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Abstract: One-directional electron transfer is crucial for two-step
photoexcitation (Z-scheme) water-splitting photocatalysis. We
investigated the hydrogen evolution activity of PS-double-layered
photocatalysts (X-DSP, X-RuCP®-Zr-RuP*@P1/K,HsxNbO17; X = Zr#,
H*) in the presence of highly charged polyoxometalates—
Ke[SiVVW41040]-nH,O  (VV-POM) and Kg[SiW11039Mn'(H,0)]-nH,O
(Mn"-POM)—as redox-reversible electron donors, to induce effective
photocatalyst—donor electrostatic attraction. Surface-phosphonate-
comprising H*-DSP completely one-electron oxidized V!V-POM with
0.39% apparent quantum yield in the initial hour (/AQY) in both HCI
and phosphate buffer aqueous solutions. Conversely, the Zr**-DSP
iAQY decreased to 0.05% in HCl aq. Considering that the 0.39% iAQY
was retained when replacing VV-POM with Mn"-POM in HCI ag, we
supposed that energy transfer deactivation from photoexcited PS* to
surface-immobilized VV-POM is the plausible origin of the lower /AQY,
owing to the stronger visible-light absorptivity of VV-POM. This
suggests that accumulation of Vvisible-light-transparent electron
mediator on the photocatalyst surface is an effective approach for
one-directional electron ftransfer in Z-scheme water-splitting
photocatalysis.

Introduction

Photocatalytic water splitting has attracted considerable attention
as a promising reaction to resolve the global warming and energy
crises.™® The use of Z-scheme photocatalysts, composed of
hydrogen (Hz) and oxygen (O) evolution photocatalysts with an
appropriate redox-reversible electron mediator, is a promising
approach to ensure enough driving force for both electron transfer
and catalytic reactions.’® For example, Domen et al. recently
reported on a Z-scheme photocatalyst composed of ZrO,/TaON
and BiVO, as the Hz and O; evolving photocatalysts, respectively,
in the presence of [Fe(CN)e]*7*" as the electron mediator. This Z-
scheme system exhibited 0.6% solar-to-hydrogen (STH) energy
conversion efficiency and 12.3% apparent quantum efficiency

(AQY) at 420 nm."® However, most Z-scheme systems developed
to date still suffer from the thermodynamically favorable back
electron transfer processes at the photocatalyst-mediator
interface. Dye-sensitized photocatalysts (DSPs) consisting of a
molecular photosensitizer (PS) and semiconductor catalyst have
been extensively studied to utilize visible light in the solar
spectrum, accounting for approximately half of the solar light
energy for H, production.’'® From the viewpoint of electron
transfer in Z-scheme water-splitting photocatalysis, the surface
modification of DSPs is an interesting and efficient method to
control the electron transfer at the photocatalyst-mediator
interface.'®20 |n fact, several state-of-the-art DSPs have been
reported to produce H; effectively in the presence of a redox-
reversible electron mediator (e.g., I~ and [Co(bpy)s]**) as the
electron source for H, production.?™3® Maeda et al. recently
reported that the H evolution activity of a DSP composed of a Pt-
intercalated HCaxNbzO1y nanosheet and Ru(ll) dye was
significantly improved by surface maodification with both
amorphous Al,O3 and poly(styrenesulfonate) polymer, to achieve
a remarkably high apparent quantum yield (AQY = 4.1% at 420
nm).3* The origin of the high AQY was attributed to the
suppression of back electron transfers from both the Pt co-
catalyst and Ru(ll) photosensitizer (PS) to the oxidized electron
mediator, 13-, by covering the photocatalyst surface with
poly(styrenesulfonate) polymer. We also reported that the
surface-modified Ru(ll)-PS-double-layered photocatalyst Zr-
RuCPS-Zr-RuP*@Pt/K«H4.\NbsO+7 (Scheme 1; Zr**-DSP, RuCP®
= [Ru(mpbpy)s]'®, where RuP® = [Ru(pbpy)s]'®, Himpbpy = 2,2'-
bipyridine-4,4'-bis(methane-phosphonic acid), and Hspbpy = 2,2'-
bipyridine-4,4'-bis(phosphonic acid))®*® was highly active for H,
production in the presence of redox-reversible electron donors
(RREDs), such as iodide (I") anions and [Co(bpy)s]** (bpy = 2,2'-
bipyridine) complex cations. Further, the surface modification
drastically improved the activity owing to the electrostatic
attraction of the RREDs induced by the photocatalyst surface.
However, the number of active DSPs in the presence of RREDs



remains limited. Thus, new strategies for DSPs to not only
suppress the back reaction but also accelerate the forward
reaction at the photocatalyst-mediator interface are strongly
required.

