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Precious Metal-Free Photocatalytic Water Oxidation by a
Layered Double Hydroxide-Prussian Blue Analogue Hybrid

Assembly
Sina Sadigh Akbari® and Ferdi Karadas*® "

The development of earth-abundant photocatalytic assemblies
has been one of the bottlenecks for the advancement of
scalable water splitting cells. In this study, a ZnCr layered
double hydroxide and a CoFe Prussian blue analogue are
combined to afford an earth-abundant photocatalytic assembly
involving a visible light-absorbing semiconductor (SC) and a
water oxidation catalyst (WOC). Compared to bare ZnCr-LDH,
the SC-WOC hybrid assembly exhibits a threefold enhancement

Introduction

Photocatalytic water oxidation with powder suspensions has
been an appealing strategy since it offers a simple, relatively
low-cost, and easily scalable method to harvest solar light.
These photocatalytic assemblies generally involve the coupling
of a suitable semiconductor (SC) with a water oxidation catalyst
(WOCQ)." Although hundreds of different assemblies have been
reported up to date, the majority of them are active mostly in
the UV region (<400 nm), and/or WOCs are mainly based on
precious metal oxides.>™ Therefore, the development of an
earth-abundant and visible-light absorbing SC-WOC assembly is
one of the critical challenges for the advancement of scalable
and efficient photocatalytic water splitting systems.

Layered double hydroxides (LDHs) consisting of mixed-
metal hydroxide layers step forward in photocatalytic water
splitting due to their simple synthesis, diversity, abundant
active earth-metal centers, and efficient visible light-harvesting
properties.* " Although LDHs have been actively used for
photocatalytic water splitting due to their high quantum yield
and efficiency, only a limited number of studies involve the
utilization of ZnCr-LDH as a narrow bandgap semiconductor for
the photocatalytic water oxidation process." ZnCr-LDH has
been employed either as an individual photocatalyst*"'” or as
part of a heterostructure consisting of a combination of suitable
semiconductors for overall water splitting."** Although ZnCr-
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in photocatalytic activity, which is maintained for 6 h under
photocatalytic conditions at pH 7. The band energy diagram
was extracted from optical and electrochemical studies to
elucidate the origin of the enhanced photocatalytic perform-
ance. This study marks a straightforward pathway to develop
low-cost and precious metal-free assemblies for visible light-
driven water oxidation.

LDH exhibits a suitable band energy alignment for visible light-
driven water oxidation, poor charge mobility in LDHs leads to
unavoidable recombination of photo-induced charge carriers,
which yields relatively poor efficiency and stability." Therefore,
viable strategies to suppress photo-generated electron-hole
recombination and to improve the interfacial kinetics of LDH-
based materials should be introduced for the advancement of
LDH-based water splitting technologies.”’¥ Although ZnCr-
LDH has been coupled with other semiconductors for photo-
catalytic applications, it has not been combined with a water
oxidation catalyst up to date.

Such a design requires the coupling of two earth-abundant
components with matching band levels for efficient charge
separation. Cobalt-iron Prussian blue analogues, CoFe-PBAs,
have recently been acknowledged as efficient and robust
WOGs. In CoFe-PBAs, cobalt sites, which are coordinated to at
least one water molecule, are active catalytic sites while iron
sites that are surrounded with six cyanide groups are catalyti-
cally inactive.””" Since they exhibit poor photocurrent efficien-
cies, the general strategy is to couple CoFe-PBAs with suitable
photosensitizers and semiconductors to utilize them for the
light-driven water oxidation process.”*? Herein, we prepare SC-
WOC hybrid assembly by coupling a CoFe-PBA with a ZnCr-LDH
since i) they are precious metal free, ii) they can be prepared by
straightforward solution chemistry, and iii) CoFe-PBAs are
projected to have a suitable band energy alignment that can
facilitate charge transfer from the valence band of ZnCr-LDH for
the water oxidation reaction.**%

Results and Discussion

ZnCr-LDHs and CoFe-PBAs have been prepared according to
previously reported synthetic methods. The compounds were
then mixed at 60 °C with different weight ratios to afford hybrid
assemblies symbolized as LDH-PB-n (n=1, 2, or 3; Figure 1a). All
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Figure 1. (a) Schematic representation for the preparation of LDH-PB-n hybrid assemblies by mixing ZnCr-LDH and CoFe-PBA at 60 °C with different weight
ratios. (b) XRD patterns of LDH, PBA, and LDH-PB-1. The dashed lines represent the characteristic diffraction peaks for LDH and PBA structures in the powder
XRD pattern of the LDH-PB-1 sample. (c) ATR-FTIR spectra of LDH, PBA, and LDH-PB-1. Inset: The cyanide stretching mode for CoFe-PBA and LDH-PB-1

samples.

