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Surface Modification with Metal Hexacyanoferrates for
Expanding the Choice of H,-Evolving Photocatalysts for
Both Fe’* /Fe’*" Redox-Mediated and Interparticle

Z-Scheme Water-Splitting Systems

Hikaru Matsuoka, Tomoki Inoue, Hajime Suzuki, Osamu Tomita, Shunsuke Nozawa,

Akinobu Nakada, and Ryu Abe*

The construction of Z-scheme water splitting systems is an effective approach
toward harvesting a wide portion of the solar light spectrum; however, the success
has often depended on the property of photocatalyst surfaces. This drawback is
typified by the limited choice of efficient H, evolution photocatalysts (HEPs) (e.g.,
Rh-doped SrTiOs) for Z-scheme water splitting using Fe*"/Fe?" redox couple. The
majority of visible light-responsive materials shows low activity for H, production
with Fe?" electron donors despite having suitable band levels, probably due to the
absence of an effective surface site for oxidizing Fe*". The choice of HEPs for
interparticle Z-scheme systems has also been limited. Herein, an effective strategy
for overcoming these limitations is reported: activation of originally inactive materials
via surface modification with metal hexacyanoferrate nanoparticles. Photocatalytic
H, evolution over TaON in aqueous Fe*' solution is drastically enhanced by
comodification with indium hexacyanoferrate (InHCF) and Rh—Cr mixed oxide.
INHCF promotes Fe*" oxidation to Fe>* utilizing the holes photogenerated in TaON
via Fe'"/Fe" redox cycles, enabling Z-scheme water splitting with the Fe* " /Fe*"
redox mediator coupled with an O, evolution photocatalyst under visible light. It is
also disclosed that InHCF nanoparticles function as effective solid electron mediators

1. Introduction

Water splitting using particulate photocata-
lysts has been extensively studied because
of the significant potential of this technol-
ogy for large-scale clean hydrogen (H,)
production.'=>! Although the utilization of
a wide portion of the visible spectrum is
indispensable for achieving practically suf-
ficient solar-to-hydrogen (STH) conversion
efficiencies, there are only a few examples
of visible light-driven water-splitting sys-
tems using a single photocatalyst.*'%
This is primarily due to the strict require-
ments for the semiconductor materials,
including a bandgap that is narrower than
3.1eV, band levels suitable for both water
reduction and oxidation, and high stability.

Z-scheme-type water splitting (Zs-WS)
systems, which generally consist of two
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different particulate photocatalysts—one
for H, evolution and the other for O,
evolution—and a redox couple that dis-
solves in aqueous solutions, have been
demonstrated to enable the use of various
visible light-responsive photocatalyst materials that do not meet
the above criteria.'*"'¥l However, the success of this strategy has
often depended on the surface properties of photocatalysts such
as affinity with redox couples, not only their band levels (i.e., ther-
modynamical requisites). Actually, many photocatalysts exhibit
negligible H, or O, evolution in the presence of appropriate
redox species, despite the suitability of their band levels for
the target reactions with the redox species. Thus, the majority
of previous Zs-WS systems using conventional redox couples
(e.g., 1057 /1™ and Fe*" /Fe*™) have relied on the specific affinity
such as the selective adsorption of either species onto the photo-
catalyst surface.>*"!

This problem is typified by the narrow selection of H, evolu-
tion photocatalysts (HEPs) applicable to Zs-WS using the Fe**/
Fe’* redox couple."® ' Due to several practical advantages of
Fe’*/Fe’", including an appropriate redox potential and a
simple one-electron transfer process, it has been extensively stud-
ied.">'* However, the highly efficient HEP with Fe*" electron
donor has so far been limited to Rh-doped SrTiO; (STO:Rh)
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originally developed by Kudo and coworkers,' along with some

organic semiconductors showing moderate activity.'”'® In con-
trast, the availability of efficient O, evolution photocatalysts
(OEPs) with Fe’"/Fe’™ redox is considerably greater
(e.g., W03 Bivo,! H,WO0,2**" Ti0,:TaN,*? and
Bi,NbOsCl**). Notably, undoped STO exhibited low H, evolu-
tion activity in the presence of an Fe?" electron donor under
UV light irradiation.'® This implies Rh species near surface
presumably serve as specific sites for the oxidation of Fe®™.
Another class of Zs-WS systems is “interparticle” ones in
which electron transfer between HEP and OEP takes place
directly or via solid electron mediators even in the absence of
redox couple dissolved in reaction solution. The first example
was demonstrated using the combination of STO:Rh and
BiVO, as HEP and OEP, respectively, without any solid electron
mediators.”* Then various solid electron mediators such as
reduced graphene oxide (RGO), Au, ITO nanoparticles, and car-
bon nanotubel®?#! have been employed to facilitate electron
transfer between HEP and OEP. About 1% of STH was recently
achieved by Domen et al. using a photocatalyst panel consisting
of STO:Rh (codoped with La and Rh), BiVO,, and Au.*®! Similar
to the aforementioned Fe*"/Fe*™ redox case, most of interparti-
cle Zs-WS systems still employ STO:Rh-based materials as highly
efficient HEPs, while some others showing moderate activity
such as metal sulfides have recently been developed.”” It has
been suggested that the Rh cation species presumably serve
as specific sites for the interparticle electron transfer, not only
providing visible light absorption.***” Thus, to widen the choice
of HEPs applicable in redox-mediated and/or interparticle
Zs-WS systems, effective reaction sites that facilitate the oxida-
tion of redox mediator and interparticle electron transfer, respec-
tively, should be rationally designed on the photocatalyst surface.
Here, we focused on Prussian blue analogues, so-called metal
hexacyanoferrates (MHCFs), as such facilitators. MHCFs are a
class of 3D coordination polymers with a general formula of
ApM[Fe(CN)¢]rmH,0 (Figure 1; h, k, I, m: composition ratios;
A: alkali metal cation; M: (transition) metal cation), where M
and Fe ions are bridged by cyanide (CN) ligands.>"! The
MHCEF family has attracted considerable attention as functional

@ Fe
QC
ON
oM
O K

M-N=C el -

Figure 1. Typical structure of MHCF, K;M[Fe(CN)g].
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materials applicable in various technologies, such as in electro-
chromic devices,*?** adsorbents,?***! electrodes for secondary
batteries,?*3”) and (electro)catalysis.***?! Recently, we have
demonstrated that the surface modification of metal sulfide or
selenide photocatalysts (e.g., CdS) with MHCF (A=K",
M=cCd"® zn', or InH) increases the H, evolution rate in the
presence of [Fe(CN)q]*™ as an electron donor. MHCF was found
to promote [Fe(CN)g]*~ oxidation via the reversible Fe'™/Fe!
redox cycles in MHCFs.*'"*}! These findings motivated us to
employ MHCFs as facilitators for activating HEPs that have
so far been inactive in the combination with specific redox
mediators such as Fe**/Fe**.

