ried out by using chronopotentiometry on CoO-L loaded onto
conducting Ni foam (1 mgcm™? Figure 4 ). During delivery of
a static current density of 10 mAcm™2 for 13 h, a slight in-
crease in potential was observed, which is due to partial block-
ing of the catalyst surface by evolved oxygen. After removing
the oxygen bubble, the potential dropped immediately and
stayed constant for the following electrolysis. In addition, post-
testing characterization was done to check the structural sta-
bility of catalyst. As shown in the TEM image of the catalyst
after electrolysis (inset of Figure 4f), ultra-small particles were
maintained in the CoO-L catalyst without severe particle
growth or aggregation. These results suggest the robust dura-
bility of CoO-L as an OER catalyst.

Conclusions

A facile and sustainable production process was designed to
engineer the structure of cobalt oxides through the PLFL pro-
cess. Particle fragmentation was initiated on the reduced
oxides and proceeded alongside crystal oxidation in water
where the oxidative species were present and the local tem-
perature was elevated under laser irradiation. Interestingly, rel-
atively mild PLFL conditions seemed to be sufficient to initiate
the size reduction. Fragmented oxides with a high surface area
of 136 m?g™' were obtained, along with the formation of
structural defects such as Co*™ and oxygen vacancies. Em-
ployed as OER electrocatalysts, the laser-irradiated CoO-L com-
posed of sub-5 nm particles provides more catalytically active
sites and enables faster charge transfer, which were confirmed
by electrochemical surface area analysis and impedance spec-
troscopy, respectively. As a result, significantly higher OER ac-
tivity was exhibited with laser-irradiated cobalt oxide, outper-
forming pristine and ordered mesoporous Co;0, from nano-
casting. Furthermore, satisfactory catalytic durability and struc-
tural stability were demonstrated on conducting substrates
during long-term water electrolysis. This work demonstrates
the possibility of constructing ultrasmall nanoparticles in a
water-flowing system through the continuous, scalable PLFL
process, which should be attractive for the economical produc-
tion of active metal oxide catalysts.

Experimental Section
Synthesis of coffee waste-templated Co;0, and bulk Co;0,

The coffee waste-templated Co;0, was prepared through a simple
impregnation—calcination procedure, and bulk Co;0, was obtained
directly from calcination of Co(NO,),:6 H,0. The calcination for both
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oxides was conducted at 400°C for 4 h with a ramping rate of
2°Cmin~" under air. Detailed synthesis procedures can be found in
our recent report.!"”

Synthesis of CoO

CoO was prepared by reducing Co;0, under ethanol atmosphere.
In detail, nitrogen gas (100 mLmin~") was employed as carrier gas
and bubbled through a 250 mL round-bottomed flask filled with
ethanol (120 mL). The gas mixture of N, and ethanol was then
purged through a tube, where a quartz boat filled with Co;0, was
located inside. The tube furnace was heated to 270°C and kept at
this temperature for 2 h before it was naturally cooled down under
a N, atmosphere. The ramping rate was 5°Cmin~"' for the heating.

Pulsed laser fragmentation in liquid (PLFL)

PLFL was conducted by using the second harmonic (532 nm) of
two different picosecond-pulsed (10 ps) Nd: YAG laser systems: a
high-power laser (PX 400-3-GH, EdgeWave, Wiirselen, Germany)
and a low-power laser (Atlantic, Ekspla, Vilnius, Lithuania). The
pulse repetition rate was 100 kHz. Whereas the PX 400-3-GH pro-
vided a pulse energy of 500 wJ, the Atlantic laser was used at 5 J.
Detailed information on the setup was described in our previous
report.?? Aqueous suspensions of the different cobalt oxide pow-
ders had concentrations of 0.01 vol%. Liquid jets of the suspen-
sions crossed the laser beam in focal position, in which energy
densities of 700 mJcm™2 (PX 400-3-GH) and 7 mJcm™2 (Atlantic)
were reached. The irradiated volume of colloids was achieved at
86.5 vol% after each passage. Thus, in principle, a high yield of
99.8% could be obtained after three passages on the sample
before drying. Owing to experimental limitations, for instance, re-
flection effects at the interface of the liquid jet and the surround-
ing air, the average energy densities were reduced by 27% (PX
400-3-GH) and 38% (Atlantic), as determined by differential meas-
urements of the laser power. The details of electrochemical meas-
urements and characterization are provided in the Supporting In-
formation.