characteristic peaks of a layered double hydroxide and a
Prussian blue structure were observed in powder XRD patterns
of samples (Figure 1b and Figure S1 in the Supporting Informa-
tion). The diffraction peaks at 11.7° and 23.5° that are observed
for ZnCr-LDH are assigned to (003) and (006) lattice planes of
LDH structure while the ones at 17.5° and 24.8° observed for
CoFe-PBA correspond to (200) and (220) lattice planes of cubic
Prussian blue structure, respectively (Table S1).""” These peaks
are also observed for LDH-PB-1 without any significant shift,
which suggests a physical interaction between components in
LDH-PB-1. The relative intensities of the diffraction peaks that
belong to PB structures in LDH-PB-1 decrease and they get
broader compared to CoFe-PBA, which indicates that the
particle size is reduced during the formation of the hybrid
assembly.

The FTIR spectra for ZnCr-LDH and LDH-PB-n reveal a broad
band at 3370 cm™' and a sharp one at 1632 cm™', which are
attributed to the M—O—H stretching mode and the bending
mode of H,0. The broadness of the O-H band indicates the
presence of hydrogen bonds between water molecules and
anions in the interlayer space of LDH. The two bands at
1487 cm™ and 1348 cm™' are assigned to the asymmetric
stretching of the carbonate species placed in between the
layers. The spectra for CoFe-PBA and LDH-PB-n reveal a sharp
band at 2110 cm™" with two shoulders at 2160 cm™ and
2070 cm™', which are assigned to Co"-NC—Fe", Co"-NC—Fe",
and Co"-NC—Fe" coordination modes, respectively. The relative
decrease in the intensity of the shoulder at 2160 cm™' for LDH-
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PB-n suggests an electron transfer from LDH to PBA structures
(Figures 1c and 52).1°87

The morphology and structure of the samples were
investigated by scanning electron microscopy (SEM) and Trans-
mission electron microscopy (TEM) images. The layered struc-
ture of ZnCr-LDH was confirmed with SEM analysis (Fig-
ure 2a),“" which are surrounded by Prussian blue structures
after mixing to produce hybrid assemblies (Figure 2b,c). The
morphology of LDH-PB-1 has also been investigated with TEM
analysis since it exhibits the highest photocatalytic water
oxidation performance (Figure 2d). Scanning TEM (STEM)
elemental mapping confirms that CoFe-PBA particles are
distributed on the surface of LDH layers in LDH-PB-1 (Figures 2e
and S3).'%*42 Energy-dispersive X-ray spectroscopy (EDS)
elemental scanning reveals Co/Fe and Zn/Cr elemental ratios of
3:2 and 2:1, respectively, which is consistent with our synthetic
procedure (Figure S4 and Table S2). EDS mapping indicates that
the PB and LDH structures are well-dispersed to form a uniform
hybrid assembly (Figure S5).

The possible electron transfer between LDH and PBA
structures is also observed with X-ray photoelectron spectro-
scopy studies. The corresponding binding energies for Zn 2p, Cr
2p, Co 2p, Fe 2p, N 1s, C 1s, and O 1s (Figures S6 and S7) are in
good accordance with the expected profiles of CoFe-PBA and
ZnCr-LDH. A comparison of XPS profiles before and after mixing
indicates that the binding energies of Zn 2p and Cr 2p exhibit
slightly positive shifts after mixing.”” Cobalt retains its 42 and
+3 oxidation states,*****¥ whereas the amount of Fe’" ions in
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Figure 2. SEM images of (a) ZnCr-LDH, (b) CoFe-PBA, and (c) LDH-PB-1. (d) TEM image of LDH-PB-1. (e) High-angle annular dark field (HAADF) image of the

LDH-PB-1 sample. Inset shows the selected-area STEM elemental mapping.

the mixed-valent iron sites increases upon mixing suggesting
an electron transfer from LDH to PBA structures (Figures 3 and
$8),””" which is in agreement with FTIR profile of LDH-PB-1
sample.