2. Results and Discussion

2.1. Characterization of InHCF Nanoparticles

Indium hexacyanoferrate (InHCF) nanoparticles were prepared
according to a previously published method for the preparation
of MHCF nanoparticles containing either Fe, Co, or Ni cati-
ons,*1 but not for In-contained one. Although no crystallo-
graphic data have been recorded in the ICDD for InHCF, the
X-ray diffraction (XRD) patterns of the fabricated InHCF
particles (Figure 2a) resembled those of previously reported
InHCF samples with relatively large particle sizes
(~200 nm)."*>*%! The results of Le Bail refinement of the experi-
mental XRD pattern (Figure S1, Supporting Information)
supported the formation of InHCF sample composed of
KIn[Fe(CN)]s species. The no change in the XRD pattern of
InHCEF before and after heading at 373 K supports that the struc-
ture of InHCF should be maintained after loading on TaON
(Figure 2a). The attenuated total reflectance—Fourier transform
infrared spectroscopy (ATR-FTIR) spectra (Figure S2a,
Supporting Information) of the InHCF samples contained
absorption bands at ~2100-2070 cm ™, assignable to the stretch-
ing vibration mode of C=N, as is generally observed in
MHCFs,Y differing markedly from those of K,[Fe(CN)g)-3H,0
(2044cm™") and its oxidized form K;[Fe(CN)s] (2117 cm™Y).
The transmission electron microscopy (TEM) images of the
InHCF samples (Figure 2b) revealed irregularly shaped nanopar-
ticles with diameters < 100 nm.

The surface area was estimated to be 39.7 m?g™"! using N,
adsorption measurements and the Brunauer-Emmett-Teller
(BET) method. The elemental composition of the InHCF sample,
Ky In,[Fe(CN)g];, was estimated using X-ray photoelectron spec-
troscopy (XPS) and inductively coupled plasma optical emission
spectrometry (ICP-OES). The XPS analysis indicated that the
ratio of K:In:Fe (h:k:l) was ~0.7:1.0:0.9. The In:Fe ratio was close
to that determined by ICP-OES (1.00:0.88). The difference from
the ideal values (i.e., h:k:l = 1:1:1) may indicate the presence of
defect sites, which has been suggested for Prussian blue and its
derivatives.*”*®) The MHCFs employed should exhibit good
reversibility of the Fe"'/Fe! redox cycle, with a redox potential
appropriate for targeted photocatalysis. As shown in Figure 2c,
reversible redox behavior with sharp peaks was observed in
the cyclic voltammetry (CV) profiles of InHCF, and the half-wave
potential (E; , = 0.93 V vs. standard hydrogen electrode (SHE), pH
2.5) of Fe'""/Fe' agreed well with the literature values,***% which is

1
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Figure 2. Characterization of INHCF nanoparticles: a) XRD patterns, b) TEM images, and c) cyclic voltammograms obtained using an InHCF nanoparti-

cle-deposited FTO electrode at a scan rate of 50mV s~

appropriate for the oxidation of Fe*" cations in aqueous solution,
being more positive than that of Fe*"/Fe** (0.77 V). As shown in
Figure S3, Supporting Information, such good reversibility in
Fe'"'/Fe' redox was confirmed in the relatively wide range of
pH from 2.5 to 6.0. Importantly, the E;, values were almost inde-
pendent on this pH range. The redox reaction occurring on InHCF
can be thus described by Equation (1), where divalent and trivalent
iron species coexist, as suggested in previous studies

KIn[Fe'(CN)¢] 2 Ki_ In[Fe'_ Fel (CN)¢] +xK™ +xe= (1)

where x is the number of moles of reacted electrons.

2.2. Characterization of TaON Modified with a Conventional H,
Evolution Cocatalyst and InHCF

Figure S4, Supporting Information, shows the TEM images of
TaON loaded with well-known H, evolution cocatalysts
(Rh,Cr,_,0s3, Pt, or Rh), along with that of the unmodified sam-
ple. Hereafter, Rh,Cr,_,Oj3 is denoted as RCO for simplification.
Nanoparticles of RCO with an average diameter of 2 nm were
highly dispersed on the surface of the TaON. In contrast, the
Pt and Rh particle sizes were not homogeneous and were larger
than those of RCO, with inferior dispersion. Figure 3 shows TEM
images of the RCO/TaON sample further modified with InHCF
(InHCF/RCO/TaON), wherein it is evident that the TaON sur-
face was densely covered by a layer of InHCF particles with a
thickness of 20-100 nm. Although the relatively thick InHCF

Sol. RRL 2023, 7, 2300431 2300431 (3 of 12)

in aqueous K,SOy solution (0.1 M, 40 mL) at pH 2.5.

layers obscured the preloaded RCO nanoparticles in the TEM
images, characterization using XPS, XRD, and ATR-FTIR con-
firmed the presence of RCO species as well as the retention of
their physicochemical properties (Figure S5 and S6, Supporting
Information). Likewise, it was confirmed that the physicochemi-
cal properties of InHCF remained unchanged after loading onto
TaON. Similar results were observed for the InHCF/Pt/TaON
and InHCF/Rh/TaON samples (Figure S7-S10, Supporting
Information).