Acknowledgements

This work was financially supported by IMPRS-RECHARGE and
MAXNET Energy consortium of Max Planck Society, and Collabo-
rative Research Center SFB/TRR247 (C1 and C5, Project number:
388390466) funded by the Deutsche Forschungsgemeinschaft
(DFG). CK.C acknowledges the Alexander von Humboldt Founda-
tion for a Humboldt Research Fellowship. S. Palm, H. Bongard,
and A. Schliiter are acknowledged for EDX analysis and microsco-
py images. We gratefully thank J. N. Biischer and S. Gallus for
conducting XPS and synchrotron measurements.

Conflict of interest

The authors declare no conflict of interest.

Keywords: electrocatalysis - metal oxides - nanostructures -
oxygen evolution reaction - structural defects

ChemSusChem 2020, 13, 520528 www.chemsuschem.org

527

CHEMS: " SCHEM
= Full Papers

Al

a) N. S. Lewis, D. G. Nocera, Proc. Natl. Acad. Sci. USA 2006, 103, 15729 -
15735; b) T.R. Cook, D.K. Dogutan, S.Y. Reece, Y. Surendranath, T.S.
Teets, D. G. Nocera, Chem. Rev. 2010, 110, 6474 -6502.

[2] a) V. R. Stamenkovic, D. Strmcnik, P. P. Lopes, N. M. Markovic, Nat. Mater.
2017, 16, 57-69; b) N. S. Lewis, Science 2016, 351, aad1920; c) M. Graet-
zel, Acc. Chem. Res. 1981, 14, 376-384.

[3] a) C. C. L. McCrory, S. Jung, I. M. Ferrer, S. M. Chatman, J. C. Peters, T.F.

Jaramillo, J. Am. Chem. Soc. 2015, 137, 4347 -4357; b) J. Suntivich, K. J.

May, H. A. Gasteiger, J. B. Goodenough, Y. Shao-Horn, Science 2011, 334,

1383-1385; c) M. B. Stevens, L.J. Enman, A.S. Batchellor, M. R. Cosby,

A.E. Vise, C. D. M. Trang, S. W. Boettcher, Chem. Mater. 2017, 29, 120-

140.

L. C. Seitz, C. F. Dickens, K. Nishio, Y. Hikita, J. Montoya, A. Doyle, C. Kirk,

A. Vojvodic, H. Y. Hwang, J. K. Norskov, T. F. Jaramillo, Science 2016, 353,

1011-1014.

a) l. Roger, M. A. Shipman, M. D. Symes, Nat. Rev. Chem. 2017, 1, 0003;

b) B. Zhang, X. Zheng, O. Voznyy, R. Comin, M. Bajdich, M. Garcia-Mel-

chor, L. Han, J. Xu, M. Liu, L. Zheng, F. P. G. de Arquer, C. T. Dinh, F. Fan,

M. Yuan, E. Yassitepe, N. Chen, T. Regier, P. Liy, Y. Li, P. De Luna, A. Jan-

mohamed, H. L. Xin, H. Yang, A. Vojvodic, E. H. Sargent, Science 2016,

352, 333-337; ¢) G-h. Moon, M. Yu, C. K. Chan, H. Tlystiz, Angew. Chem.

Int. Ed. 2019, 58, 3491-3495; Angew. Chem. 2019, 131, 3529-3533;

d) X. Deng, H. Tuysuz, ACS Catal. 2014, 4, 3701-3714; e) T. Grewe, X.

Deng, C. Weidenthaler, F. Schith, H. Tuysltz, Chem. Mater. 2013, 25,

4926 -4935.

