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Spinel oxides with the composition of A'B',04 (A and B are metal ions) represent an important class of
anode material for water splitting to replace the currently used noble-metal catalysts. Although spinel
electrocatalysts have widely been investigated for electrochemical water oxidation, the role of octahedral
and tetrahedral sites influencing catalytic performance has been a topic of discussion for a long time and
still under debate. Lately, this issue has been addressed by substituting redox-inert cation to the tetra-
hedral sites of cobalt spinels and comparing the electrochemical activity between them. However, rapid
surface structural transformation of the catalysts under operating electrochemical conditions makes it
difficult to infer the exact contribution of tetrahedral and octahedral sites for water oxidation. Herein, for
the first time, we utilize the oxidant-driven water oxidation approach to reveal the responsible active
sites using two spinel-type nanostructures, Zn"Co%'0,4 and Co''Co%'04 (Co304), synthesized by using a
single-source precursor approach. Strikingly, a superior O, production rate (0.98 mmolg; molcd s 1)
following first-order reaction kinetics was achieved for ZnCo,04 in the presence of Ce'V as sacrificial
electron acceptor compared to Co304 spinel (0.29 mmolg; molgcd s~1). The structural and morphological
stability of the ZnCo,04 and Co304 post water oxidation catalysis confirms that the catalytic activity is
strictly controlled by the geometry and electronic structure of the active site of the spinel structure. The
higher performance of ZnCo,04 over Co304 further indicates that the presence of Co'' is not essential for
catalytic water oxidation. The presence of redox inert Zn" at the tetrahedral site of ZnCo,04 can facilitate
the stabilization of a high-valent Co'V intermediate via oxidation of Co'" (situated at the octahedral site),
and this intermediate can be regarded as the active species for water oxidation catalyst along with
structural defects caused by surface Zn leaching.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

evolution reaction (OER) under a mild reaction condition with
favorable kinetics [5—8]. Although the best-known catalyst for OER

Oxidation of water to oxygen is one of the important reactions
occuring during photosynthesis, a natural photochemical process
to store solar energy to chemical energy [1,2]. However, sluggish
kinetics of this thermodynamically uphill four-electron oxidation
reaction remains a potential bottleneck [3]. Development of an
active catalyst, which could overcome this potential problem, is
indeed a perdurable challenge, and over the past few decades [4], a
number of catalysts have been designed to accelerate the oxygen
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is still based on the precious-metal catalysts (IrO; and RuOj),
scarcity, prohibitive cost, and declining activity greatly restrict their
use for large-scale applications [9,10]. In this regard, tremendous
efforts have been made to develop efficient and durable OER cat-
alysts based on the earth-abundant non-precious metals [11—21].
Among them, transition metal oxides with enhanced conductivity
and highly accessible active sites have received significant attention
and demonstrated as potential OER catalysts to replace currently
used state-of-the-art catalysts [14,22—31].

Spinels are the most abundant natural mineral, all of which are
oxides with the general formula A"B"™,0,4, where metal A occupies
the centers of tetrahedrally (T4) coordinated positions and metal B
is in the octahedral (Oy) environment. Depending on the metal
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cations, huge diversity in the structure-function of spinels can be
achieved by altering suitable A"y site and B, sites [32]. Over the
years, numerous spinels with varying Tq and Oy, sites have also been
investigated for electrochemical OER, and among them, cobalt ox-
ide (Co304 is the Co"'CoY'04 spinel) has received great interest and
has been widely used as OER electrocatalyst displaying promising
activities and stabilities in alkaline and neutral media [33—37]. In
the Co304 spinel structure, two types of cobalt centers are present,
in which the geometry and oxidation of the cobalt center are
completely different. The divalent cobalt metal (Co") is located at
the Tq site, whereas the Co' preferably situated at the Oy, site, and
the population of each site strictly controls the reactivity [38—43].
The extent of orbital overlap of the bridging oxygen toward both
metal sites is equally a governing factor to determine the reactivity.
Previous studies have shown that a major charge donation to Co'lgy,
by oxygen results in higher orbital overlap resulting Oy site most
active for OER [44—46]. This correlation was further established by
applying two spinels, Co304 and ZnCo,0y4, for alkaline OER, where
strikingly superior activity for the latter was attained, signifying the
prominence of Oy, sites as well as vacancy-induced surface by Zn
leaching [41]. Conversely, using three homologous spinels, Co304,
ZnCoy04, and CoAly04, designed by the careful choice of divalent
and trivalent metal ions, the role of tetrahedral Co''r4 site in the
formation of in situ cobalt oxyhydroxide (CoOOH) to catalyze the
water oxidation has also been reported [47,48]. As these catalysts
are converted to active phase CoOOH by anodic oxidation, the role
of the cations in Oy, and T4 sites during water oxidation cannot be
assigned unambiguously [49]. In this respect, oxidant-driven water
oxidation can be more useful to understand the effect of Tq and Oy
occupancy of the metal ions in O—O0 bond formation. Although, the
electrocatalytic OER with cobalt-based spinels being studied for the
past few years and the partial mechanistic detail has been uncov-
ered [50], the potential of this class of material and the influence of
Op and T4 sites in chemical oxidation of water have not been
explored yet.

