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ZnO and Co30; in the interface of zinc-cobalt oxides work in a cooperative way as
water adsorption site and water oxidation site, respectively.
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Herein, we report the promotion effect of ZnO in water oxidation catalyzed by Co0;0,4. Zinc-cobalt
oxides—ZnCo,O, were prepared via calcination of Zn-Co,-coordination polymers. The results of XRD,
Co K-edge XANES and EXAFS show that Co/Zn ratio greatly affected the oxidation state of Co and local
structure of ZnCo,O, oxides. With Co/Zn ratio higher than 3.0, Zn (ll) prefers to substitute in the lattice
of Co;0,. The integrated ZnO and Co3;0, composites were formed at Co/Zn ratio less than 2.0. The HR-
TEM images show that ZnO and Co30, compactly contact to form the interfaces in the composites. In
both the chemical water oxidation and the visible-light-driven photocatalytic water oxidation
([Ru(bpy)s]**-persulfate system), Zn substituted in the spinel structured Coz0, oxide cannot significantly
improve the water oxidation activity and only the integrated ZnO and Co3;0, composites afford much
higher TOFs than Co30,. This suggests the existence of the cooperation effect between ZnO (water
adsorption site) and Co;0, (water oxidation site). Our results provide a facile approach to design

composite catalysts for water oxidation reaction.

Introduction

Producing hydrogen (H,) fuels and storing the solar energy
through water splitting (2H,O — 2H, +0,) are efficient strategies
for using the renewable but intermittent sunlight.** The four-
electron involved water oxidation for O, evolution is one of the
biggest challenges for photocatalytic production of solar fuels
because this half reaction usually has slower kinetics and needs
larger overpotential than the reduction half reaction.*® In the past
decades, both homogeneous and heterogeneous catalysts have
been developed for enhancing the reaction rate or lowing the
overpotential for oxygen evolution reaction (OER). **

In the early works, the efficient catalysts for OER are generally
using noble metals such as Ir and Ru. ™7 Great efforts have
been made for replacing noble metals with earth-abundant
metals.’®*® Recent advances show that Ni-, Fe-, Co- and Mn-
based metal oxides could be used as efficient catalysts for OER
either via electrochemical or photocatalytic approaches.’*% For
example, mesoporous cobalt oxides and mesoporous silicas
supported manganese and cobalt oxides exhibit high activity for
OER either using Ce (IV) as oxidant or driven by visible light.®*
26 More importantly, Nocera and co-workers reported that a Co-Pi
catalyst prepared through an electrodeposition approach acts as
efficient electrocatalyst for OER in a neutral aqueous solution.?’

In nature, PSII is responsible for water oxidation reaction.
Studies show that the active site for OER is a CaMn,Os complex
with three Mn and one Ca forming a distorted CaMn3;0, cubane
and the fourth Mn ion bonded to this cubane by p-oxido
ligands.?®° Interestingly, it was found that Ca®* plays a vital role
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in the performance of CaMn,Os, though the function of Ca?* is
not clearly verified® Inspired by PSIl system, calcium-
manganese oxides with crystalline or amorphous structure have
been used as artifical OER catalysts. Similar to PSII system, Ca*
is also necessary for obtaining higher catalytic activity for
calcium-manganese oxides. In addition to Ca®*, the accleration
effect of other alkaline-earth metals was clearly observed for
manganese oxides in OER, such as Sr.® Very recently, Sun and
Asefa reported that zinc-substituted cobalt oxides and hydroxides
are efficient electrocatalysts in the electrochemical water
oxidation and exhibit lower overpotentials than monometallic
cobalt-based materials.®*** Thus, the doping of some non-active
metal to metal oxides for OER is a very important approach for
the design of efficient water oxidation catalysts.