[6] F. Song, L. Bai, A. Moysiadou, S. Lee, C. Hu, L. Liardet, X. Hu, J. Am.
Chem. Soc. 2018, 140, 7748-7759.

[7] a) L. Trotochaud, S. L. Young, J. K. Ranney, S. W. Boettcher, J. Am. Chem.
Soc. 2014, 136, 6744-6753; b) Z. Yuan, S.-M. Bak, P. Li, Y. Jia, L. Zheng, Y.
Zhou, L. Bai, E. Hu, X.-Q. Yang, Z. Cai, Y. Sun, X. Sun, ACS Energy Lett.
2019, 4, 1412-1418.

[8] P.W. Menezes, A. Indra, |. Zaharieva, C. Walter, S. Loos, S. Hoffmann, R.
Schlogl, H. Dau, M. Driess, Energy Environ. Sci. 2019, 12, 988 -999.

[9] B.Y. Xia, Y. Yan, N. Li, H. B. Wu, X. W. Lou, X. Wang, Nat. Energy 2016, 1,
15006.

[10] T.Y. Ma, S. Dai, M. Jaroniec, S.Z. Qiao, J. Am. Chem. Soc. 2014, 136,
13925-13931.

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

[12] X.-H. Xia, J.-P. Tu, Y.-J. Mai, X.-L. Wang, C.-D. Gu, X.-B. Zhao, J. Mater.
Chem. 2011, 21, 9319-9325.

[13] L. Xu, Q. Jiang, Z. Xiao, X. Li, J. Huo, S. Wang, L. Dai, Angew. Chem. Int.
Ed. 2016, 55, 5277 -5281; Angew. Chem. 2016, 128, 5363 —5367.

[14] M. Bajdich, M. Garcia-Mota, A. Vojvodic, J. K. Nerskov, A.T. Bell, J. Am.
Chem. Soc. 2013, 135, 13521-13530.

[15] M. Yu, C. K. Chan, H. Tlystiz, ChemSusChem 2018, 11, 605-611.

[16] R. Zhang, Y.-C. Zhang, L. Pan, G.-Q. Shen, N. Mahmood, Y.-H. Ma, Y. Shi,
W. Jia, L. Wang, X. Zhang, W. Xu, J.-J. Zou, ACS Catal. 2018, 8, 3803 -
3811.

[17] Z. Zhuang, W. Sheng, Y. Yan, Adv. Mater. 2014, 26, 3950 -3955.

[18] D. Zhang, B. Gokce, S. Barcikowski, Chem. Rev. 2017, 117, 3990-4103.

[19] a)Y. Zhou, C-K. Dong, L.L. Han, J. Yang, X.-W. Du, ACS Catal. 2016, 6,
6699-6703; b) J. Yang, T. Ling, W.-T. Wu, H. Liu, M.-R. Gao, C. Ling, L. Li,
X.-W. Du, Nat. Commun. 2013, 4, 1695.

[20] T. Tsuji, . Hamagami, T. Kawamura, J. Yamaki, M. Tsuji, Appl. Surf. Sci.
2005, 243, 214-219.

[21] J. D. Blakemore, H. B. Gray, J. R. Winkler, A. M. Mdller, ACS Catal. 2013, 3,
2497 -2500.

[22] F. Waag, B. Gokce, C. Kalapu, G. Bendt, S. Salamon, J. Landers, U. Hage-
mann, M. Heidelmann, S. Schulz, H. Wende, N. Hartmann, M. Behrens, S.
Barcikowski, Sci. Rep. 2017, 7, 13161.

[23] M. Lau, S. Reichenberger, I. Haxhiaj, S. Barcikowski, A. M. Miiller, ACS
Appl. Energy Mater. 2018, 1, 5366 -5385.

[24] S. Hashimoto, D. Werner, T. Uwada, J. Photochem. Photobiol. C 2012, 13,
28-54.