2.3. Effects of INHCF Modification on H, Evolution in the
Presence of Fe*" Electron Donor

Figure 4 shows H, evolution using TaON photocatalysts
and Fe’' electron donor under visible light irradiation
(A > 400 nm). Modification with either InHCF or RCO slightly
enhanced the H, evolution activity; however, the resulting H,
evolution rates were still exceedingly low (<5 pmolh™"). In con-
trast, the coloading of InHCF and RCO resulted in H, evolution
at significantly higher rates (104 & 14 pmol h™'). The optimized
amounts of InHCF, Rh, and Cr were 10 mol%, 1, and 1.5 wt%,
respectively (Table 1). The total amount of generated H, reached
659 pmol, which is close to the stoichiometric amount (625 pmol)
calculated based on the amount of added Fe*" (1250 pmol),
strongly suggesting that almost all Fe*" cations were oxidized
to Fe’™ by the photogenerated holes on TaON, accompanied
by stoichiometric (i.e., two-electron) reduction of water to H,.
The excess formation of H, can be rationalized by considering
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Figure 4. H, evolution with time over InHCF/RCO/, RCO/, or
InHCF/TaON and unmodified TaON in aqueous FeCl, solution
(5 mm, 250 mL) at pH 2.5 under visible light irradiation (4 > 400 nm).

the oxidation of residual organic contaminants and/or InHCF by
holes, given that a small amount of H, (14pmol) was
generated from InHCF/RCO/TaON in the absence of Fe?*"
(Figure S11, Supporting Information). Neither modification with
InCl; nor the simple addition of InHCF nanoparticles to the solu-
tion improved the activity of RCO/TaON (Figure S12, Supporting
Information), indicating that the loading of InHCF species onto
the TaON surface is essential for enhancing H, evolution.
Importantly, no changes were observed in the XPS and
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Table 1. Initial rates of H, evolution over TaON modified with various
amounts of RCO and InHCF under visible light irradiation.

Rh added [wt%] Cr added [wt%] INHCF? [mol%] Activity [pmol h™']

0.50 0.75 10 51.9
1.00 1.50 10 104 +14
1.50 2.25 10 84.0
1.00 0.50 10 77.8
1.00 3.00 10 93.2
1.00 1.50 5 63.9
1.00 1.50 15 103

ILoaded amount of INHCF was determined based on Fe content in InHCF which
was regarded as Kin[Fe(CN)g].

ATR-FTIR spectra of InHCF/RCO/TaON after the reaction
(Figure S13, Supporting Information). The apparent H,
evolution quantum efficiency of InHCF/RCO/TaON under sim-
ilar conditions, but with monochromatic light, was 1.2% at
420 nm. Figure 5 shows a comparison of the H, evolution
activities of InHCF-modified and unmodified TaON preloaded
with Pt or Rh instead of RCO. In both cases, coloading of
InHCF promoted H, evolution, but the rates were substantially
lower than those of InHCF/RCO/TaON.

2.4. Mechanism of H, Evolution Enhancement Due to
Comodification of TaON with InHCF and RCO

The above results indicate that the InHCF species endows the
originally inactive TaON photocatalyst with H, evolution activity

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 5. H, evolution with time over InHCF-modified or unmodified a) Pt/TaON or b) Rh/TaON in aqueous FeCl, solution (5 mm, 250 mL) at pH 2.5

under visible light irradiation.

using an Fe’" electron donor. Presumably, the InHCF species
function as specific Fe*™ oxidation sites, similar to the Rh
cation species doped in SrTiO; semiconductor particles.*”
This assumption is strongly supported by the finding that como-
dification with InHCF promoted H, evolution from aqueous
Fe’*, regardless of the type of reduction cocatalysts (RCO, Pt,
or Rh), to a greater or lesser extent (Figure 4 and 5). Notably,
TaON loaded solely with InHCF did not exhibit H, evolution
when methanol (MeOH) was used as an irreversible electron
donor (<0.1 pmolh™"), indicating the inertness of InHCF for
H, evolution.

Figure 6 shows the photoelectrochemical measurement
results for INHCF/TaON and unmodified TaON particles depos-
ited on a conductive FTO electrode. InHCF modification led to a
7- to 12-fold increase in the photocurrent in the presence of Fe”™,
indicating the favorable catalytic activity of the InHCF species for
the oxidation of Fe>*. As mentioned above, the redox potential of
Fe'"'/Fe! in InHCF was determined to be ~0.93 V versus SHE at
pH = 2.5 (Figure 2c); the photogenerated holes in TaON (valence
band maximum of 2.05V at pH 2.5, estimated based on a previ-
ous report?®!)) can thermodynamically oxidize the Fe'' species in
InHCF. Indeed, an absorption peak at 2190 cm™", assignable to
the C=N stretching vibration mode of the oxidized form of
InHCF, was observed from the ATR-FTIR spectrum
of InHCF/RCO/TaON after irradiation for 25h in the absence
of Fe’' (Figure S13f, Supporting Information). In addition,
the oxidized forms of InHCF, In[Fe™(CN)] (InHCF-ox) par-
ticles, were found to oxidize Fe?™ cations in aqueous solution
at pH 2.5. As shown in Figure S14, Supporting Information,
the amount of Fe’" in the solution spontaneously decreased
by 15 umol, accompanied by an increase in Fe*™ (11 pmol).
Thus, Fe®" oxidation is most likely promoted through the
Fe''/Fe" redox cycles in InHCF, whereby the photogenerated
holes in TaON oxidize Fe'' in InHCF to Fe™™, and the resulting
Fe'"" species oxidize Fe”" cations in the solution to Fe’*, as illus-
trated in Scheme 1. It should be noted that InHCF loading on
TaON led to an increase in the photocurrent, even in the absence
of Fe** (Figure 6¢), suggesting that the InHCF species capture
the photogenerated holes in TaON to some extent. Therefore, it

Sol. RRL 2023, 7, 2300431 2300431 (5 of 12)

can be concluded that the InHCF nanoparticles loaded onto the
TaON photocatalyst surface functioned as an effective facilitator
for Fe*" oxidation by the photogenerated holes of TaON, thereby
drastically enhancing the H, evolution initiated by photoexcited
electrons on H, evolution cocatalysts, such as RCO.