Herein, we reported the synthesis of zinc-cobalt oxides—
ZnCo,0, via calcination of Zn-Co,-coordination polymers based
on “escape by crafty scheme” strategy®*® as water oxidation
catalysts. The relationship between Co/Zn molar ratio and the
water oxidation activity was investigated. It was found that (1)
Zn*" ion substituted in the spinel structured CozO, oxide can not
significantly improve the water oxidation activity; (2) The
integrated interface between ZnO and Cos;0, could efficiently
accelerate the oxygen evolution rate in both the chemical water
oxidation using Ce(lIV) as oxidant and the visible-light-driven
photocatalytic water oxidation in [Ru(bpy)s]**-persulfate system;
(3) ZnCo,O, oxides synthesized via “escape by crafty scheme”
strategy is more active than those prepared with conventional co-
precipitation method, probably due to the existence of more
interfaces between ZnO and Co30,.

This journal is © The Royal Society of Chemistry [year]
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Experimental section
Chemicals and materials

All chemicals were used as received unless otherwise stated.
3,4,9,10-Perylenetetracarboxylic  dianhydride (PTCDA) was
purchased from Alfa Aesar. Zinc acetate dehydrate
(Zn(OAc),-2H,0) was purchased from Kemiou. Cobalt acetate
tetrahydrate (Co(OAc),-4H,0), sodium sulfate (Na,SO,), sodium
persulfate (Na,S,0g) and ammonium cerium (IV) nitrate
((NH,),Ce(NOs)s) were purchased from Sinopharm Chemical
Reagent Company. Tris(2,2’-bipyridyl)dichlororuthenium (l)
hexhydrate (Ru(bpy)sCl,-6H,0) was purchased from Sigma-
Aldrich. Deionized water was used throughout the experiments.

Synthesis of ZnCo,O, using Zn-Coy-coordination polymer

ZnCo,O, were synthesized according to our previous report®’
via calcination of Zn-Co based coordination polymers (Zn-Co,-P)
except that the calcination temperature in this work was 380 °C
instead of 550°C.

In a typical synthesis, 12.5 mL of NaOH solution (0.064 M)
containing PTCDA (0.2 mmol) was added dropwise to 22.5 mL
of aqueous solution containing 0.4 mmol of Zn(OAc),-2H,0 and
Co(OAc),-4H,0. After stirring at room temperature for 30 min,
the reaction mixture was transferred into a Teflon-lined stainless
steel vessel (45 mL) and heated at 100 °C for 24 h. After cooling
down to room temperature, the precipitate was collected by
centrifugation and washed several times with water. ZnCo,O,
oxides were obtained via calcination of Zn-Co,-P in air at 380°C
for 1 h with a heating rate of 5°C min, where x is Co/Zn molar
ratio.

Synthesis of ZnCo,O, oxides by co-precipitation method

Zn(0OACc),-2H,0 and Co(OAc),-4H,0 with different Co/Zn
molar ratio were dissolved in deionized water, and then sodium
oxalate aqueous solution was added dropwise to the mixture
solution of metal acetates with stirring. After refluxing for 24 h,
the precipitate was collected by filtration, washed with water and
dried, and finally calcined in air at 420 °C for 4 h. The obtained
samples were denoted as CP-ZnCo,O, (x=3.3, 2.2, 1.1 and 0.4),
where x is Co/Zn molar ratio.

Characterization

The thermogravimetric (TG) analysis was performed under air
atmosphere with a heating rate of 5 °C min® by using a
NETZSCH STA-449F3 thermogravimetric analyzer. The powder
X-ray diffraction data (PXRD) were collected on a Rigaku
D/Max2500PC diffractometer with Cu Ka radiation (A=1.5418 A)
over the 26 range of 15°-70° with a scan speed of 5° min™ at room
temperature. Scanning electron microscopy (SEM) was
undertaken on a JEOL JSM-6360 scanning electron microscope
operating at an acceleration voltage of 20 kV. The samples were
sputtered with gold prior to imaging. High-resolution
transmission electron microscopy (HR-TEM) images were
recorded on a FEI Tecnai F30 microscope with a point resolution
of 0.20 nm operated at 300 kV. The metal content was
determined by PLASAM-SPEC-II inductively coupled plasma
atomic emission spectrometry (ICP). X-ray absorption fine
structure (XAFS) experiments were conducted at 1W2B beamline
of the Beijing Synchrotron Radiation Facility (BSRF). Samples
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were ground into fine powers and then smeared on scotch tapes.
Co K-edge X-ray adsorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) were collected
at room temperature in transmission mode. The storage ring was
working at 2.5 GeV with a maximum electron current of about
250 mA. Data were collected using a Si (111) double-crystal
monochromator and analyzed using the IFEFFIT program.