[25] M. Lau, S. Barcikowski, Appl. Surf. Sci. 2015, 348, 22-29.

[26] a) E. V. Barmina, A.V. Simakin, G. A. Shafeev, Chem. Phys. Lett. 2016, 655,

35-38; b) M.-R. Kalus, N. Barsch, R. Streubel, E. Gokce, S. Barcikowski, B.

Gokce, Phys. Chem. Chem. Phys. 2017, 19, 7112-7123.

=

5

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1073/pnas.0603395103
https://doi.org/10.1073/pnas.0603395103
https://doi.org/10.1073/pnas.0603395103
https://doi.org/10.1021/cr100246c
https://doi.org/10.1021/cr100246c
https://doi.org/10.1021/cr100246c
https://doi.org/10.1038/nmat4738
https://doi.org/10.1038/nmat4738
https://doi.org/10.1038/nmat4738
https://doi.org/10.1038/nmat4738
https://doi.org/10.1126/science.aad1920
https://doi.org/10.1021/ar00072a003
https://doi.org/10.1021/ar00072a003
https://doi.org/10.1021/ar00072a003
https://doi.org/10.1021/ja510442p
https://doi.org/10.1021/ja510442p
https://doi.org/10.1021/ja510442p
https://doi.org/10.1126/science.1212858
https://doi.org/10.1126/science.1212858
https://doi.org/10.1126/science.1212858
https://doi.org/10.1126/science.1212858
https://doi.org/10.1021/acs.chemmater.6b02796
https://doi.org/10.1021/acs.chemmater.6b02796
https://doi.org/10.1021/acs.chemmater.6b02796
https://doi.org/10.1126/science.aaf5050
https://doi.org/10.1126/science.aaf5050
https://doi.org/10.1126/science.aaf5050
https://doi.org/10.1126/science.aaf5050
https://doi.org/10.1126/science.aaf1525
https://doi.org/10.1126/science.aaf1525
https://doi.org/10.1126/science.aaf1525
https://doi.org/10.1126/science.aaf1525
https://doi.org/10.1002/anie.201813052
https://doi.org/10.1002/anie.201813052
https://doi.org/10.1002/anie.201813052
https://doi.org/10.1002/anie.201813052
https://doi.org/10.1021/cs500713d
https://doi.org/10.1021/cs500713d
https://doi.org/10.1021/cs500713d
https://doi.org/10.1021/cm403153u
https://doi.org/10.1021/cm403153u
https://doi.org/10.1021/cm403153u
https://doi.org/10.1021/cm403153u
https://doi.org/10.1021/jacs.8b04546
https://doi.org/10.1021/jacs.8b04546
https://doi.org/10.1021/jacs.8b04546
https://doi.org/10.1021/jacs.8b04546
https://doi.org/10.1021/ja502379c
https://doi.org/10.1021/ja502379c
https://doi.org/10.1021/ja502379c
https://doi.org/10.1021/ja502379c
https://doi.org/10.1021/acsenergylett.9b00867
https://doi.org/10.1021/acsenergylett.9b00867
https://doi.org/10.1021/acsenergylett.9b00867
https://doi.org/10.1021/acsenergylett.9b00867
https://doi.org/10.1039/C8EE01669K
https://doi.org/10.1039/C8EE01669K
https://doi.org/10.1039/C8EE01669K
https://doi.org/10.1021/ja5082553
https://doi.org/10.1021/ja5082553
https://doi.org/10.1021/ja5082553
https://doi.org/10.1021/ja5082553
https://doi.org/10.1021/ja205647m
https://doi.org/10.1021/ja205647m
https://doi.org/10.1021/ja205647m
https://doi.org/10.1039/c1jm10946d
https://doi.org/10.1039/c1jm10946d
https://doi.org/10.1039/c1jm10946d
https://doi.org/10.1039/c1jm10946d
https://doi.org/10.1002/anie.201600687
https://doi.org/10.1002/anie.201600687
https://doi.org/10.1002/anie.201600687
https://doi.org/10.1002/anie.201600687
https://doi.org/10.1002/ange.201600687
https://doi.org/10.1002/ange.201600687
https://doi.org/10.1002/ange.201600687
https://doi.org/10.1021/ja405997s
https://doi.org/10.1021/ja405997s
https://doi.org/10.1021/ja405997s
https://doi.org/10.1021/ja405997s
https://doi.org/10.1002/cssc.201701877
https://doi.org/10.1002/cssc.201701877
https://doi.org/10.1002/cssc.201701877
https://doi.org/10.1021/acscatal.8b01046
https://doi.org/10.1021/acscatal.8b01046
https://doi.org/10.1021/acscatal.8b01046
https://doi.org/10.1002/adma.201400336
https://doi.org/10.1002/adma.201400336
https://doi.org/10.1002/adma.201400336
https://doi.org/10.1021/acs.chemrev.6b00468
https://doi.org/10.1021/acs.chemrev.6b00468
https://doi.org/10.1021/acs.chemrev.6b00468
https://doi.org/10.1021/acscatal.6b02416
https://doi.org/10.1021/acscatal.6b02416
https://doi.org/10.1021/acscatal.6b02416
https://doi.org/10.1021/acscatal.6b02416
https://doi.org/10.1016/j.apsusc.2004.09.065
https://doi.org/10.1016/j.apsusc.2004.09.065
https://doi.org/10.1016/j.apsusc.2004.09.065
https://doi.org/10.1016/j.apsusc.2004.09.065
https://doi.org/10.1021/cs400639b
https://doi.org/10.1021/cs400639b
https://doi.org/10.1021/cs400639b
https://doi.org/10.1021/cs400639b
https://doi.org/10.1016/j.jphotochemrev.2012.01.001
https://doi.org/10.1016/j.jphotochemrev.2012.01.001
https://doi.org/10.1016/j.jphotochemrev.2012.01.001
https://doi.org/10.1016/j.jphotochemrev.2012.01.001
https://doi.org/10.1016/j.apsusc.2014.07.053
https://doi.org/10.1016/j.apsusc.2014.07.053
https://doi.org/10.1016/j.apsusc.2014.07.053
https://doi.org/10.1016/j.cplett.2016.05.020
https://doi.org/10.1016/j.cplett.2016.05.020
https://doi.org/10.1016/j.cplett.2016.05.020
https://doi.org/10.1016/j.cplett.2016.05.020
https://doi.org/10.1039/C6CP07011F
https://doi.org/10.1039/C6CP07011F
https://doi.org/10.1039/C6CP07011F
http://www.chemsuschem.org