In this work, to design an efficient way to accelerate the forward
electron transfer from the RRED to the photocatalyst, we selected
two polyoxometalates, namely Kg[SiVVW4;040]-nH,O and
Ka[SiW11039Mn”(H20)]~nH20 (VIV-POM and Mn”-POM,
respectively), as the RREDs for photocatalytic H, production by
the Ru(ll)-PS-double-layered DSP, X-RuCP®-Zr-RuPS@Pt/KyH,.
xNbsO17, which is composed of Pt-cocatalyst-intercalated layered-
niobate and doubly-layered Ru(ll) photosensitizers (Scheme 1; X-
DSP, X = H* and Zr**)%®. These POMs were used as the electron
mediator in the Z-scheme water-splitting photocatalyst because
of their suitable and comparable redox potentials and superior
stabilities in aqueous solution.343 The important feature for this
work is that these POMs are hexavalent anionic molecules,
suggesting a stronger electrostatic interaction with the
photocatalyst surface than that observed with commonly used
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electron donors. In addition, these two POMSs exhibit different light
absorption behaviors that significantly affect the energy transfer
process with the Ru(ll) PS of X-DSP (Figure S1). Herein, we
report the photocatalytic H, evolution reaction with X-DSP in the
presence of VV-POM and Mn"-POM. H*-DSP successfully
produced H; photocatalytically until it completely oxidized a very
dilute 1 mM VV-POM aqueous solution. Interestingly, the AQY in
1 mM VV-POM was comparable to those observed in higher
concentrations of the other less-charged electron donors (0.5 M
Kl and 16 mM [Co(bpy)s]** aq).®® In contrast, Zr**-DSP exhibited
almost the same activity as H*-DSP under phosphate buffer
conditions; however, its activity remarkably decreased in HCI aq.
This drop in activity in the absence of phosphate buffer was
attributed to the energy transfer quenching of the photo-excited
Ru(ll)-PS by the electrostatically immobilized VV-POM on the
Zr**-DSP surface Zr** cations. This hypothesis was supported by
the result that Zr**-DSP maintained its high activity in the
presence of visible-light-transparent Mn"-POM electron donor
solution.
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Scheme 1. Schematic illustration of photocatalytic Hz production by X-DSPs with redox-reversible M-POM (M = V'V, Mn') electron donors.

Results and Discussion

Photocatalytic H2 evolution reaction

Figures 1(a) and 1(b) show the results of the photocatalytic H.
evolution reactions in 1 mM VV-POM aqueous solution using H*-
DSP and Zr**-DSP as the photocatalyst, respectively. The
estimated turnover numbers and frequencies per one
photosensitizing dye (PS TON and PS TOF, respectively)
together with the apparent quantum yield (AQY) are listed in Table
1. The total amount of Ru(ll) dye in each solution was constant
(100 mM) and no H; evolution was observed in the absence of
Ru(ll) dye, light, or electron donor (Table S2). Although H*-DSP
exhibited near-identical activities in the HCI and phosphate buffer

aqueous solutions, in the early stage (<1 h), the activity in HCI aq
was slightly higher than that in the phosphate buffer (Figure 1(a)).
The produced amount of H, after 3 h reaction (~2.5 pmol)
corresponded with the expected value when all VV-POM donors
were one-electron oxidized to form VV-POM. On the other hand,
Zr**-DSP produced only 1.2 umol of H, after 6 h irradiation in the
HCI aq., whereas it generated almost the same amount of H;
(~2.5 umol) as did H*-DSP after 3 h reaction in the phosphate
buffer solution. The photocatalytic H, evolution was restarted by
the addition of another 5 umol of VIV-POM (Figure S3), and the
supernatant solutions after these reactions afforded UV-vis
absorption spectra similar to that of the one-electron oxidized form,
VV-POM (Figure S4). These results indicate that VV-POM acted
as the electron donor of the photocatalytic H, evolution reactions