Water oxidation using Ce (V) as oxidant

In a typical reaction, 5 mL of deionized water was placed in a
three-necked bottle, followed by the addition of 5 mL
(NH4),Ce(NO3)s (0.75 M) and 5 mL catalyst suspension (25 mg
catalyst was dispersed in 5 mL deionized water). Before stirring,
the system was sealed except that one of the necks was connected
to a graduated pipette with a plastic tube. A little soap bubble was
dropped in the bottom of the graduated pipette. The oxygen
evolution was monitored using the soap bubble. For recycling the
catalyst, the solid catalyst was isolated from the reaction system
by filtration and directly used for the next run after washing with
deionized water and drying at 60 °C.

Photocatalytic water oxidation

The photocatalytic oxygen evolution experiment was
performed in a Clark electrode system and a reactor-gas
chromatography (GC) combination setup. In a typical Clark
electrode experiment, aqueous buffer (Na,SiFs—NaHCOs,,
0.022-0.028 M) with pH value of 5.2-5.3 was first purged with
high-purity nitrogen and 2 mL of buffer was placed in the Clark
electrode, followed by addition of 2.5 mg catalyst, 2 mg
Ru(bpy)sCl,-6H,0, 7.1 mg Na,S,0g, and 21.5 mg Na,SO,.
Before the Clark electrode system was exposed to light, a
baseline was recorded for each test to guarantee no oxygen
leakage or side reaction. Oxygen evolution was continuously
monitored for at least 200 s by the Clark electrode (Hansatech
Instruments DW2/2 unit with an S1 electrode) system after
exposure to a 300 W Xe research lamp with a 400 nm cutoff
filter. In a typical reactor—GC experiment, the reactor (350 mL)
was charged with 80 mL of NaHCO;-Na,SiFg buffer aqueous
solution (0.028-0.022M, pH=5.2-5.3), Na,S,0g (0.8 mmol),
Na,SO, (4 mmol), Ru(bpy)sCl, (0.035 mmol) and catalyst (20
mg). In this system, Na,S,0g was employed as a two-electron
oxidant, and Ru(bpy)sCl, as a photosensitizer. The air in reactor
was pumping out for 20 min before it was irradiated with a 300
W Xe research lamp (Ushio-CHRMAX LX300) with a 420 nm
cutoff filter. The oxygen concentrations in the head space after
10, 30 and 60 min of illumination were quantitatively analyzed
by a gas chromatography (Shimadzu GC-8 A, TCD, Ar carrier).

Results and discussion

Synthesis and characterization

2 | Journal Name, [year], [vol], 00-00
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Fig. 2 HR-TEM images of (A) ZnCo; 0y, (B) ZnCo, 30y, and (C) XRD

5 patterns of (a) Co304, (b) ZnC01540y, (€) ZnC0340y, (d) ZNCo300y, (e)
ZnC0,,00y, (f) ZnCo4.50y, (g) ZNC0100y, (h) ZNC0g 50y, (i) ZNC0oy 30y, and
(i) ZnO; The controlled sample ZnO was prepared as reported
previously®” and the controlled sample Co;0, was prepared in a similar
method to ZnCo,O, without the addition of Zn(OAc), for the synthesis of

10 coordination polymers.

The representative SEM images show that ZnCo,O, oxides
have similar morphology to the corresponding Zn-Co,-P
coordination polymer precursors but smaller particle size due to
the large volume shrinkage after removing the ligands by thermal

1s treatment (Fig. 1, S2 and S3). All ZnCo,O, have plate-like
morphology but with different size. With decreasing the Co/Zn
molar ratio, the round-plate like particles were transformed into
uniform rhombus lamella particles with the increasing in the
particle size.