[28]

[29]

[30]

B1]

[32]

[33]

[34]

[35]

[36]

ChemSusChem 2020, 13, 520-528

®«ChemPubSoc
Europe

[27]1 a) P.L. Meena, R. Kumar, K. Sreenivas, AIP Conf. Proc. 2013, 1512, 1204 -

1205; b) J. F. Liu, S. Yin, H. P. Wu, Y. W. Zeng, X.R. Hu, Y. W. Wang, G. L.
Lv, J. Z. Jiang, J. Phys. Chem. B 2006, 110, 21588 -21592.

a) P. V. Kamat, M. Flumiani, G.V. Hartland, J. Phys. Chem. B 1998, 102,
3123-3128; b) B. Xia, T. Wang, X. Jiang, T. Zhang, J. Li, W. Xiao, P. Xi, D.
Gao, D. Xue, J. Ding, ACS Energy Lett. 2018, 3, 2167 -2172.

J. Bao, X. Zhang, B. Fan, J. Zhang, M. Zhou, W. Yang, X. Hu, H. Wang, B.
Pan, Y. Xie, Angew. Chem. Int. Ed. 2015, 54, 7399-7404; Angew. Chem.
2015, 127, 7507 -7512.

S. Gao, X. Jiao, Z. Sun, W. Zhang, Y. Sun, C. Wang, Q. Hu, X. Zu, F. Yang,
S. Yang, L. Liang, J. Wu, Y. Xie, Angew. Chem. Int. Ed. 2016, 55, 708-712;
Angew. Chem. 2016, 128, 718-723.