with H*-DSP and Zr**-DSP. Notably, the absorption bands of the
Ru dyes were hardly observed in the supernatant spectra (Figure
S4), suggesting the negligible desorption of these dyes.
Negligible XRF spectral change of Zr**-DSP by immersing to the
phosphate buffer solution (Figure S5) suggests that the surface-
immobilized Zr** cations were hardly removed during the
photocatalytic H, evolution reaction. The observed photocatalytic
activity in the second cycle experiment of H*-DSP was
approximately 30% less (PS TOF = 5.16) than that of the first
cycle (7.51) (Figure S3). This was attributed to the presence of
some back reactions related to the one-electron oxidized VV-POM.
Considering that the 3MLCT emission of [Ru(bpy)s]** was strongly
quenched by VY-POM (Figure S6), the back electron transfer
process from the photo-excited Ru?** PS to VY-POM was
suggested as a plausible back reaction. The AQY values for the
initial hour of reaction (JAQY) of H*-DSP and Zr*-DSP in
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phosphate buffer were estimated to be almost identical (0.39%),
indicating no dependence on the surface structure of the
photocatalytic nanoparticles in the phosphonate buffer. These
iAQY values were also comparable to thatin 0.5 M Kl aq (pH = 2,
IAQY = 0.60%) and 20 mM [Co(bpy)s]** aq (pH = 2, iAQY =
0.56%),%° even though the reaction conditions—a slightly basic
pH and lower donor concentration ([VV-POM] = 1 mM, pH = 3,
iAQY = 0.39%)—were less favorable for the H, evolution reaction.
Thus, we supposed that redox-reversible POM species are
potential materials as electron mediators for dye-sensitized Z-
scheme water splitting systems. In contrast, the /AQY value of
Zr*-DSP in HCI aq was approximately 87% lower (JAQY =
0.050%) than that in the phosphate buffer. To reveal the origin of
this lower activity, H*-DSP and Zr**-DSP were analyzed by XRF
analysis, in the solid state, after photocatalytic H, evolution
reaction (Figure 2).
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Figure 1. Photocatalytic Hz evolution reactions driven by (a) H*-DSP and (b) Zr**-DSP in the presence 1 mM VV-POM as the RRED (closed circles) in HCI
aqueous solution and (open triangles) in 40 mM phosphate buffer aqueous solution. Ru(ll) dye concentration of all the reactions were adjusted to 100 uM. Initial

pH of all the solutions was adjusted to 3.0 by adding HCI or phosphate buffer aqueous solution (A = 460 + 15 nm; 70 mW).

Table 1. Results of photocatalytic Hz evolution experiments with POM electron donor in acidic aqueous solution.

Photocatalyst™ Solution Initial Electron Hz (umol) PS TON!] PS initial iAQYE! (%)
pH donor (0-2h) (0-2h) TOF#! (0-1h)
(0-1h)
H*-DSP Phosphate buffer 3 VV-POM, 1 mM 2.55+0.18 10.2 7.67 0.39
H*-DSP HCl aq 3 VYPOM, 1 mM 2.44+0.04 9.78 7.51 0.39
Zr**-DSP Phosphate buffer 3 VV-POM, 1 mM 2.54+0.06 10.1 7.50 0.39
Zr**-DSP HCl aq 3 VV-POM, 1 mM 0.485+0.079 1.94 0.976 0.050
Zr**-DSP HCl aq 3 Mn'"-POM, 1 mM 2.41+0.26 9.62 7.86 0.40
Zr**-DSpref3s HCl aq 2 KI,0.5M 5.35+0.93 21.4 11.9 0.60
H*-DSP"*5 HCl ag 2 [Co(bpy)3]SOs, 20 MM 5.33+0.08 21.3 111 0.56