Herein, two spinel-type ZnCo,04 and Co3z04 nanostructures
have been applied for the first time as active catalysts for chemical
oxidation of water using ceric ammonium nitrate (CAN) as the
sacrificial electron acceptor. The rate of oxygen production of
ZnCo304 has been found to be superior in comparison to Co304 and
other two different-type nanostructures, Co304@Zn0O and ZnO.
Highest O, production rate with the ZnCoy04 spinel
nanostructure emphasizes the structural role of the redox-active
Co'lyy, site and the redox inactive Zn''rq site in ZnCo,04. Post-
catalytic analyses performed herein ensure the structural rigidity
of the catalysts under oxidative reaction conditions.

2. Results and discussion

ZnCoy04 and Co304 nanomaterials were prepared from their
respective hydroxide-carbonate precursors, following a previously
reported annealing method [41,42]. Powder X-ray diffraction
(PXRD) of the materials confirmed the formation of phase pure
ZnCo,04 (JCPDS 23-1390) and Co304 (JCPDS 42-1467) (Fig. S1a,b).
As observed from the intense reflections of the diffraction patterns
(PXRD), both ZnCo,04 and Co304 display high crystallinity and the
crystals belong to the cubic system with space group Fd3m (Nr. 227)
with a cell length of 8.08 + 2 A. However, the close packing of the
atoms inside the lattice structure indicates that metal (M) atoms
possess two different coordination geometries, octahedral (MOg)
and tetrahedral (MOy), surrounded by the oxygen atoms confirm-
ing the spinel structure (Fig. 1a—b) [32,38,40]. Crystal structure
analysis affirmed that Tq sites are preferably occupied by divalent
metal ions, and the trivalent metal ions are located at the Oy, sites
[44]. In such a situation, Zn" and Co" in ZnCo,04 and Co3Oq,

respectively, are located at the T4 geometry (Fig. 1b), while Oy, sites
in both oxides are occupied by Co'" ion (Fig. 1b). In this particular
arrangement of atoms inside the spinel lattice, each oxygen atom is
coordinated to four nearest neighboring cations, of which one is
linked to a Tq site and the rest three are in Oy environment [44].
However, the electronic structure of the spinel, for instance, split-
ting of the d-orbitals of the metal ions in these two different sites, is
predominantly governed by the competitive bonding participation
of the metal's 3d orbitals with oxygen's orbital [51].