2 The XRD patterns of ZnCo,O, oxides are summarized in Fig.
2C. For ZnCoO, oxides with Co/Zn ratio higher than 3.0, the
main phase is spinel structured Co;0,, suggesting that Zn is
mainly incorporated into the Cos;0, lattice. The HR-TEM (Fig.
S4) of ZnCo;,0y also proved the purity of CozO, phase in the

25 catalyst. The XRD patterns of ZnCo,O,, oxides with Co/Zn ratio
in the range of 2.0 to 0.5 clearly show the co-existence of
diffraction peaks from both wurtzite structured ZnO and spinel
structured Co30y, indicating the formation of ZnO and Co30,
composites. For ZnCog 30y, the main phase is cobalt-substituted

30 wurtzite structured ZnO phase. The result clearly indicates that
the zinc-substituted spinel structured Cos;04, Zn0O-Co30,
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composites and cobalt-substituted wurtzite structured ZnO could
be formed by varying the Co/Zn ratio in the initial Zn-Co,-P
coordination polymer precursors.

The nanostructure of ZnO-Co;0, composites was further
characterized by HR-TEM technique. HR-TEM image shows that
ZnCo, 40y is composed of intimately integrated nanoplates with
particle size of ca. 10 nm (Fig. 2A), similar to ZnCo,O, oxides
prepared via calcination at 550 °C.*" Analysis of the lattice fringe
image of ZnCo, (O, is consistent with the (111) plane of spinel
Co03;0, and (101) and (100) planes of hexagonal wurtzite ZnO.
Similar to ZnCo, (O,, the HR-TEM image of ZnCoq30, shows
the co-existence of ZnO and Co;0, (Fig. 2B), although nearly no
diffractions for Co;0O, phase could be observed in the PXRD
pattern of ZnCo, 30y. This is probably due to the low content of
Co30, phase in ZnCog 30,
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Fig. 3 (A) Co K-edge XANES spectra of commercial Co304, ZNC0,0,
synthesized by co-precipitation method and ZnCo,O, oxides synthesized
using Zn-Coy-P as precursors and (B) is enlarged part of dominant peak in
(A).

The oxidation states of the cobalt ions in the ZnCo,O, oxides
were investigated by the X-ray absorption near-edge structure
(XANES) technique with two standard samples of commercial
C05;0,4 and ZnCo,0, synthesized by co-precipitation method for
comparison (Fig. 3). Edge-rise energies at the Co K-edge are
indicative of the mean oxidation state of Co. According to the
method of edge-rise energies,®® the K-edges increase in the order
of ZnCo, 30, < commercial Co304 < ZnCo; o0y < ZnCo3,0, <
ZnCo,0,, showing that the oxidation state of Co in ZnCo,O,
oxides follows the same order, which is in agreement with the
results of cerimetric titration method™ (Table 1). A pre-edge step,
a dominant peak and a shoulder at post-edge respectively labeled
as a, b, and c could be clearly observed in the XANES spectra.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3

Page 4 of 8



Page 5 of 8

3

Journal of Materials Chemistry A

The intensity of peak a and also b in XANES are closely related
to the symmetry and coordination of the first Co-O
coordination.”® Tetrahedral coordination has a lower intensity
peak b than the octahedral one, as well as a higher intensity peak
a. Co30, has spinel crystal structure, with the tetrahedral
interstitial sites formed by oxygen packing occupied by Co (II)
ion, and the octahedral interstitial sites occupied by Co (111) ion.
The intensity of b peak is higher with the increasing of Co
valence states in ZnCo,O, oxides, because the Zn (1) can only
distribute at tetrahedral sites in the spinel Co3;0,. The Co
oxidation state for commercial Co;0, and ZnCo,0, is +2.69 and
+3, respectively. The b peak of ZnCo,0, shifts to higher energy
compared with that of commercial Co;0,, due to higher Co
valence states of ZnCo,0,. Similarly, the oxidation state of Co
ion in ZnCog,0, is higher than that in ZnCo, o0, However,
ZnCog 30, shows two broad dominant peaks at ~7725.6 eV and
~7729.0 eV. The first dominant peak occurs at similar energy to
CoO and the second one is at the same position to C030,%,
showing that ZnCo,30, has two phases, ZnO with Co (II)
substituted in lattice and Co30,.