An important finding was that the combination of InHCF with
RCO specifically and drastically promoted H, evolution from
aqueous Fe®", whereas that of InHCF and conventional Pt did
not (Figure 4 and 5). Because metallic Pt exhibits the lowest over-
potential for water (or HT) reduction,? the loading of Pt as a
cocatalyst has been proven to enhance H, production by various
photocatalysts, including TaON, in the presence of appropriate
sacrificial electron donors."*****) However, when a reversible
redox species, such as Fe*™ or 1™, is used as an electron donor,
Pt metal also catalyzes backward reactions, such as the reduction
of Fe’* or I3~ (1057),1"*** significantly lowering the H, evolu-
tion rate. Indeed, H, evolution on Pt/TaON from an aqueous
MeOH solution was nearly completely suppressed by the addi-
tion of Fe’' cations to the solution (Figure S15, Supporting
Information), indicating a preference for Fe’" reduction over
that of HT. Preferential Fe®>" reduction by Pt is further supported
by the electrochemical measurement results shown in
Figure S16a,b, Supporting Information; Pt (or Rh) loading onto
an FTO substrate led to a significant shift in the onset potential of
Fe*" reduction from ~0.4 to ~0.8 V (vs. SHE). Although a reduc-
tion peak was also generated at ~0.7 V by the RCO-loaded FTO
electrode during the cathodic scan (Figure S16¢c, Supporting
Information), it was independent of the Fe’' concentration.
In contrast, the reduction peak of RCO with the onset potential
of ~0.4V increased with increasing Fe*™ concentration; the
current density of this peak was lower compared to those of
Pt and Rh at around 0.8 V. These results indicate that RCO is
considerably less active than Pt toward Fe’" reduction, whereas
the RCO cocatalyst has been proven to promote H, production
on various photocatalysts.*~8

The proposed mechanism for the activation of TaON by the
coloading of the InHCF and RCO cocatalysts is illustrated in
Scheme 1 and 2. As with most photocatalysts, the surface of
TaON is inactive toward the oxidation of Fe®" cations; therefore,

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH

85US17 SUOWILIOD dAIERID 3|dedtdde a1 Ag pauLeA0B aJe s3Il WO ‘88N JO S9INJ 10} Aiq 1T dUlIUO A3]1M UO (SUORIPLOD-PUR-SLLLIBYW0D A8 | 1" AReuq 18U JUO//:SdNY) SUOIPUOD PUe SRS 1 U1 35S *[t7202/T0/60] Uo ARiqiauliuo A8|im ‘Ueder aUeI4o0D AQ TEFOOEZOZ 110S/200T OT/I0p/W0d A3 1M Aleiq 1 putjuo//Sdiy LWo.j papeo|umod ‘6T ‘€202 ‘X86T.IET


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

; ‘RRL

www.advancedsciencenews.com

www.solar-rrl.com

—
[
-

' 20 YA em”

Current density / JA cm—2

w/ Fe2*
w/o Fe?*

— InHCF-modified
— Unmodified

w

Lighton off
5

03 04 05

06 07 08

Potential / V vs. SHE

(b) w/Fe?*
20

= |nHCF-modified
= unmodified

- -
o (9]
1 1

Photocurrent density / yA cm—2
(6)]

o
|

T
0.42 0.52 0.62
Potential / V vs. SHE

(c) wlo Fe?*
20

N
(&)]
1

= InHCF-modified
= unmodified

||

0.52 0.62
Potential / V vs. SHE

-
o
1

Photocurrent density / yA cm—2
a

Figure 6. a) -V curves under chopped visible light irradiation and b,c) photocurrent densities of INHCF-modified or unmodified TaON/FTO in aqueous
K,SO4 solution (0.1 m, 80 mL) at pH 2.5 b) with (w/) and c) without (w/o) FeCl, (1 mm) under visible light irradiation.

the majority of the photoexcited electrons and photogenerated
holes recombine even when the photocatalyst is loaded with
an effective H, evolution cocatalyst, such as Pt or RCO, resulting
in negligible H, evolution activity (Scheme 2a). Although InHCF
loading can promote the photocatalytic oxidation of Fe** cations
to Fe*", the generated Fe*" cations are preferentially reduced
back to Fe*™ by the coloaded Pt (Scheme 2b). Using RCO as a
cocatalyst, which is less active for Fe3* reduction than Pt, water
(H") reduction by photoexcited electrons and Fe*" oxidation by
photogenerated holes proceed efficiently on RCO and InHCEF,
respectively, ultimately activating the TaON photocatalyst for
H, production using an Fe?" electron donor (Scheme 2¢).
Interestingly, the developed InHCF/RCO/TaON photocatalyst
is capable of stoichiometric H; evolution (see Figure 4); in other
words, it oxidizes Fe*™, even when this cation is present at low
concentrations. While the { potential of unmodified TaON was
considerably positive (+36 mV) at pH 2.5, InHCF modification
led to a drastic change in the surface potential to negative values
(-14mV), undoubtedly due to the highly negative values
(-51mV) of InHCF particles. Thus, it appears that InHCF
loading facilitates the approach of Fe?" to the InHCF surface,
accelerating its oxidation, even at low Fe’™ concentrations.

Sol. RRL 2023, 7, 2300431 2300431 (6 of 12)

This assumption is supported by the observation of enhanced
H, evolution in the presence of low concentrations of Fe®"
(Figure S17, Supporting Information). On the other hand, the
enhanced adsorption of Fe*" seems to be detrimental for H, evo-
lution because the undesirable backward reaction (i.e., rereduc-
tion of Fe*™) might be proceeded. A series of experiments,
however, strongly suggested that the present RCO cocatalyst cap-
tures the photoexcited electrons and selectively reduces water to
H,. This favorable function of RCO cocatalyst probably enables
the InHCF loaded on TaON to preferentially react with photogen-
erated holes, rather than photoexcited electrons, making the Fe'"!
species in InHCF dominant rather than Fe' species during the
reaction. Consequently, the adsorption of Fe*™ on InHCF
particles should not be a significant problem.

2.5. Effects of Various Metal Species in MHCFs on H,
Evolution and Applicability of Coloading to other
Semiconductor Photocatalysts

ZnHCF and FeHCF, in which either Zn'" or Fe' is coordinated
by the N atom of the CN ligand, were also deposited on the RCO/
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Scheme 1. Proposed mechanism of promoted Fe>" oxidation via Fe'"/Fe"
redox cycles in InHCF.