The elemental composition of the as-prepared ZnCo,04 and
Co304 materials was confirmed from the inductively coupled
plasma atomic emission spectroscopy (ICP-AES) and that was found
to be in accordance with the derived chemical formulae predicted
from the PXRD (Table S1). To elucidate the morphology and
structure of both CoZn;04 and Co304 spinels, extensive microscopic
analyses were performed. Scanning electron microscopic (SEM)
images of the as-prepared ZnCo,04 exhibited a nanochain
morphology (Fig. 2a) with the aggregation of the chain builds a
near-spherical coral-shaped colony (Fig. S2). This nanochain
morphology was also evidenced by the transmission electron mi-
croscopy (TEM), which displayed, on average, nanochains of 0.5 pm
long and diameter ca. 50 nm (Fig. S3). High-resolution (HR) TEM
images of ZnCo,0,4 suggested that each chain was built up by
assembling several 5—10 nm nearly spherical nanoparticles
(Fig. 2b). The HR-TEM image also clearly indicated the high crys-
tallinity of the individual particles, and the phase purity was
established from the atomic fringes that matched perfectly with the
(400) planes at a d-spacing of 2.06 A. Furthermore, the well-defined
reflections from the selected area electron diffraction (SAED)
pattern exerted from the particles of TEM images confirms the
purity and crystallinity of ZnCo,04 (inset Fig. 2c). The elemental
mapping from energy-dispersive X-ray spectroscopic (EDX) anal-
ysis was performed while accumulating the SEM images (Fig. S4),
which indeed substantiated the homogeneous distribution of Zn,
Co, and O in the ZnCo,04 nanoparticle (Fig. 2d—g) (Table S1). Unlike
ZnCo,04 nanochains, the SEM image of Co304 nanoparticles dis-
played a spherical morphology (Fig. S5a), which was also evident
from the TEM image. Furthermore, the TEM image suggested the
distribution of the particle size ranging from 40 to 80 nm (Fig. S5b),
while the HR-TEM image revealed the atomic fringes of Bragg's
planes (111) and (400) with comparable d-spacing values as re-
ported earlier (Fig. S5c¢). Additionally, multiple well-resolved ring
patterns in the SAED confirm the purity and high crystallinity of
Co304 nanospheres (Fig. S5d). The presence of Co and the elemental
composition of the Co304 were confirmed by EDX analysis (Fig. S6).

The chemical state of both ZnCo,04 and Co304 was examined by
using X-ray photoelectron spectroscopy (XPS). In general, Co" and
Co™ have almost similar 2p binding energies. However, they can
still be distinguished by the Co 2p3/2—2p1{2 spin-orbit-level energy
spacing, which is 16.0 eV for high-spin Co" and 15.0 eV for low-spin
Co" [41]. In the case of ZnCo,04, the Co 2p spectrum consists of two
spin-orbit components, Co 2p3)2 and Co 2pq 2, at the binding energy
of 779.7 eV and 794.7 eV, which is close to 15 eV and in accordance
with the values of Co'' (Fig. 2h and Fig. S7) [16—18]. However, in the
case of Co30y4, the binding energy of Co 2p3, was situated at
780.2 eV, while Co 2py;; was centered at 795.8 eV, with a total
difference of 15.6 eV and is consistent with the values of Co''/Co™™
(Figs. S7 and S9) [15,16]. Similarly, the Zn 2p spectra of ZnCo,04
exhibited two peaks at 1022.6 and 1044.9 eV associated with Zn
2p3j2 and Zn 2pqp, respectively, confirming the presence of Zn"
(Fig. 2i) [41]. The O 1s spectra in both ZnCo;04 and Co304 can be
deconvoluted into three peaks at around 529.7 (O1), 532 (02), and
533.7 eV (03), which could be ascribed to oxide (0%~) present in
different coordination geometries, some surface hydroxide, as well
as adsorbed water (Figs. S8 and S9). The binding energies attained
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Fig. 1. Polyhedral (with a ball and stick as the backbone) representation of (a) the unit cell of the spinel Co304 and ZnCo,04 nanostructure crystallized in the cubic system with
space group Fd3m (Nr. 227) exhibiting (b) two individual coordination sites of metals; Oy, (purple) and Tq (gray). A spinel is represented with the general formula A"B",0,4 and, Zn"

in ZnCoy04, as well as coin Co304, occupied the Tq (gray) sites. However, the Oy, (purple) sites of both structures are acquired by Co

!l (c) The polyhedral presentation of wurtzite-

type ZnO lattice with space group P63mc (No. 186) where both Zn'' and oxygen are located at the Tj site. (For interpretation of the references to color in this figure legend, the reader

is referred to the Web version of this article).
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Fig. 2. (a) SEM image of multiple ZnCo,04 nanochain assembly, (b) TEM image of ZnCo,04 nanochains consisting of 5—10 nm individual nanoparticle, (c¢) HR-TEM image of the
nanoparticle with atomic fringes for (400) planes (SAED pattern with well-defined diffraction rings are shown in the inset), (d—g) elemental mapping (EDX-SEM) of the nanochain
assembly representing a homogeneous distribution of (e) Co, (f) Zn, and (g) O. High-resolution XPS spectra of (h) Co 2p and (i) Zn 2p.

in each case are in accordance with the values of spinel metal ox-
ides reported in the literature [15—18], and the corresponding
detailed deconvolution of XPS has been provided in Fig. 2h—i and
Figs. S7—S9. Finally, the Brunauer—Emmett—Teller (BET) surface
areas were also determined where a high surface area of 56.5 m?/g
was achieved for ZnCo,04, whereas lower surface area (38 mz/g)
resulted in Co304 nanostructures, showing the introduction of Zn in
the Tq structure of ZnCo,04 markedly increased the overall surface
area.