Table 1. The oxidation state of Co determined by cerimetric titration
method.
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Fig. 4 EXAFS data for commercial Co304, ZnC0,0, and ZnCo,O, oxides,
the curves are shifted along the y-axis for display purposes.

so Water oxidation using (NH,),Ce(NOs)s as oxidant

Table 2 The textual parameters and water adsorption capacity of
ZnCoxOy oxides with different Co/Zn molar ratio and their catalytic
activity for water oxidation reactions

Sample Co valence
ZnCo0,0,4 +3
CO304 +2.66
ZnC018,4Oy +2.82
ZnC03,40, 2.86
ZnCO3.oOy 2.88
ZnCOZ.oOy 2.87
ZnCo, 50, 2.82
ZnCo1_oOy 2.73
ZnCoo_50y +2.58
ZnC0o30y +2.49

The crystal structures of ZnCo,O, oxides were also
characterized by extended X-ray absorption fine structure
(EXAFS) technique (Fig. 4). Commercial Co30, affords three
peaks located at 1.5 A, 2.5 A and 2.9 A, which could be ascribed
respectively to Co-O bond, the next nearest Co-Co and Co-O
bonds.® ZnCo,0, and ZnCo,0, (x>1.0) show similar EXAFS
spectra to commercial Co30,, indicating that cobalt oxide in these
samples has spinel structure. Comparing to commercial C030,,
the third peak of ZnCo,0, shifts slightly to larger radial distance
due to the substitution of Zn (lI). All of the peaks of ZnCo; (0,
match perfectly with those of ZnCo,0, even at long radial
distances, showing that two samples have the same crystalline
structure. This confirms that most of Zn is incorporated into
Co30, lattice for ZnCos,0, as shown by XRD characterization.
Except for the first main peak, the positions of the second and
third peak of ZnCo, 4O, shift obviously to larger radial distance,
showing the existence of Co-Zn bonds in the next nearest Co-Co
and Co-O bonds. This suggests that the local structure of
ZnCo,,0, is different from both commercial CozO, and
ZnCo0,04. ZnCo, 30, shows radial structure functions similar to
Co-doped Zn0O,** implying that most of Co (11) is substituted in
the lattice of ZnO, however, the lower radial distance shift of the
second peak suggests the formation of spinel Co30,,* which is
consistent with the HR-TEM results.

Sample BET surface Water TOF*10° TOF*10*
area adsorption (mol/molCo-  (mol/molCo-

(m%g) (mL/cm?)? 5)° s)°
Zn0O 116 6.9 0 0
ZnCo0o 30y 37.6 16 7.9 34
ZnCoos0y 33.8 2.1 8.9 2.8
ZnCo1,40y 32.3 2.2 8.2 2.2
ZnCoy50y 29.8 2.0 5.7 1.2
ZnCo,00, 35.0 18 35 11
ZnCo340y 30.4 2.1 2.7 1.0
ZnCo340y 27.7 2.3 1.9 0.5
ch01g_40y 25.6 3.3 1.4 0.8
C0304 27.8 3.2 2.4 0.7

@ Water adsorption quantity was normalized by the surface area; ® Water

s5 oXidation reaction using Ce (IV) as oxidant. TOFs were claculated in the

6

S

initial 60 s with assumption that all Co atoms are the active sites; *Water
oxidation reaction from visible-light-driven in a Clark electrode system.
TOFs were claculated in the initial 120 s with assumption that all Co
atoms are the active sites.