The photocatalytic performances of bare LDH and LDH-PB-n
samples were evaluated by monitoring the amount of gen-

erated oxygen from water in the presence of 5 mM Na,S,0; as a
sacrificial agent under visible-light irradiation (Figures 4a and
S9). ZnCr-LDH exhibits a considerable photocatalytic activity,
which  decreases gradually in the second cycle
(0.64 mmolg~"h™"). LDH-PB-1 exhibits a threefold increase in
the activity (1.83 mmolg™"h™") compared to bare ZnCr-LDH and
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Figure 3. XPS spectra of the LDH-PB-1 sample: (a) Fe 2p; (b) Co 2p; (c) N 1s; (d) Zn 2p; (e) Cr 2p; (f) O 1s. Circles and lines represent raw data and fitted curves,

respectively.
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Figure 4. (a) Bar diagrams of photocatalytic O, evolution of CoFe-PBA, ZnCr-
LDH, and LDH-PB-1 (mmol of produced O, per g of catalyst) in a pH 7 KPi
buffer containing 5 mM Na,S,0; as a sacrificial agent under visible-light
irradiation (L >420 nm). (b) Rate of O, generation in 3 consecutive cycles for
LDH-PB-1. After each cycle 5 mM Na,S,0, was added to the reaction
solution.

CoFe-PBA, which maintains its activity even during the third
cycle (Figure 4b). The trend in the photocatalytic activity clearly
shows that coupling a PBA structure as a WOC not only
enhances the activity but also the stability of LDH structures
under photocatalytic conditions. The highest photocatalytic
activity and stability were obtained when the LDH/PBA molar
ratio was 1:1 (LDH-PB-1), which maintains its activity during a
6 h photocatalytic experiment. When the molar amount of the
LDH component is twice that of the PBA one (LDH-PB-2), the
activity decreases to approximately half its value
(0.64 mmolg~"h™"), which could be attributed to the decrease
in the weight ratio of the catalyst in the assembly. For LDH-PB-
3, which has a molar ratio of 2:3, the activity is ca.
0.87 mmolg™'h™" in the first cycle. The activity of LDH-PB-3 in
the second cycle is, however, poorer (0.63 mmolg™'h™") due to
a possible photodecomposition. The lower stability in LDH-PB-3
could be attributed to a higher degree of aggregation of excess
PB particles, which leads to a relatively inefficient electron
transfer between components. Furthermore, the physically
mixed LDH + PBA sample displays a similar activity to LDH-PB-1
over the first cycle, which decreases significantly in the second
cycle (Figure S10) due to the decomposition of the LDH
structure as evidenced by post-catalytic XRD studies (Fig-
ure S11). These studies indicate that both the synthetic method
and the molar ratio of the components play an important role
in tuning the physical interaction between the components
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_ 35 (a) and, thus, in the a.c.tiyity and photostabilit.y. We also studied the
™ [ l1sth effect of the sacrificial agent by evaluating the photocatalytic
E’ e activity of ZnCr-LDH and LDH-PB-1 with AgNO, as well. Whereas
£25 ZnCr-LDH exhibits a similar activity in the presence of different
:9:2_0 sacrificial agents, the activity of LDH-PB-1 depends highly on
% the type of electron scavenger. The activity of LDH-PB-1 is
& P around two times higher in 5,05~ compared to AgNO; since
§’1-Uf persulfate anion produces an intermediate sulfate radical
e (50,°7), which is a strong oxidizing agent (Figure 512).%
- i H Turnover frequency (TOF) is also an important indicator to
" CoFe-PBA ZnCr-LDH LDH-PB-1 compare the activity of the catalytic sites, which is defined as
120 the number of O, or H, per catalytic active site per time.*® For
(b EDH-RE the estimation of the lower-bound TOF value, a rough
E " Cycle 1 A molecular formula was extracted from EDX analysis and all the
2 86 | cobalt sites are assumed to be catalytically active. The TOF for
E E LDH-PB-1 is obtained to be around 2.1x107*s™', which is
§ 50 : comparable to previously reported TOF values for Prussian
E 40 ' blue-based systems.?3334
g ! The band structure and optical properties of ZnCr-LDH,
o 20 ; CoFe-PBA, and mixed samples were investigated with UV/Vis
: diffuse-reflectance spectroscopy (Figures 5a and S13). ZnCr-LDH
0 0 60 120 180 240 300 360 exhibits two strong bands at 410 and 570 nm corresponding to

the *A,,—"T,4 (F) and *A,;—T,, (F) d-d transitions of chromium
ions, respectively.”’*® The absorption band initiated at 344 nm
can be assigned to the ligand to metal charge transfer (LMCT)
from the O 2p orbital to the Cr 3d(e,) and Zn 4s orbitals.*”
When it is coupled with CoFe-PBA, the background absorption
of the compound was significantly increased due to the
electronic interaction between LDH and PBA structures. Two
broad absorption regions in CoFe-PBA can be attributed to the
charge transfer in the structure.®™® The enhancement in the
photocatalytic activity of the LDH-PB-1 sample is also inves-
tigated by photoluminescence spectroscopy (PL). In Figure 5b,
ZnCr-LDH displays a remarkable depression of PL peaks upon
hybridization with the PBA structure. Taking into account the
higher visible light absorption of the LDH-PB-1 sample
compared to pristine LDH, the PL results suggest an efficient
electron transfer between LDH and PBA components, which
could sufficiently suppress the recombination of photo-gener-
ated electrons and holes."**"