TaON photocatalyst. The use of these materials in electrodes
for secondary-ion batteries has been well studied.**-*? The
half-wave potential of Fe'/Fe'' in ZnHCF was determined to
be 0.99 V based on its CV profile, while FeHCF provided values
of 0.40V (Fe"™/"" coordinated to N) and 1.07 V (Fe'™!" coordi-
nated to C) (vs. SHE at pH 2.5). As shown in Figure S18,
Supporting Information, these MHCFs also promoted H, evolu-
tion, although the use of InHCF resulted in the highest rate.
While the relationship between the redox potential and the H,
evolution rate is unclear at present, optimization of the metal
species in MHCFs to match the band level of the photocatalyst
and the redox potential of the mediator would likely further
enhance the oxidation of redox species by photogenerated holes.

To confirm the utility of the comodification methodology, var-
ious photocatalysts that can absorb a wider range of visible light
(i.e., TasNs (=600nm),** Sm,Ti,S,05 (~650nm),** and

(@) only Pt, Rh, or RCO

(b) Pt + InHCF (c)

www.solar-rrl.com

BaTaO,N (=650 nm)'®) were modified with InHCF after
loading them with an RCO reduction cocatalyst. As shown in
Figure S19 and Table S1, Supporting Information, the H,
evolution activities markedly improved in all cases, indicating
the versatility of this method for amplifying H, evolution in
the presence of Fe’' electron donors. Note that the loading
amounts of InHCF and RCO were not optimized; hence, further
improvements in the activity are possible. Moreover, the synthe-
sis of photocatalyst particles can be optimized to maximize their
desired properties. Recently, the development of synthetic proce-
dures for accessing various photocatalyst materials with superior
properties has been intensively studied.[®®*”) Considering these
factors, further enhancements can be expected for the proposed
system.

2.6. Z-Scheme Water Splitting with Fe*>"/Fe’" Redox Couple
Using INnHCF/RCO/TaON as H, Evolution Photocatalyst

InHCF/RCO/TaON was employed as HEP in Zs-WS with an
Fe*"/Fe®" redox mediator in combination with BiVO,,!*® which
has been extensively employed as OEP in Fe*'/Fe*" mediated
Zs-WS. As shown in Figure 7, this combination afforded simul-
taneous evolution of H, and O, under visible light. The amount
of evolved H, was more than twice that of O, in the initial stages
of illumination because the reactions were initiated by the pres-
ence of Fe>™ only. After the evacuation of the gas phase, the rates
of H, and O, evolution eventually approached a near-
stoichiometric ratio (2:1); the amount of H; and O, evolved from
10 to 35 h (i.e., during second run) was 497 and 243 pmol, respec-
tively. The total amount of H, produced after 35 h of operation
(887 ymol) was greater than the amount of Fe’™ present
(500 pmol). The turnover number of the reacted electrons per
mole of Fe" was calculated to be 3.5, indicating that the overall
water splitting proceeds via the Fe**/Fe" redox relay. Note that
the gas evolution was negligible when the RCO/TaON sample
without InHCF was employed (open squares), confirming that
modification with InHCF as a cocatalyst for Fe*" oxidation is
essential for achieving Zs-WS. This combination of photocata-
lysts exhibits negligibly low activity in the absence of
Fe**/Fe’" at pH 2.5 (open triangles).

As for the combination with the Cs-treated WO3 (Cs-WO3)
(Figure 8), a simultaneous generation of H, and O, was also con-
firmed. Water splitting using the combination InHCF/RCO/

RCO + InHCF

Scheme 2. Proposed mechanism for H, evolution using Fe?" electron donor on TaON modified with a) only H, evolution cocatalyst, b) Pt and InHCF,

and c¢) RCO and INHCF.

Sol. RRL 2023, 7, 2300431 2300431 (7 of 12)

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH

85US17 SUOWILIOD dAIERID 3|dedtdde a1 Ag pauLeA0B aJe s3Il WO ‘88N JO S9INJ 10} Aiq 1T dUlIUO A3]1M UO (SUORIPLOD-PUR-SLLLIBYW0D A8 | 1" AReuq 18U JUO//:SdNY) SUOIPUOD PUe SRS 1 U1 35S *[t7202/T0/60] Uo ARiqiauliuo A8|im ‘Ueder aUeI4o0D AQ TEFOOEZOZ 110S/200T OT/I0p/W0d A3 1M Aleiq 1 putjuo//Sdiy LWo.j papeo|umod ‘6T ‘€202 ‘X86T.IET


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

; ‘RRL

www.advancedsciencenews.com

600 | @ @ INHCF/RCO with Fe?* o
_ A A InHCF/RCO without Fe2* °
g 500 4 O O RCO with Fe2* L
3 : Y
é 400 : ¢
S i« BEvac. @
> H !
(0] 2 .
@ 300 \g
3 .: [ @
© o ® ° ®
O o Y
o 200 — ® P °
S ([ : ()
S o Oz °
= 100 : ®
0 —
0 10 20 30
Time /h

Figure 7. Time courses of gas evolution under visible light irradiation in
combination of INHCF/RCO/TaON and BiVO, in the presence of 2 mm of
FeCl, (filled circles) and the absence of FeCl, (open triangles) in aqueous
solution (250 mL, pH 2.5), along with those in combination of RCO/TaON
and BiVO, in the presence of FeCl, (open squares).
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Figure 8. Time courses of gas evolution under visible light irradiation in
combination of INHCF/RCO/TaON and Cs-WOj in the presence of 2 mm
of FeCl, (filled circles) and the absence of FeCl, (open triangles) in
aqueous solution (250 mL, pH 2.5), along with those in combination of
RCO/TaON and Cs-WOj in the presence of FeCl, (open squares).

TaON and Cs-WO; with Fe*/Fe*™ also proceeded under simu-
lated sunlight irradiation (AM1.5 G) (see Figure S20, Supporting
Information), with an STH conversion efficiency of 0.05%.
This value is comparable to that of the combination of
StTiO5:Rh, BiVO,, and Fe** /Fe’" (0.07-0.1%).1>”" In analogy
with the BiVO, system, the absence of InHCF resulted in negli-
gibly low rates of gas evolution, indicating the necessity of

Sol. RRL 2023, 7, 2300431 2300431 (8 of 12)
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InHCF as the facilitator for Fe*" oxidation. In stark contrast
to the BiVO, case, simultaneous evolution of H, and O, also pro-
ceeded even in the absence of Fe**/Fe?", while the rates were
lower compared to the case with Fe®>*/Fe”" redox in the solution.
This finding strongly suggested the progress of “interparticle”
Zs-WS in this photocatalyst combination. The validity will be dis-
cussed in the next section.