Chemical water oxidation experiments were performed using
(NH,),Ce(NO3)g as sacrificial electron acceptor to chemically
oxidize water to O,. Control tests were carried out to verify that
no O, was produced in the absence of either Ce (IV) or catalyst.
We repeated the test at least twice to ensure good reproducibility.

e ZnO alone cannot catalyze the water oxidation reaction, while

7

=)

Co30,4 and ZnCo,0, oxides could efficiently catalyze the water
oxidation for the production of O,, suggesting that Co is the
active site for water oxidation. The TOFs of ZnCo,O, oxides
varied in the range of 1.4 x 10° to 8.9 x 10 mol/molCo-s
depending on the Co/Zn ratio (Table 2). In fact, only surface Co
atom could catalyze the water oxidation. For further clarifying the
influnce of Co/Zn on the catalytic performance of ZnCo,O,
oxides, TOF was calculated based on per surface Co atom (Fig.
5). ZnCo,30, with cobalt subsituted into wurtzite structure is

75 more active than Co;0, with TOF of 0.19 mol/mol surface Co-s,

suggesting ZnO could promote the activity of Co. Moreover,
ZnCo,O, composites (0.5<x<3.0) with integrated ZnO and Co30,
are also more active than Co30, further confirming the
promotion effect of ZnO. For ZnCo,O, composites (0.5<x<3.0),

s the TOF increased monotoneously as the Co/Zn molar ratio

4 | Journal Name, [year], [vol], 00-00
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decreased. ZnCo,s0, shows the highest activity among all
ZnCoO,. This indicates that higher amount of ZnO induces
higher activity for ZnCo,O, composites (0.5<x<3.0). ZnCo,O,
(x=3.0) is less active than ZnCo,O, composites (0.5<x<3.0) and
5 ZnCo340, and ZnCo,5 40y are even less active than CozO,. The
characterizations show that Co in ZnCo,O, (x=3.0) has higher
oxidation state than Co;0, and ZnCo,0, composites (0.5<x<3.0)
due to the occupation of Zn(ll) at tetrahedral sites in the spinel
Co030,4. Though the active sites of Cos0, for water oxidation are
10 not very clear at present stage, it could be assumed that they may
involve both Co (1) and Co (lII). The low activity of ZnCo,0O,
(x=3.0) may be due to the combined effect of low content of ZnO
and high oxidation state of Co.
The water adsorption experiment suggests that ZnO could
15 adsorb higher amount of water than Co3;0,. The promotion effect
of ZnO may relate with its high water adsorption ability, though
no strong relation betweem the activity and water adsorption
ability of ZnCo,O, composites (0.5<x<3.0) could be found. For
the generation of promotion effect, ZnO should be close enough
20 to Co active sites. It is reasonable to assume that the interface
between ZnO and Co3O, may strongly improve the activity of
ZnCo,0, oxides in water oxidation reaction.
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Fig. 5 The influence of Co/Zn ratio on the catalytic performance of

25 ZnCo,Oy for both chemical and photocatalytic water oxidation (TOF was
calculated based on per surface Co atom). It is assumed that ZnCo,O, has
exposed face of (100) plane, and a simple superposition with the crystal
cell of spinel structure and Zn atom is completely identical with Co atom.
TOF (mol/mol surface Co-s) = xxa+Va/(n+m+A+mol%sxt), where x = O,

30 generated in the initial 60 or 120 s (mol); a = cell parameter (m) of the
cubic crystal cell for spinel structure; N = Avogadro constant, 6.023*10%
mol™; n = number of Co on (100) plane per crystal cell; m = mass of
catalyst (g); A = BET surface area (m?/g); mol% = mole percent of Co of
the total mole number of Co and Zn in catalysts ; t = time (s).

s A control experiment was also performed for water oxidation
using physical mixture of Cos0, and ZnO as catalysts (Co/Zn
molar ratio of 1). The physical mixture of Cos04 and ZnO with
TOF of 2.3 x 10°° mol/molCo-s is only slightly more active than
C050,. This result shows that only ZnO closely contacted with