To have more clarity on the structural influencing the activity, a
polycrystalline Co304@Zn0 (precisely Co304/(Zn0)g, Table S1) and
nearly spherical ZnO nanocrystals were also synthesized following
a similar reaction condition by varying the composition of the
carbonate-hydroxide precursors [41,42]. Detailed structural anal-
ysis of Co304@Zn0 revealed that Co304 nanocrystals were deeply
embedded in ZnO (Figs. S1 and S10), while ZnO shows highly
crystalline hexagonal wurtzite-type lattice with space group P63mc

(No. 186) where zZn" is located at the tetrahedral site (Fig. 1c;
Figs. S1, S11, $12) [52].

In recent reports, the spinels have been often considered as an
excellent class of water oxidation electrocatalysts
[19,37,41,42,44,46—48,50]. Here, for the first time, we elucidate the
spinel-type nanocrystals as potential heterogeneous catalysts for
chemical oxidation of water. Over the decades, ceric ammonium
nitrate (CAN) has been used as a potent oxidizing agent in chemical
water oxidation reaction with soluble molecular catalysts [53—55].
Detailed kinetic and mechanistic analyses suggest that Ce'V, having
a high redox potential (E° = 1.7 V versus the normal hydrogen
electrode, NHE), is capable of promoting the active metal center of
the catalyst to a high-valent oxidation state, which spontaneously
oxidizes water and, as a consequence, Ce'V is reduced to Ce'll.
Therefore, the oxidant-driven OER experiments (see Experimental)
were conducted with all as-synthesized catalysts in the deoxy-
genated aqueous solution of 0.5 M CAN. The addition of CAN
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solution to the well-dispersed aqueous solution of the metal-oxide
catalysts results in a spontaneous formation of O, bubbles, indi-
cating oxidation of water under acidic conditions (pH = 1) (Scheme
1). As displayed in Fig. 3a, the dissolved oxygen concentration in the
solution for all catalysts was monitored for 600 s and a maximum of
461 umol L' of 0, was produced for ZnCo,04, which was the best
value of oxygen recorded among all the investigated materials. The
superiority of ZnCo,04 over Co304 is also in line with the electro-
chemical OER results recently reported by us [41].

To understand the reaction kinetics of the chemical water
oxidation, O, production was monitored with time for each cata-
lyst. Under our experimental condition, in the aqueous (ca. 55
M H;0) reaction mixture, CAN (0.5 M) was present as many folds
excess in compared to the catalyst concentration (1 mg in 2 mL),
which is necessary to overcome the kinetic barrier of the water
oxidation reaction. Under the reaction condition, notably, time
traces for O, production (for all the catalysts) followed first-order
reaction kinetics, as depicted from the exponential and linear fits
of the time traces (Fig. 3b and Figs. S13—S16). The calculated rate
constant (Kgps) is 10.7 x 1073 s~ with ZnCo,04, which is higher
than that of Co304 (Table S2). Not only the rate constant for the
chemical water-oxidation with ZnCo,04 is the highest among this
series of materials, but also the initial rate of the reaction calculated
from a linear fitting of the first few seconds (the method of initial
rates) exceeds the rate observed for all the metal-oxide catalysts
used (Fig. 3c, Table S2). Furthermore, a maximum rate of 0.98
mmolg; molg! s~ was achieved for ZnCo,04 (considering only Co
atoms are active) followed by 0.29 and 0.08 mmol molcl s~! for
Co304 and Co304@Zn0, respectively, whereas ZnO was barely
functioning. The values displayed here are clearly higher than other
known Co-Zn-based materials and comparable to benchmark
transition-metal oxide-based catalysts [19,56—58]. To have a fair
comparison, the evolved O, rate was normalized with respect to the
BET-specific surface area where the superior catalytic activity of
ZnCo,04 was achieved over Co304 establishing the critical role of Tq
and Oy, sites within both materials (Fig. 3d).