J. Yang, H. Liu, W. N. Martens, R.L. Frost, J. Phys. Chem. C 2010, 114,
11-119.

J. Sun, N. Guo, Z. Shao, K. Huang, Y. Li, F. He, Q. Wang, Adv. Energy
Mater. 2018, 8, 1800980.

a) L. Dahéron, R. Dedryvére, H. Martinez, M. Ménétrier, C. Denage, C.
Delmas, D. Gonbeau, Chem. Mater. 2008, 20, 583 -590; b) R. Dedryvére,
S. Laruelle, S. Grugeon, P. Poizot, D. Gonbeau, J. M. Tarascon, Chem.
Mater. 2004, 16, 1056-1061.

J. Stoch, J. Gablankowska-Kukucz, Surf. Interface Anal. 1991, 17, 165-
167.

G. Lefévre, M. Duc, P. Lepeut, R. Caplain, M. Fédoroff, Langmuir 2002,
18, 7530-7537.

N. Shi, W. Cheng, H. Zhou, T. Fan, M. Niederberger, Chem. Commun.
2015, 57, 1338-1340.

[37]

[38]

[39]
[40]

[41]
[42]

[43]
[44]
[45]
[46]

[47]

CHEM:'/5CHEM
Full Papers

a) M. Favaro, J. Yang, S. Nappini, E. Magnano, F. M. Toma, E. J. Crumlin, J.
Yano, I. D. Sharp, J. Am. Chem. Soc. 2017, 139, 8960-8970; b) B.S. Yeo,
A.T. Bell, J. Am. Chem. Soc. 2011, 133, 5587 -5593.

a) M. S. Burke, M. G. Kast, L. Trotochaud, A. M. Smith, S. W. Boettcher, J.
Am. Chem. Soc. 2015, 137, 3638-3648; b) F. Tronel, L. Guerlou-Demour-
gues, M. Ménétrier, L. Croguennec, L. Goubault, P. Bernard, C. Delmas,
Chem. Mater. 2006, 18, 5840-5851.

N. G. Semaltianos, Crit. Rev. Solid State Mater. Sci. 2010, 35, 105-124.

D. Werner, A. Furube, T. Okamoto, S. Hashimoto, J. Phys. Chem. C 2011,
115, 8503-8512.

G. M. Kale, S. S. Pandit, K. T. Jacob, Jpn. Inst. Met. 1988, 29, 125-132.

a) A. Navrotsky, C. Ma, K. Lilova, N. Birkner, Science 2010, 330, 199-201;
b) D.-H. Ha, L. M. Moreau, S. Honrao, R.G. Hennig, R.D. Robinson, J.
Phys. Chem. C 2013, 117, 14303 -14312.

F. Song, X. Hu, J. Am. Chem. Soc. 2014, 136, 16481 - 16484.

J. O. M. Bockris, J. Chem. Phys. 1956, 24, 817 -827.

C.C.L. McCrory, S. Jung, J. C. Peters, T.F. Jaramillo, J. Am. Chem. Soc.
2013, 135, 16977 -16987.

M. S. Faber, R. Dziedzic, M. A. Lukowski, N.S. Kaiser, Q. Ding, S. Jin, J.
Am. Chem. Soc. 2014, 136, 10053 -10061.

M. V. Reddy, G. Prithvi, K. P. Loh, B. V. R. Chowdari, ACS Appl. Mater. Inter-
faces 2014, 6, 680-690.

Manuscript received: November 21, 2019

Accepted manuscript online: November 22, 2019
Version of record online: December 30, 2019