40 C030, could show the acceleration effect. For comparison, CP-
ZnCo,O, oxides with different Co/Zn molar ratios were also
prepared using conventional co-precipitation method, which is a
general method for the preparation of mixed-metal oxides. All
CP-ZnCo,O, oxides are composed of irregularly shaped

s microparticles (Fig. 6A). The XRD results show that CP-

ZnCo330y is Zn (l1) substituted spinel Cos0, and CP-ZnCo,O,
oxides with x < 3.3 are composites materials composed with
wurtzite structured ZnO and spinel structured Co30, (Fig. 6B).
CP-ZnCoj330y gives the lowest activity among all CP-ZnCo,O,

so oxides (Table 3). For CP-ZnCo,O, oxides with x < 3.3, the
activity increases as the x decreases. This is in a similar tendency
to ZnCo,O, oxides prepared using coordination polymers as
precursors. This result also verifies that the ZnO could greatly
enhance the activity of Co for chemical water oxidation reaction.

s The catalytic activity of CP-ZnCo,O, oxides is much lower than
ZnCo,O, oxides synthesized using coordination polymers as
precursor. The possible reason is that the uniform distribution of
Zn and Co ions in a well-defined coordination state in the Zn-
Co,-P coordination polymer precursor®® leads to more interfaces

e between ZnO and Coz0, in ZnCo,O, oxides than that in CP-
ZnCo,0, oxides synthesis via co-precipitation method.
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Fig. 6 (A) SEM images and (B) XRD patterns of CP-ZnCo;30,, CP-
ZnCo;,,0y, CP-ZnCo, 0y, and CP-ZnCo,.40, from bottom to top.

65 Table 3 The activity of CP-ZnCoO, oxides for water oxidation using Ce
(IV) as oxidant

Sample BET surface TOF*10° Co/Zn molar
area (mol/molCo-s)* ratio”
(m?g)
CP-ZnCo330y 25.2 0.4 33
CP-ZnCo,,0y 29.9 0.6 2.2
CP-ZnCo.10y 38.2 1.3 11
CP-ZnC0,.40y 28.8 1.0 0.4

# TOFs were claculated in the initial 60 s with assumption that all Co
atoms are the active sites, ® Co/Zn molar ratios were measured by ICP.

With ZnCo, Oy, as model catalyst, the recycle experiment for
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OER was preformed (Table 4 and Fig. S5). After the reaction, the
catalyst was recycled from the reaction solution and used directly
for the next run. For the second cycle, the TOF decreases sharply
from 8.2 x 10 to 2.2 x 10 mol/molCo-s. The elemental analysis
shows that Co/Zn molar ratio increases from 1.0 to 3.1 after the
first cycle, indicating that high acidic reaction medium removes
ZnO from ZnCo,(0O,. This was further confirmed by the
disappearance of the diffraction peaks assigned to ZnO in the
XRD patterns of the recovered catalyst (Fig. S6). The BET
surface area increased greatly after the first run due to the
removal of ZnO phase. After the first cycle, the activity, Co/Zn
ratio and BET surface area are quite stable. This suggests that
only ZnO was removed and Zn substituted in Co30, is stable in
acidic medium.

Table 4 The BET surface area, Co/Zn ratio and activity of ZnCo, O, for
different cycles in water oxidation using Ce (V) as oxidant

Cycle BET surface area  Co/Zn molar ratio TOF*10°
(m’/g) (mol/molCo-s)*
2 72.7 3.1:1 2.2
3 73.4 3.2:1 25
4 67.9 3.3:1 3.2

® TOFs were claculated in the initial 60 s with assumption that all Co
atoms are the active sites.