Recent literature studies have revealed that the manganese
oxide-based catalysts could be transformed (in ~10—15 min) into
active amorphous MnOy catalysts for effective water oxidation us-
ing CAN as an oxidizing agent [30,31,59]. However, under electro-
chemical reaction conditions, the spinel-type Co3z04 and ZnCo;04
catalysts undergo spontaneous surface restructuring, forming a
thin layer of active cobalt-oxide/(oxy)hydroxide, which has been
regarded as the active structure for OER catalysis [41,42,47]. This led
us to investigate the stability and active structure of spinel oxide
catalysts after CAN treatment. When examined, an almost com-
parable PXRD pattern with no change in phase was attained for
both ZnCo;04 and Co304 catalyst after oxidant-driven water

oxidation within the tested period (Fig. 4a). Similar to PXRD, the
TEM and HR-TEM images also suggested unaltered morphology of
ZnCoy04 (Fig. 4b and c, Fig. S17), and SAED patterns (Fig. 4b inset)
confirmed the preservation of its high crystallinity. The elemental
composition of the used catalysts was further verified by EDX an-
alyses (after CAN treatment), where the presence of all required
elements, as well as the absence of Ce, was observed, which is also
consistent with the as-prepared materials (Fig. S18). The ICP-AES
analysis suggested a slight amount of Zn (ca. 10%) loss from the
structure of ZnCo,04 without Ce incorporation, as confirmed by
EDX analysis. Gaussian fitting of the prominent Bragg's reflection at
20 of 36.7° (for [311] plane) provided the full width at half
maximum (FWHM) that indicated a minor peak broadening after
catalysis, and this could be ascribed to structural defects arising
from zinc loss (Fig. S19). Although, the Co304 nanostructure after
catalytic water oxidation underwent minimal transformation
(Fig. S20), the peak broadening in PXRD leading to significant
change in the calculated FWHM at 26 of 36.7° suggested the loss of
Co''tq from Co304 and simultaneous redeposition (verified by ICP-
AES) at the surface (Fig. S21), which is also evident from the
change in particle shape and crystallite size, as analyzed by TEM
(Figs. S21 and S22). Furthermore, XPS of both catalysts were
(Figs. S23 and S24) conducted to compare the change in the
oxidation state of Co at the surface of the catalyst to that of the as-
synthesized catalysts. Interestingly, the Co 2p XPS of ZnCo,04 did
not display any change in its peak shape, the oxidation state, as well
as Co 2p32—2p1 2 spin-orbit level energy spacing, whereas a slight
amount of the Zn" was lost from the surface of ZnCo,04 (Fig. 4d—e),
suggesting a defected and disordered surface [41]. The remaining
Zn" of ZnCo,04 conserves its oxidation state (Fig. S23). By decon-
voluting Co 2p envelop and evaluating Co™ and Co" areas of Co304,
it was evident that a higher fraction of Co'' was present on the
surface after water oxidation (Fig. S23, Table S3). Besides, O 1s XPS
spectra of both catalysts displayed the presence of a higher fraction
of —OH groups (Fig. 4f) and 0% region, indicating that the surface
of the material was hydroxylated (Figs. S23—S24). The results ac-
quired here signifies the surface oxidation of the catalyst influenced
by oxidizing agents. Both Co304@Zn0 and ZnO were not stable in
the acidic pH and subsequently underwent slow dissolution.
Structural and activity correlation from the previous electro-
chemical study with the regular Co304 spinel has revealed that the
Co'l, sites at the surface are the real active species for OER,
whereas the Co''4 sites are catalytically inactive, and consequently,
the same trend has been followed for the substituted cobalt oxides
[60]. The similar conclusions have also been drawn from the
detailed X-ray absorption analysis where the prominence of Oy,
sites has been demonstrated [60—62]. Very recently, a compre-
hensive electrochemical study followed by extended X-ray

4CeV + 2H,0 Il

) 4Cel+ O, + 4H

Scheme 1. Chemical oxidation of water using spinel-type nanomaterial catalysts in the presence of CAN as a sacrificial oxidant.
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Fig. 3. Production of O, by chemical oxidation of water with nanomaterials (ZnCo,04, Co304, Co304@Zn0, and ZnO) in the presence of CAN as oxidant; (a) comparison of the amount
of dioxygen produced (after 10 min) with different nanomaterials used as catalysts, (b) profiles of O, production (in pmol L~!) versus time with various catalysts, (c) calculation of
initial rate of O, production (from the slope of the linear fitting of the plot of oxygen production per second), (d) oxygen concentrations normalized to the specific surface area

measured from BET.