[a] Measurement conditions: [Ru-PS] = 100 puM in total, electron donor = 1 mM, volume = 5 mL aqueous solution, Aex = 460 + 15 nm, 70 mW in total. The reaction
solution was purged by Ar bubbling for 1 h before light irradiation. Numeral values were an average of more than three repeated experiments. Definitions: PS =
photosensitizer, PS TON = turnover number of PS, PS initial TOF = turnover frequency of PS during the initial hour of irradiation (from 0 to 1 h), iAQY = apparent

quantum efficiency during the initial hour, VIV-POM = Kg[SiVVW11040], Mn"-POM = Ks[SiW11039Mn'"(H20)]- nH20.
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The samples were collected by ultracentrifugation after the
reaction and then completely washed twice with HCI aq (pH = 3).
The XRF spectra of H*-DSP before and after photocatalytic H,
evolution reaction were almost identical (Figure 2(a)). In contrast,
for Zr**-DSP, the W La radiation derived from V-POM was clearly
detected after the reaction in HCI aq (Figure 2(b)) but was hardly
observed in the phosphate buffer solution reaction. These results
suggest that the V-POM species were immobilized on the surface
Zr**ions of Zr**-DSP during photocatalytic H, evolution in HCI aq.
In the phosphate buffer solution, however, immobilization of the
V-POM species was suppressed because of the coordination of
the phosphate anions to the surface Zr** cations. In fact, the zeta
potential of Zr**-DSP in the HCI aq. significantly shifted negatively
with the addition of VIV-POM (Table S4; +31 mV — =34 mV). On
the other hand, in the phosphate buffer solution, the zeta potential
was largely negative even without VV-POM addition (-37 mV —
-33 mV). These zeta potential changes also indicated the
immobilization of V-POM on the Zr**-DSP surface in HCI aq.
Further, the CT absorption band of V'V-POM was detected in the
UV-vis diffuse reflectance spectrum of V-POM-immobilized Zr#*-
DSP that was prepared by simply immersing Zr**-DSP to V'V-
POM agq. in the dark condition (Figure S7), implying that the
oxidation state of the surface-immobilized V-POM species is the
one-electron donatable V'V state.
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Figure 2. XRF spectra of (a) H*-DSP and (b) Zr**-DSP obtained by
centrifugation of the reaction solutions after photocatalytic hydrogen evolution
reaction at 298 K under vacuum. All spectra were normalized with the intensity
of the Nb La peak. The marked peak (*) is due to the background of the Cu
sample holder.
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As discussed above, the XRF spectra and zeta potential
measurements revealed that the V-POM species were
immobilized on the Zr**-DSP surface during the photocatalytic H,
evolution reaction in HCI aq, resulting in the lower activity. As the
reason why Zr*-DSP exhibited lower activity in the HCI aq
condition, the energy transfer quenching of Ru dyes by VV-POM
was presumed because the absorption band of V!V-POM was
effectively overlapped with the 3MLCT emission band of Ru(ll)
dyes (Scheme 2 and Figure S1). In fact, the MLCT emission of
the simple cation [Ru(bpy)s]?* was effectively quenched by V'V-
POM, while that of the negatively charged RuCP®, which
comprises six phosphonate groups, was hardly quenched (Figure
S5). These contrasting results suggest that the electrostatic
attraction between the [Ru(bpy)s]** cation and VV-POM anion
effectively induce energy transfer quenching. The direct
observation of the emission quenching of Ru(ll) dyes in H*-DSP
and Zr**-DSP by V'V-POM was difficult because of the strong light
scattering of the Pt/KHsxNbsO47 particles. However, we
supposed that the surface-immobilized V-POM species on Zr#*-
DSP should induce energy transfer quenching, resulting in a lower
photocatalytic activity than those of the other reaction systems in
which the V-POM species were hardly immobilized on the DSP
surface.
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Scheme 2. Plausible mechanism of the (a) forward and (b) backward
electron/energy transfer processes in the photocatalytic Hz evolution reaction
in the presence of VIV-POM.
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Figure 3. (a) Comparison of the photocatalytic Hz evolution reaction driven by

Zr*-DSP in the presence of 1 mM Mn"-POM as the RRED in HCI aqueous

solution (initial pH = 3.0) under blue light irradiation (A = 460 + 15 nm; 70 mW)

with that of Zr**-DSP in HCI or phosphonate buffer ag. with 1 mM VV-POM

RRED. (b) XRF spectra of Zr**-DSP obtained by centrifugation of the reaction

solutions after photocatalytic hydrogen evolution reaction at 298 K under

vacuum. All spectra were normalized with the intensity of the Nb La peak. The
marked peak (*) is due to the background of the Cu sample holder.