Cyclic voltammetry (CV) measurements and DRS results
were evaluated to estimate the band energy diagram. The
literature is contradictory on the assignment of band energy
levels of ZnCr-LDH mainly due to the presence of 3d? states of
Cr’* ions in addition to conduction and valence bands
(Table S4). Cyclic voltammetry of ZnCr-LDH is utilized to assign
the position for the 4AZg state at 1.92V vs. NHE, whereas the
HOMO level of CoFe-PBA is positioned at 1.48V vs. NHE
(Figure S14). The bandgap of LDH is found to be 3.97 eV based
on the fitting of absorption data with the Tauc plot (Figure S15).
The HOMO level of PBA is located at a higher energy level
compared to the d(t,,) level of LDH (Figure 5¢). The electrons in
d(t,,) orbitals of LDH are excited to the unoccupied interband
states by absorbing visible light. As a result, the photo-
generated holes can be injected into the HOMO level of PBA,
which causes an efficient charge separation.
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Figure 5. (a) Diffuse-reflectance UV/Vis spectra (plotted as the Kubelka-Munk
function of the reflectance, R) of CoFe-PBA, ZnCr-LDH, and LDH-PB-1 samples
in the 250-800 nm wavelength range. (b) PL spectra of CoFe-PBA, ZnCr-LDH,
and LDH-PB-1 samples (A, =290 nm) at room temperature. (c) Schematic
representation of the estimated band structure of the LDH-PB-1 sample

(pH 7) involving the electron-transfer mechanism.

The robustness of the hybrid assembly is elucidated with
XPS and XRD studies performed on post-catalytic powder
samples. For the Cr 2p and Zn 2p peaks, a slight shift to higher
binding energy was observed. The corresponding Fe’" peaks
are diminished significantly, whereas those for Fe’™ remain
unchanged. These results support the thesis that the electron
transfer takes place between LDH and PBA during the photo-
catalytic water oxidation process, which reduces Fe’" to Fe’™.
No significant change in the Co 2p profile is observed in pristine
and post-catalytic samples indicating the stability of the Co**
sites (Figure 6a-d).

XRD patterns were also studied for pristine and post-
catalytic powder samples of CoFe-PBA, ZnCr-LDH, and LDH-PB-
1. Similar to previous studies, the CoFe-PBA sample was
observed to be stable during the photocatalytic water oxidation
process based on the comparison of XRD profiles of pristine

ChemSusChem 2021, 14, 679-685 www.chemsuschem.org

and post-catalytic CoFe-PBA samples (Figure 6e). ZnCr-LDH,
however, exhibits additional peaks in the post-catalytic sample,
which reveals that it decomposes partially to K,Zn,O-
(Cr0,),.3H,0 under photocatalytic conditions (Figure 6f). The
decrease in the activity of ZnCr-LDH in the 2nd cycle could thus
be attributed to its low stability. For LDH-PB-1, all the peaks
obtained in the pristine and post-catalytic samples correspond
to those for PB cubic and LDH structures (Figure 6g). It should
be noted that a possible decomposition to an amorphous
structure cannot be ruled out merely based on XRD studies. The
steady profile of the photocatalytic activity throughout several
cycles with LDH-PB-1 and XRD studies performed on pristine
and post-catalytic CoFe-PBA, ZnCr-LDH, and LDH-PB-1 samples
reveal that the LDH structure exhibits a remarkable
enhancement in the stability once it is coupled with CoFe-PBA
to form LDH-PB-1. No additional peaks that can be attributed to
a decomposed product are observed in the Infrared spectra of
pristine and post-catalytic samples for ZnCr-LDH and LDH-PB-1
(Figure S16). The FTIR spectra of LDH-PB-1 sample before and
after the photocatalytic experiment show an electron transfer
process between LDH and PBA, which is consistent with XPS
studies.