absorption fine structure (EXAFS) analysis with Co304 provided a
new insight toward the structural correlation (active sites) with the
OER activity where it was proposed that the Co''rq at the tetrahedral
sites form an active CoOOH influencing the overall performance of
water oxidation [47]. However, an in-depth theoretical calculation
on the intrinsic OER activity of three spinels Co304, ZnCo0,04, and
CoAl,04 predicted the apparent orbital contribution of the bridging
oxygen toward the Oy and Ty metal sites [48]. The calculation
further established the crucial role of the bridging oxygen shared
between the three Co"op, and one Co''t4 that strongly evidenced
that the charge of the bridging oxygen more polarized toward
CoMop, instead of Co''tg making a strong Co—O interaction when
acting as active sites for OER [44]. Recent reports on the cobalt-
based materials have substantiated rapid oxidation of Co'lyy at
the surface (under electrochemical reaction condition) to a putative
Co!V species, and the electrophilicity of the high-valent Co" facili-
tates O—O bond formation via a nucleophilic attack of water
(Scheme 2) [63—65]. Strikingly, from the presented comparative
study on oxidant-driven water oxidation, the higher activity of
ZnCoy04 over Co304 can be attributed to (i) the higher surface area
of ZnCo,04 that increases the accessible active sites, (ii) noncritical
character of Co''g, (iii) more significant amount of Co'y, sites at
the surface (iv) slight loss of the Zn''rq site surface to create surface
structural defects, (v) remaining Zn'4 sites acting as Lewis acid to
stabilize the high-valent Co" species to catalyze the reaction of
water oxidation, which also consistent with the recent conclusions
based on the electrochemical water oxidation [41].

3. Conclusion

In conclusion, the highly crystalline regular spinel-type ZnCo;04
and Co3z04 nanomaterials have been synthesized by a straightfor-
ward annealing strategy using metal-hydroxide-carbonate pre-
cursors. The packing of the atoms in the crystal structure allows
both materials to form a similar cubic-type lattice and a spinel
structure occupying Co™ in the Oy, sites, whereas Zn" (in ZnCo,04)
and Co" (in Co304) in Ty sites. Under oxidant-driven water oxidation
conditions in CAN solution, a superior O, evolution activity was
attained for ZnCo,04 compared to Co304. By varying the conditions
at the precursor level, Co304@Zn0 and ZnO materials were also
prepared as references exhibiting limited activity. Post-catalytic
analysis of ZnCo,04 reveals structural retention, except for a slight
loss of Zn" from the surface to introduce a highly active defect-
spinel structure, exposing a higher amount of Co" sites, while
Co''tq of Co304 were also slightly oxidized. Based on our results, a
tentative surface structure of ZnCo;04 transpired where Comoh site
acts as the active center and the Zn''rq site situated adjacent to the
active site act as Lewis acid to stabilize the high-valent Co" species
to catalyze the reaction of water oxidation, thus addressing the
benefit of ZnCo,04 over Co304. The study presented herein opens a
new insight into material design, and particularly the Tq sites with
different metal cations to expose more Oy, sites that, in turn, could
dramatically improve the chemical and photochemical water
oxidation activity. Furthermore, elucidation of the nature of cata-
lytically active center and the reaction mechanism using advanced
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Fig. 4. Post-catalytic characterization of ZnCo,04. (a) PXRD pattern of the ZnCo,0, catalyst before reaction with CAN (black curve; with a correlation to the diffraction planes to the
PDF pattern refereed in 23—1390) and after reaction with CAN (red curve), (b) TEM image of the nanochains consisting of several 5-10 nm nanoparticles (inset the SAED with strong
diffraction rings for the crystalline ZnCo,0,4 nanoparticles), (c) HR-TEM image depicting the atomic fringes of (311) planes with an inter-planar distance of 2.45 A, (d—f) high-
resolution XPS analysis of the Co 2p, Zn 2p and O 1s envelopes found for the ZnCo,0,4 before (black curve) and after reaction CAN (red curve). (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of this article.)
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Scheme 2. Oxidation of water at the octahedral Co"

active site (purple translucent polyhedron with balls and stick) of ZnCo,04 spinel-type nanocrystals, while the Zn"'r4 site (light

pink translucent polyhedron with red balls and stick) helps to stabilize the high-valent Co" intermediate species. The packing of the metal oxide layer at the surface is drawn from

the cubic lattice of ZnCo,04.

operando spectroscopic techniques will also be of particular in-
terest for the future advancement of water oxidation.