2.7. Interparticle Z-Scheme Water Splitting Using InHCF/RCO/
TaON as H, Evolution Photocatalyst

To testify the progress of interparticle Zs-WS in the combination
of InHCF/RCO/TaON and Cs-WOj; photocatalysts, reactions
were carried out under various conditions. One of the possible
reasons for the steady and simultaneous H, and O, evolution
even in the absence of Fe’'/Fe’" redox added (Figure 8) is
the contribution of Fe cation species dissolved from Cs-WOs3
(see Experimental Section) and/or InHCF particles. Figure 9
shows the results on reactions in pure water wherein the pH
of solution spontaneously changed to be about 4.4 after addition
of InHCF/RCO/TaON and Cs-WOj; undoubtedly due to the
acidic nature of WOs; surface. Visible light irradiation to this
combination afforded simultaneous and steady evolution of
H, and O, with nearly stoichiometric ratio (closed circles). It
is well known that Fe**/Fe?" redox cycle in aqueous solution
can’t be continued due to the precipitation of Fe*" species as
Fe(OH); at pH higher than 3. Indeed as shown in Figure
S21, Supporting Information, the same combination in an aque-
ous FeCl, solution at pH 4.4 (adjusted by KOH) resulted in obvi-
ous decrease in gas evolution rates with much smaller amount of
O, gas than the stoichiometric ratio most likely due to the
precipitation of Fe(OH); during the reaction. These findings
eliminate the possibility that the dissolved Fe cations functioned

250
® @ INHCF/RCO/TaON

< A A RCO with INHCF addition ®

E 207900 reo ®

S H, _®

3 o*
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Figure 9. Time courses of gas evolution under visible light irradiation on
combination of InHCF/RCO/TaON and Cs-WO; in aqueous solution
(250 mL, pH 4.4), along with those on combination of RCO/TaON and
Cs-WOs in the presence or absence of InHCF particles added to solution.
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TaON

Scheme 3. Proposed mechanism for interparticle Z-scheme water split-
ting via InHCF solid electron mediator.

as the redox mediator for Zs-WS under this condition (pH 4.4).
As shown in Figure 9, gas evolution was negligible in the absence
of InHCF loading (open squares), while the simple addition of
InHCF particles resulted in lower but appreciable rates of H, and
O, (open triangles), indicating the indispensability of InHCF.
Thus, other possible species contributing to Zs-WS will be
In*" and [Fe(CN)g]*~, dissolved from InHCF. However, the addi-
tion of either of them to the reaction solution failed to split water,
as shown in Figure S22, Supporting Information, where only
small amounts of gasses evolved.

Based on these results, we can now conclude that the InHCF
nanoparticles function as solid electron mediators for achieving
interparticle Zs-WS via Fe''/Fe"! redox cycles in InHCF, as illus-
trated in Scheme 3. Although the reason for negligible activity of
BiVO, in the present interparticle Zs-WS is unclear at present,
more systematic experiments including pH control will be car-
ried out to clarify the detailed reaction mechanism and thereby
improve the efficiency of interparticle Zs-WS utilizing MHCFs as
facilitators.

3. Conclusion

In summary, we successfully activated TaON to deliver an effi-
cient HEP for both Fe*™/Fe’™ redox-mediated and interparticle
Zs-WS systems. Although TaON has so far been inactive for H,
evolution in both systems, most likely due to the lack of appro-
priate oxidation sites, simple surface modification with indium
hexacyanoferrate (InHCF) and Rh—Cr mixed oxide (RCO)
enabled the efficient production of H, by the TaON photocatalyst.
The vital roles of InHCF determined to entail the promotion of
Fe>™ oxidation or interparticle electron transfer via Fe'™/Fe'l
redox cycles in the structure.

The present study achieved two important advancements.
First is the enhanced oxidation of the redox mediator, shown
to be instrumental in achieving efficient Zs-WS, which has
not been examined systematically to date.*>**%* This strategy
indeed overcomes the long-standing limitation in Zs-WS with
Fe*'/Fe®", that is, the rhodium-doped SrTiO; has been the most
favorable choice as an efficient HEP. The elucidation and har-
nessing of such oxidation processes will widen the selection
of HEPs with narrow bandgaps, such as Ta3;Ns, Sm,Ti,S,0s,
and BaTaO,N, thereby contributing to the development of highly
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efficient Zs-WS systems with various redox mediators. The sec-
ond is the utilization of MHCFs as solid electron mediators for
interparticle Zs-WS. The highly diverse family of coordination
polymers allows for the precise control of their physicochemical
properties to customize them for targeted reactions, both for var-
ious redox-mediated and for interparticle Zs-WS systems. As
demonstrated in various research fields,[?>3639404271-73]
critical MHCF properties, such as catalytic activity and redox
potential, can be modified by varying the metal cation or ligand,
enabling the development of more effective cocatalysts capable of
enhancing each reaction involved in Zs-WS.

4. Experimental Section

Sample Preparation: ZrO,-modified TaON particles as the model HEP
were synthesized by a previously reported method with a modifica-
tion.P>’4 First, ZrO(NO3),2H,0 (99.0%; Kanto Chemical Co., Inc.)
and Ta,Os (99.9%,; Kojundo Chemical Laboratory Co., Ltd.) powders were
mixed with a small amount of methanol (MeOH, 99.8%; FUJIFILM Wako
Pure Chemical Corporation). The molar ratio of Zr to Ta was set to be 0.1.
After being dried in an oven at 343K for 1h, the resulting powder
was heated in air at 1073 K for 2 h using an Al,Os crucible. Then, the
as-prepared ZrO,/Ta,Os powder was calcined at 1123 K for 15 h under
NH; flow (12 mL min™"). As-prepared ZrO,-modified TAON particles were
confirmed to be similar to the previous-reported onel’ (Figure $23,
Supporting Information). ZrO,-modified TaON was denoted as TaON
for simplicity.