To overcome the energy transfer quenching by the VIV-POM
electron donor, we next conducted a photocatalytic H, evolution
experiment in the presence of Mn'"-POM, which has almost the
same redox potential (+0.73 V) as VIV-POM, however, without the
absorptivity in the SMLCT region of Ru(ll) dyes (Figure S1).%¢
Figure 3(a) compares these results with those of V'V-POM.
Interestingly, in the HCI aq. of Mn"-POM, Zr**-DSP exhibited
almost the same activity as that in the V'V-POM solution with
phosphate buffer. In the XRF spectrum of the sample obtained
after the reaction (Figure 3(b)), Mn Ka radiation at 5.9 keV, which
was attributed to the Mn-POM species, was clearly observed in
addition to W La radiation, indicating the immobilization of Mn-
POM to the Zr**-DSP surface, as was the case with V-POM.
These two results indicate that Mn-POM species were
immobilized on the Zr**-DSP surface during the photocatalytic
reaction, which, however, did not decrease the photocatalytic
activity. This is because the energy transfer quenching by Mn"-
POM is negligible. Although the electron transfer quenching of
photoexcited Ru(ll)* dyes by the surface-immobilized Mn'"- and
VV-.POM could be possible because of the redox reversible
behavior of WY'/WV centers in the acidic condition, this quenching
pathway should not be dominant factor because of the
comparable WYYWV potential for Mn"- and V'V-POM.*® We
expected that the photocatalytic activity of Zr**-DSP would be
enhanced by the immobilization of Mn"-POM because of the
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effective electron donation to the one-electron-oxidized Ru dye.
In fact, the activity of Zr**-DSP in Mn"-POM aq. was more than
twice higher than that in the visible-light transparent electron
donor Kl aqg. with the same 1 mM donor concentration (Figure S8).
However, the estimated PS TON and AQY values were almost
comparable to those of Zr**-DSP in the phosphate buffer solution,
thereby preventing the surface immobilization of POM species as
discussed above (Table 1). This was attributed to the low
immobilization amount of the sterically bulky Mn"-POM, as
suggested by the XRF spectrum, that is, only 6% of the Zr** sites
were occupied by the Mn-POM species.

Conclusion

In this work, we evaluated the photocatalytic activity of two
surface-modified dye-sensitized photocatalysts, H*-DSP and
Zr**-DSP, in the presence of [SiVVW1O4% or
[SiW11039Mn"(H,0)]% (V'V-POM or Mn"-POM, respectively) as the
RRED tofind an effective interaction for one-way electron transfer
from the electron mediator to the photocatalyst. H*-DSP,
comprising phosphonate groups on the photocatalyst surface,
exhibited complete one-electron oxidation of VV-POM with 0.39%
apparent quantum yield in the initial hour (/AQY) in both HCI and
phosphate *buffer aqueous solutions, even in the low
concentration of 1 mM VV-POM. This /AQY value was
comparable to that in higher concentrations of less charged
RREDs (0.5 M I and 16.4 mM [Co(bpy)s]?*), suggesting that
stronger electrostatic interaction between the highly and
negatively charged POM and photocatalyst surface can promote
the forward electron transfer process. In contrast, the /AQY of
Zr**-DSP in HCI aq was only 0.05%, owing to energy transfer
deactivation by the surface-immobilized VV-POM, whereas
almost the same activity (/AQY = 0.39%) was retained in the
phosphate buffer solution. This deactivation process was further
supported by the result that Zr**-DSP maintained almost the
same activity in the HCI aq solution when VIV-POM was replaced
by the visible-light-transparent Mn'"-POM, which was also
immobilized on the Zr**-DSP surface. These results suggest that
to achieve efficient one-way electron ftransfer at the
photocatalyst-mediator interface it is crucial to (1) ensure the
driving force for the forward electron transfer and (2) eliminate
non-favorable energy transfer quenching. Specifically, the
accumulation of visible-light-transparent electron donors on the
H> evolving photocatalyst surface should be a promising method
for efficient one-directional electron transfer in the Z-scheme
water splitting system.