www.chemsuschem.org

528

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1021/jp0648238
https://doi.org/10.1021/jp0648238
https://doi.org/10.1021/jp0648238
https://doi.org/10.1021/jp980009b
https://doi.org/10.1021/jp980009b
https://doi.org/10.1021/jp980009b
https://doi.org/10.1021/jp980009b
https://doi.org/10.1021/acsenergylett.8b01209
https://doi.org/10.1021/acsenergylett.8b01209
https://doi.org/10.1021/acsenergylett.8b01209
https://doi.org/10.1002/anie.201502226
https://doi.org/10.1002/anie.201502226
https://doi.org/10.1002/anie.201502226
https://doi.org/10.1002/ange.201502226
https://doi.org/10.1002/ange.201502226
https://doi.org/10.1002/ange.201502226
https://doi.org/10.1002/ange.201502226
https://doi.org/10.1021/jp908548f
https://doi.org/10.1021/jp908548f
https://doi.org/10.1021/jp908548f
https://doi.org/10.1021/jp908548f
https://doi.org/10.1002/aenm.201800980
https://doi.org/10.1002/aenm.201800980
https://doi.org/10.1021/cm702546s
https://doi.org/10.1021/cm702546s
https://doi.org/10.1021/cm702546s
https://doi.org/10.1021/cm0311269
https://doi.org/10.1021/cm0311269
https://doi.org/10.1021/cm0311269
https://doi.org/10.1021/cm0311269
https://doi.org/10.1002/sia.740170308
https://doi.org/10.1002/sia.740170308
https://doi.org/10.1002/sia.740170308
https://doi.org/10.1021/la025651i
https://doi.org/10.1021/la025651i
https://doi.org/10.1021/la025651i
https://doi.org/10.1021/la025651i
https://doi.org/10.1039/C4CC08179J
https://doi.org/10.1039/C4CC08179J
https://doi.org/10.1039/C4CC08179J
https://doi.org/10.1039/C4CC08179J
https://doi.org/10.1021/jacs.7b03211
https://doi.org/10.1021/jacs.7b03211
https://doi.org/10.1021/jacs.7b03211
https://doi.org/10.1021/ja200559j
https://doi.org/10.1021/ja200559j
https://doi.org/10.1021/ja200559j
https://doi.org/10.1021/jacs.5b00281
https://doi.org/10.1021/jacs.5b00281
https://doi.org/10.1021/jacs.5b00281
https://doi.org/10.1021/jacs.5b00281
https://doi.org/10.1021/cm060175t
https://doi.org/10.1021/cm060175t
https://doi.org/10.1021/cm060175t
https://doi.org/10.1080/10408431003788233
https://doi.org/10.1080/10408431003788233
https://doi.org/10.1080/10408431003788233
https://doi.org/10.1021/jp112262u
https://doi.org/10.1021/jp112262u
https://doi.org/10.1021/jp112262u
https://doi.org/10.1021/jp112262u
https://doi.org/10.2320/matertrans1960.29.125
https://doi.org/10.2320/matertrans1960.29.125
https://doi.org/10.2320/matertrans1960.29.125
https://doi.org/10.1126/science.1195875
https://doi.org/10.1126/science.1195875
https://doi.org/10.1126/science.1195875
https://doi.org/10.1021/jp402939e
https://doi.org/10.1021/jp402939e
https://doi.org/10.1021/jp402939e
https://doi.org/10.1021/jp402939e
https://doi.org/10.1021/ja5096733
https://doi.org/10.1021/ja5096733
https://doi.org/10.1021/ja5096733
https://doi.org/10.1063/1.1742616
https://doi.org/10.1063/1.1742616
https://doi.org/10.1063/1.1742616
https://doi.org/10.1021/ja407115p
https://doi.org/10.1021/ja407115p
https://doi.org/10.1021/ja407115p
https://doi.org/10.1021/ja407115p
https://doi.org/10.1021/ja504099w
https://doi.org/10.1021/ja504099w
https://doi.org/10.1021/ja504099w
https://doi.org/10.1021/ja504099w
https://doi.org/10.1021/am4047552
https://doi.org/10.1021/am4047552
https://doi.org/10.1021/am4047552
https://doi.org/10.1021/am4047552
http://www.chemsuschem.org