BaTaO,N,>®® Ta;N;, %3 and Sm,Ti,S,05% were synthesized as an
another HEP, according to the literature. BiVO,®® and Cs-treated
WO,"> 7% a5 O, evolution photocatalysts (OEPs) for Z-scheme water split-
ting were prepared according to the previous reports. As for the surface
treatment of WO; particles, CsCl and FeSO,4-7H,0 were used in the mod-
ification process according to the previous reports.

Indium  hexacyanoferrate (denoted as InHCF, composition:
KIn[Fe(CN)g]) nanoparticles were prepared by a coprecipitation method
by referencing the previous report.**) An aqueous solution 30 mL of
InCl3-4H,0 (30 mmol, 99.95%; Kanto Chemical Co., Inc.) was added to
an aqueous solution 60 mL of K4Fe(CN)g]-3H,O (30 mmol, 99.5%;
Kishida Chemical Co., Ltd.). The reaction mixture was vigorously stirred
for 5min using a magnetic stirrer. The resulting precipitate was
centrifuged (3700 rpm), washed with water three times and MeOH once,
and dried in an oven at 308 K under vacuum. InHCF particles were char-
acterized by a series of experiments (Figure 2, S1, and S2, Supporting
Information).

The oxidized form of InHCF (denoted as InHCF-ox) was also
synthesized by the above method, except for the use of K3[Fe(CN)¢]
(30 mmol, 99.0%; FUJIFILM Wako Pure Chemical Corporation) instead
of K4[Fe(CN)g]-3H20. Zinc hexacyanoferrate (KyZns[Fe(CN)g],, ZnHCF)
and iron(ll) hexacyanoferrate (K Fe"[Fe(CN)q], FeHCF) were also synthe-
sized by the above method for InHCF preparation, except for the use of
ZnBr, (45 mmol, 99.9%; FUJIFILM Wako Pure Chemical Corporation)
and FeCl-4H,0 (30 mmol, 99.0%; FUJIFILM Wako Pure Chemical
Corporation), respectively, instead of InCl;-4H,0.

Surface Modification: Any one of Pt, Rh, or Rh,Cr,_,O3 species as H,
evolution cocatalysts was loaded on TaON particles, as follows. Pt par-
ticles were loaded onto TaON by an impregnation method. TaON powder
was immersed in an aqueous solution containing the required amount of
H,PtCls:6H,0 (99.9%; FUJIFILM Wako Pure Chemical Corporation) and
placed into a hot water bath. After the solution was evaporated, the result-
ing powder was calcined at 473 K for 1 h under H, flow (20 mL min~"). Rh
and Rh,Cr,_,05P% particles were loaded on TaON by a photodeposition
method. TaON powder was immersed in an aqueous MeOH solution
(20 vol%) containing the required amount of Na;RhClg:nH,O (>80.0%;
Kanto Chemical Co., Inc.) or both Na3RhClg-nH,O and K,CrO, (99.0%;
FUJIFILM Wako Pure Chemical Corporation) for Rh and Rh,Cr,_,O;,
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respectively. The suspension was purged by Ar gas to remove dissolved air
and then exposed to visible light (A > 400 nm) through a 300 W Xe lamp
(LX-300F, Cermax) equipped with a CM-1 cold mirror and a cutoff
filter (HOYA, L42) under Ar bubbling (50mLmin™"). The Rh- or
Rh,Cr,_,Os-depositied samples were collected by filtration and then dried
in an oven at 308 K under vacuum. Each deposited reduction cocatalyst
was determined by XPS and X-ray absorption fine structure (XAFS) spec-
troscopy (Figure S24 and S25, Supporting Information). Unless otherwise
noted, the amount of added Pt or Rh precursor was set to be 1 wt% as each
metal with respect to TaON and that of added Cr was set to 1.5 wt%, based
on the results in Table 1.

Reduction-cocatalysts-loaded or unloaded TaON powder was modified
with InHCF nanoparticles through an impregnation method. TaON sam-
ples were immersed in a water dispersed with a certain amount of InHCF
particles. The solution was dried up and then heated at 373 K for 1 h under
Ar flow (20 mLmin~"). Unless otherwise noted, the loading amount of
InHCF was 10 mol% as Fe in InHCF with respect to TaON based on
the results in Table 1. Note that the loading amount was calculated
assuming that the formula of InHCF nanoparticles was Kin[Fe(CN)g].
InHCF-modified sample was denoted as InHCF/Rh,Cr, _,O3/TaON, for
example. For a control experiment, the modification with InCl; instead
of INHCF nanoparticles was conducted via the same procedure.

Characterization: The prepared samples were characterized by powder
XRD (Mini Flex Il, Rigaku, X-ray source; Cu Ka) measurement, ICP-optical
emission spectroscopy (ICP-OES; iCAP 7400 ICP-OES Duo, Thermo
Fisher Scientific Inc.), UV-visible diffuse reflectance spectroscopy
(UV-vis DRS; V-650, JASCO), and ATR-FTIR (ATR; ATR Pro One,
JASCO, FT-IR; FT-4200, JASCO) using a diamond prism. ATR-FTIR spectra
were recorded against air as a background. The crystal structures were
drawn using the VESTA program.””! The samples were also characterized
by scanning electron microscopy (SEM; NVision 40, Carl Zeiss-SIINT),
TEM (JEM-2100F, JEOL), and XPS (MT-5500, ULVAC-PHI, Inc., X-ray
source: Mg Ka). The binding energies in XPS were calibrated with refer-
ence to the Au 4f;/, peak position (84.0 eV) of the deposited Au metal on
the samples. XAFS experiments were carried out at the PF-AR NW10A. The
BET surface area was measured by using a BELSORP-mini Il (Microtrac
BEL) at liquid nitrogen temperature (77 K). { potentials of InHCF/
TaON, TaON and InHCF were measured in aqueous solution using a {
potential analyzer (Zetasizer Nano ZS, Malvern Instruments). The pH
of the solution was adjusted by aqueous HCl or KOH.

Electrochemical and Photoelectrochemical Measurements: InHCF, TaON,
and InHCF/TaON electrodes were prepared on a FTO glass by a squeegee
method. A slurry of the respective samples in water was pasted on a FTO
glass and then heated at 373 K for 1 h under Ar flow (20 mL min~"'). The
coated area and the deposited amount were fixed at approximately
1.5 x 1.5cm? and 1.0 + 0.3 mg, respectively.