Experimental Section
Essential materials and syntheses

Caution! Although we did not come across any difficulties, most of the
chemicals used in this study are potentially harmful and should be used in
small quantities and handled with care in a fumehood. All commercially
available starting materials were used as received without further
purification. Pt/KxHaxNbsO17, Ke[SiVVW11O40] (VIV-POM), Ks[SiVVYW110a0]
(VV-POM), and Ke[SiW11039Mn'(H20)] nH20 (Mn"-POM) were
synthesized according to previously reported methods,!:% with some
modifications. Ru(ll) PSs (RuCP®, and RuP®)*45 and Ru(ll)-dye-double-
layered Pt/KxHaxNbsO17 nanoparticles (Zr**-DSP and H*-DSP) were



prepared according to our previously reported method® (see the
Supporting Information for details). The immobilized amounts of Ru(ll) PSs
were estimated by UV-vis absorption analysis of the supernatant solutions
isolated after the immobilization reaction (Figure S2 and Table S1). Further
characterization was conducted by powder X-ray diffraction (PXRD)
measurement, suggesting that the layered structure of KxHsxNbsO17 was
successfully retained after immobilization of Zr-RuCP®-Zr-RuP® layer
(Figure S9).

Measurements

'"H-NMR spectra were recorded at 293 K on an JEOL ECZ-400S NMR
spectrometer. UV-vis absorption spectra were recorded on a Shimadzu
UV-2400PC spectrophotometer. Luminescence spectra were recorded on
a JASCO FP-6600 or FP-8600 spectrofluorometer at 298 K. Each sample
solution was deoxygenated by N2 bubbling for 30 min at 298 K. Energy-
dispersive XRF spectra were recorded using a Bruker S2 PUMA analyzer.

Photocatalytic water reduction reaction

For all experiments, 1 mM Kg[SiVVW11040] (VV-POM) or
Ke[SiW11030Mn'(H20)] + nH20 (Mn"-POM), as the RRED, with HCI
aqueous solution or 40 mM phosphonate buffer aqueous solution (pH = 3)
was used to ensure the stable redox behavior of the POM species during
photocatalytic reaction (Figure S10).3 Under dark conditions, the POM
solution containing Zr**-DSP or H*-DSP nanoparticles (100 uM Ru(ll) dye)
was placed into an in-house made Schlenk flask-equipped quartz cell
(volume: 265 mL) with a small magnetic stirring bar. Each sample flask
was doubly sealed with rubber septa. This mixed solution was
deoxygenated by Ar bubbling for 1 h. The flask was then irradiated from
the bottom with a blue LED lamp (A = 460 + 15 nm; 70 mW; Opto Device
Lab. Ltd., OP6-4710HP2). The temperature was controlled at 293 K using
a homemade aluminum water-cooling jacket with a water circulating
temperature controller (EYELA CCA-1111). The gas samples (0.6 mL) for
each analysis were collected from the headspace using a gastight syringe
(1 mL, Valco Instruments Co. Inc.). The amount of evolved H2 was
determined using a gas chromatograph (Agilent 490 Micro Gas
Chromatograph). The turnover number and frequency per one PS (PS
TON and PS TOF, respectively) were estimated from the amount of
evolved Haz, which requires two photoredox cycles of Ru(ll) PS to reduce
one water molecule. Each photocatalytic Hz evolution reaction was
conducted thrice under the same conditions and the average value with
standard deviation is reported. The detection limit of this gas
chromatography analysis for H2 gas was 0.005 pmol. The apparent
quantum yield (AQY) was calculated using the following equation:

AQY = Ne/Np = 2Nw2/ No,

where Ne represents the number of reacted electrons, N2 is the number
of evolved H2 molecules, and N; is the number of incident photons.
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To accelerate electron transfer at photocatalyst-mediator interface, we developed the photocatalytic H, evolution system composed
of Zr**-phosphonate-functionalized double-Ru-dye-layered Pt/KsH4xNbsO+7 photocatalyst and highly charged polyoxometalate, M-
POM (M = VV, Mn"). Higher activity and complete oxidation of redox-reversible POM electron donor were achieved by using visible-

light-transparent Mn'-POM because of the negligible energy transfer deactivation from photoexcited Ru-dye to surface-immobilized
POM.