Photocatalytic O, evolution

The performance of ZnCo,O, oxides was also tested in the
photocatalytic water oxidation using [Ru(bpy)s]?" as visible-light
absorber and S,04% as sacrificial electron acceptor. Control
experiments were carried out to verify that no O, was produced in
the absence of either [Ru(bpy)s]*" or S,0¢% or light or catalyst.
The initial photocatalytic water oxidation reaction was performed
in a Clark electrode system (Fig. 7A). Because the Clark
electrode measures oxygen concentration only in the liquid phase,
the total reaction time was set to 200 s, beyond which oxygen
evolution goes past the saturation point. We repeated the test at
least twice to ensure good reproducibility. The TOFs of ZnCo,0,
oxides varied in the range of 0.5 to 3.4 *10™* mol/molCo-s
assuming that all Co atoms are the active sites (Table 2). As the
reaction time increases, the amount of evolved O, increases
linearly, showing that the catalyst is stable in the initial stage. A
TON of 0.08 could be achieved on ZnCog 30, in 200 s, which is
almost six times that of Co30,. ZnCo,O, (x< 3.9) is obviously
more active than Co0;04. We also performed the photocatalytic
oxygen evolution in a reactor-gas chromatography (GC)
combination system, which allows us to extend the reaction time
to 1 h using Co30,4 ZnCo3(0y, ZnCo;,0y and ZnCoy30, as
catalysts (Fig. 7B). The amount of evolved O, increases sharply
in initial 10 min. After that, it slows down. A TON of 2.44 could
be achieved on ZnCog 30y in 60 min, which is much higher than
that of Co30,. Similar to the results in Clark electrode system,
ZnCo, 40y and ZnCog 30, are more active than Co;0,. The above
results suggest the promotion effect of ZnO in photocatalytic
water oxidation reaction.
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Fig. 7 Oxygen evolution profiles for ZnCo,O, oxides utilizing visible-
so light-driven [Ru(bpy)s]**-persulfate system, measured by (A) Clark
electrode system and (B) gas chromatography system.

As shown in Fig. 5, the TOF of ZnCo,O, increases with the
decrease in Co/Zn ratio. This is almost the same as that in
chemical water oxidation with the exception that ZnCo 30,

ss shows the highest activity instead of ZnCoys0y. This result
further confirms that ZnO could accelerate the activity of Co in
photocatalytic water oxidation reaction. In photocatalytic water
oxidation experiments, [Ru(bpy)s]** as sensitizer absorbs visible
light to generate electro-hole pairs. Following by the sacrificial
w0 electron acceptor S,05% accepts the generated electrons,
[Ru(bpy)s]?* is oxidized to [Ru(bpy)s]®*. After that, [Ru(bpy)s]**
provides the hole to the oxygen evolution catalyst for finishing
the water oxidation reaction. Thus, photocatalytic water oxidation
system is more complicated than chemical water oxidation
es System. In addition to the type of active sites, the interaction of
photosensitized with the catalyst, the transfer of sacrificial
reagent and the electron and hole could also affect the activity of
ZnCo,O,. The slightly higher activity of ZnCoy30, than
ZnCog 50y is probably related with slightly higher surface area of
70 ZnCOO_goy.

The recycle experiment was also performed using ZnCo, (O, as
model catalyst utilizing a reactor-gas chromatography (GC)
combination system. The obvious decrease in activity was
observed for the second cycle (Fig. S7). The XRD

75 characterization of the used catalyst suggests that ZnO is
dissolved during the catalytic process (Fig. S8), which probably
causes the decrease in activity. The results of both chemical and
photocatalytic water oxidation suggest that the interface between
ZnO and Coz0, is necessary to improve the activity for water

g0 oxidation due to the cooperation between ZnO (non-active site)
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and Co30, (water oxidation site).

Conclusion

Using Zn-Co,-P coordination polymers as precursors, zinc-
substituted spinel structured Co30,, ZnO-Co3;0, composites and
s cobalt-substituted wurtzite structured ZnO could be successfully
synthesized via a simple thermal treatment. The results of XRD
and XAFS experiments suggest that Co/Zn ratio greatly
influences the crystal phase and the local Co-O structure of
ZnCo,0, oxides. With the Co/Zn ratio increasing, main phase
10 transfers from Zn (11) substituted spinel structured Co;0, to co-
existence of wurtzite structured ZnO and spinel structured Co30,
and even to Co (Il) substituted wurtzite structured ZnO. ZnO-
Co05;0, composites show much higher activity than Cos0, and
zinc-substituted spinel structured Coz;0, in both chemical and
15 visible-light driven photocatalytic water oxidation. The present
study demonstrates that the promotion effect of ZnO in composite
catalysts for water oxidation reaction probably due to the
cooperation of ZnO (water adsorption site) and Co;0,4 (water
oxidation site).
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