The reduction cocatalyst (i.e., Pt, Rh or Rh,Cr,_,0;)-deposited elec-
trode was prepared through a spin-coating technique. For the deposition
of Pt or Rh species, a methanol-water mixed solution (1:1, 20 pL) contain-
ing H,PtClg-6H,0 or Rh(NO3); (10 mm, 80.0%; Kanto Chemical Co., Inc.)
was dropped on a conductive fluorine-doped tin oxide (FTO) glass
(1.5 x 2.5 cm?), spin coated (500 rpm, 5's followed by 1000 rpm, 120s),
and then heated at 473 K for 1h under an H, flow (20 mLmin™"). For
Rh,Cr,_,O3, the same procedure was applied except for the use of a meth-
anol-water mixed solution (1:1, 20 pL) containing Rh(NOs); (10 mm) and
Cr(NO;)3 (30 mm, 98.0-103.0%; Kanto Chemical Co., Inc.) and calcination
at 673 K in air.

Electrochemical or photoelectrochemical measurements were per-
formed in an aqueous solution of K,SO, (0.1m, 99.0%; FUJIFILM
Wako Pure Chemical Corporation, pH 2.5, adjusted by H,SO,) as an elec-
trolyte under Ar atmosphere using a three-electrode cell. The prepared
electrode as the working electrode, Pt coil as the counter electrode,
Ag/AgCl as the reference electrode were connected to a potentiostat
(VersaSTAT 4, AMETEK), and then cyclic voltammograms or linear sweep
voltammograms were recorded. For photoelectrochemical measurement,
the photocatalyst electrodes were irradiated with intermittent visible light
(A > 400 nm) by a 300 W Xe lamp equipped with a CM-1 cold mirror and
an L-42 cutoff filter. In some cases, FeCl;-6H,0O (5-20 mm, 99.0%-—
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102.0%; FUJIFILM Wako Pure Chemical Corporation) or FeCl,-4H,0
(1 mm) was added to the electrolyte solution.

Photocatalytic Reactions: Photocatalytic reactions were conducted in
Pyrex side-illuminated reaction vessel connected to a glass closed
gas-circulation system. A 300 W Xe lamp was used as a light source in
combination with a CM-1 cold mirror and an L-42 cutoff filter for illumi-
nation with visible light (A > 400 nm). For the photocatalytic H, evolution,
the prepared photocatalyst powder (0.05 g) was dispersed in 250 mL of
aqueous FeCl, solution (5mm, pH 2.5 adjusted with HCI to prevent
the deposition of Fe(OH);). The suspension was irradiated with visible
light after thoroughly degassed and purged with Ar. The evolved gases
were analyzed by a gas chromatography unit (GC-8A, Shimadzu, TCD
detector, MS 5A column, Ar carrier) directly connected to the closed
gas-circulation system. In some cases, aqueous FeCl, solution (1 or
2.5mm, pH 2.5) or aqueous MeOH solution (20vol%) was used as
the reaction solution. To measure the apparent quantum efficiency
(AQE), a monochromatic light (=420 nm) was used with a Xe lamp
(MAX-303, Asahi Spectra Co., Ltd.).

For the photocatalytic Z-scheme water splitting under visible light, the
same experimental setting was applied, except the use of BiVO, or the Cs-
treated WO; powder in addition to the InHCF/Rh,Cr,_,O;3/TaON photo-
catalyst (0.05g each) and an aqueous FeCl, solution (2mm, pH 2.5
adjusted with HCI). For the interparticle Z-scheme reactions, the photo-
catalysts were suspended in pure water (i.e., in the absence of FeCl,), while
in some cases HCl or KOH was added to adjust pH value. Z-scheme water
splitting was also conducted under the simulated solar irradiation. A solar
simulator (HAL-320, ASAHI SPECTRA, AM 1.5G, 100 mW cm’z) was used
as a light source. InHCF/Rh,Cr,_,O3/TaON and the Cs-treated WO;
powder (0.05 g each) were dispersed in 100 mL of aqueous FeCl, solution
(2mwm, pH 2.5 adjusted with HCI). After thoroughly degassed and
purged with Ar, the suspension was irradiated with the solar simulator.
The evolved gases were analyzed by a gas chromatography unit
(GC-8A, Shimadzu, TCD detector, MS 5A column, Ar carrier) directly
connected to the closed gas-circulation system. STH was determined
by Equation (2).

STH (%) = (R(H,) x AG)/(P x S) x 100 )

where R(H,), AG, P, and S, respectively describe the rate of H, evolution
during the water splitting, the Gibbs energy for the reaction (237 k| mol ™),
the photon energy intensity (100mW cm?), and the irradiation area
(=15cm™3).

Chemical Reaction of Fe*™ and an Oxidized form of InHCF (InHCF-ox):
INHCF-ox (100 pmol as In[Fe(CN)q]) powder was added to 100 mL of
aqueous FeCl, solution (0.9 mm, pH 2.5 adjusted by 1 m HCI), and then
the solution was stirred by a magnetic stirrer in the dark. The quantitative
analysis of Fe”™ and Fe* " in the solution was performed by a colorimetric
method as follows. A portion of sample aliquots (1 mL) was withdrawn
from the solution after each interval of stirring and filtered by a syringe
filter (Millex, Millipore) to remove the InHCF-ox particles. As for Fe”",
50 L of the supernatant solution was added to the mixture of 2,4,6-
tris(2-pyridyl)-1,3,5-triazine (TPTZ; 1.0mm, 700 pL) and acetate buffer
(pH 52, 2m, 21 mL) in a quartz cell to form the Fe(Il)-TPTZ
complex.”®7% The amount of Fe’" was determined based on the peak
absorbance at 597 nm attributed to Fe(Il)-TPTZ complex using UV-vis
spectroscopy (UV-1800, Shimadzu). As for Fe**, 500 uL of the filtered
solution after the reaction and 2000 puL of HCl (6 M) were mixed in a
quartz cell, and then the UV-vis absorption spectra of the solution were
measured. The amount of dissolved Fe*" was estimated based on the
absorbance at 430 nm.
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