Conclusions

In summary, the strengths of layered double hydroxides and
Prussian blue structures were combined to develop an entirely
earth-abundant semiconductor-catalyst assembly for the visible
light-driven water oxidation process. We changed experimental
parameters including the mixing temperature and weight ratio
of components systematically and optimized the synthetic
methodology to obtain a combination of enhanced activity and
stability. The summary of photocatalytic performances of
previously reported ZnCr-LDHs (listed in Table S5) indicates that
the LDH-PB assembly exhibits a remarkable activity among
LDH-based systems. ZnCr-LDH serves as an efficient visible
light-absorbing semiconductor, whereas CoFe-PBA plays an
active role in the catalytic water oxidation process. The photo-
catalytic assembly is easy to prepare and is composed of earth-
abundant components. The well-placed energy level of CoFe
Prussian blue structure between the water oxidation and the
valence band of ZnCr-LDH makes it an ideal catalyst for efficient
hole transfer from the semiconductor to the water oxidation
process. This efficient electron transfer not only reveals a
threefold enhancement in photocatalytic performance com-
pared to bare LDH but also improves its stability under
photocatalytic conditions. We also observed that the molar ratio
of LDH and PB components can be tuned to enhance the
activity and stability of LDH-PB assemblies. Given the remark-
able photocatalytic performance of this hybrid assembly and
the diversity in both the layered double hydroxide and Prussian
blue chemistry, a systematic study on the overall water splitting
with LDH-PB assembilies is currently underway.
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Figure 6. XPS spectra of (a) Zn 2p, (b) Cr 2p, (c) Fe 2p, and (d) Co 2p for pristine (black line) and post-catalytic (red line) of LDH-PB-1 sample. XRD patterns of
(e) CoFe-PBA, (f) ZnCr-LDH, and (g) LDH-PB-1 for pristine (black line) and post-catalytic (red line) samples.

Experimental Section

Synthesis of ZnCr-LDH

The co-precipitation method was used for the synthesis of ZnCr-
LDH, similar to the reported procedure with slight modifications.™
Zn(NO;),-6H,0 and Cr(NO;);-6H,0 with a Zn/Cr molar ratio of 2:1
were dissolved in deionized water (30 mL; solution A). Then,
solution A was titrated with another solution containing 1 M NaOH
and 1M Na,CO; (solution B) until pH 7-8 was reached under
vigorous stirring at room temperature. The resultant suspension
was stirred for 4 h. Subsequently, the mixture was aged at 85 °C for
22 h. The purple slurry was separated by centrifugation, rinsed with
deionized water, and finally dried at 75°C

Synthesis of CoFe-PBA

CoFe-PBA was synthesized by a precipitation method.®” First,
K;[Fe(CN)l (2 mmol) was dissolved deionized water (20 mL). Then,
an aqueous solution of Co(NOs),.3H,0 (3 mmol in 20 mL water) was
added dropwise to the above solution at room temperature. The
obtained slurry was stirred for 1 h and left to stand overnight. The
final precipitate was collected by centrifugation and washed
thoroughly with water. The obtained solid was dried at 75 °C.

Synthesis of LDH-PBA mixture

For the preparation of LDH-PBA assemblies, LDH and PBA powder
samples with specific quantities were separately dispersed in a
water/ethanol (1:1 v/v) mixture and sonicated for 30 min. Then,
solutions were mixed with ultrasonication for 2 h. Subsequently,
the mixture was stirred at 60°C for 6 h (Figure 1a). The resulting
materials with 1:1, 2:1, and 2:3 weight ratios are denoted as LDH-
PB-1, LDH-PB-2, and LDH-PB-3, respectively.

ChemSusChem 2021, 14, 679-685 www.chemsuschem.org
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Photocatalytic Experiments

The photocatalytic experiments for oxygen evolution were per-
formed in a 21 mL Pyrex reactor. Catalysts (28 mg; 14 mg for
experiments involving bare PBA and LDH samples) were dispersed
in aqueous buffer solution (18 mL; 0.1 M KH,PO, and 0.1 M K,HPO,
diluted in 500 mL deionized water with a pH close to 7) containing
5 mM Na,S,04 as a sacrificial agent. The headspace of the flask was
sealed with septa and the reaction mixtures were purged
thoroughly with N, to remove air. A Xe lamp (300 W; AM 1.5 global
filter) with a UV cutoff filter (1 >420 nm) was used as a light
source. The amount of evolved oxygen was determined by injecting
100 puL of the reactor headspace gas into a gas chromatograph
(Agilent 7820 A GC) equipped with a Molesieve column and a TCD
detector. Ar was used as the carrier gas. For each sample,
photocatalytic tests were repeated 3 to 5 times to achieve reliable
results.
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