4. Experimental section

Chemicals: All chemical reagents (analytical grade) were used as
received without any further purification. Deionized water was
used throughout the experiment.

Characterization: PXRD patterns were obtained on a Bruker AXS
D8 advanced automatic diffractometer equipped with a position-
sensitive detector (PSD) and curved germanium (111) primary
monochromator using Cu Ka. radiation (A = 1.5418 A). ICP-AES was
carried out in a thermo jarrell ash trace scan analyzer. The samples
were digested in aqua regia, and the average of three reproducible

independent experiments has been presented. SEM was carried out
on an LEO DSM 982 microscope integrated with EDX (EDAX, Apollo
XPP). Data handling and analyses were achieved with the software
package EDAX. TEM was accomplished on an FEI Tecnai G2 20 S-
TWIN transmission electron microscope (FEI Company, Eindhoven,
the Netherlands) equipped with a LaBg source at 200 kV accelera-
tion voltage. Energy dispersive X-ray (EDX) analyses were achieved
with an EDAX r-TEM SUTW detector (Si (Li) detector), and the
images were recorded with a GATAN MS794 P CCD camera. The
SEM and TEM experiments were conducted at the Zentrum fiir
Elektronenmikroskopie (ZELMI) of the TU Berlin. XPS spectra were
acquired on a Kratos Axis ULTRA X-ray photoelectron spectrometer.
The binding energies were calibrated relative to the C 1s peak en-
ergy position as 285.0 eV. Data analyses were carried out using Casa
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XPS. The surface area measurements were carried out on a Quan-
tachrome Autosorb-1 apparatus. Nitrogen adsorption/desorption
isotherms were determined at —196 °C after degassing the sample
at 150 °C overnight and the BET surface areas (SBET) was estimated
by adsorption data in a relative pressure range from 0.01 to 0.1.

Synthesis of ZnCo304, Co304, C0304@Zn0, and ZnO nanoparticles:
The spinel-type and other metal oxides were synthesized by
calcining at 400 °C of respective metal-carbonate hydroxide pre-
cursors, while the precursors were freshly prepared (as reported)
before synthesizing the metal oxide [41]. The typical procedure for
the preparation of oxide from carbonate-hydroxide is annealing the
as-synthesized mixed cobalt-zinc, zinc, and cobalt hydroxide car-
bonate precursors at 400 °C at a rate of 2 °C/min in dry synthetic air
(20% 0Oy, 80% Ny) in silica crucibles. A constant temperature was
maintained for an additional 8 h in a tubular furnace and then
cooled to room temperature to form ZnCo,04, Co304, Co304@Zn0,
and ZnO.

Chemical oxidation of water: Oxidant-driven oxygen evolution
experiments were performed using aqueous solutions containing
CAN as the sacrificial one electron acceptor. The oxygen evolution
was measured using a Clark-type oxygen electrode system (Strath-
kelvin, 1302 oxygen electrode, and 782 oxygen meters). The elec-
trode was calibrated in an air-saturated water solution and zero
oxygen (sodium sulfite in water) solution prior to the experiments.
In a typical reaction, 1 mg catalyst was placed in the reactor (4 mLL),
which was then degassed by purging nitrogen for about 30 min.
Anaerobic solution (2 mL) of 0.5 M CAN (pH 1) was then injected into
the reactor to initiate the water oxidation reaction, and the oxygen
evolution was monitored by a Clark electrode system under constant
stirring. For all catalysts, the maximum rate of oxygen evolution was
calculated using the total amount of oxygen yield after the first 60 s
of reaction and represented in [mmolg; molgd s7'].

Post-catalytic characterization: The catalysts have successfully
been isolated (almost quantitatively) by precipitating out from the
reaction mixture after the chemical water oxidation reaction (after
10 min). Centrifugation (at rpm of 9,000) of the reaction mixtures
results in separation of heterogeneous nanoparticle catalysts, leav-
ing the unreacted CAN and/or other inorganic ions as soluble in the
aqueous phase. The resultant precipitate of the catalyst was further
washed with fresh water to remove the traces of inorganic impu-
rities. The solid mass was also dried and overnight at 60 °C and
analyzed by microscopic, spectroscopic, and analytical techniques.
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