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Hyperbranched nanostructured bismuth vanadate at a chemically
polarized water/organic interface is applied for efficient visible light-
driven catalytic oxidation of water in the presence of [Co(bpy)z](PFe)s
as an organic soluble electron acceptor. The photocurrent response
originating from the transfer of photo-excited electrons in BiVO,4 to
[Co(bpy)s]** is measured by scanning electrochemical microscopy.

Inspired by biological photosynthesis, the current research aims
at converting sunlight to chemical fuels by driving energetically
uphill chemical reactions yielding energy-rich compounds.
Conceptually this represents an approach for solving the energy
challenge with minimal environmental impact."™ Liquid/liquid
(L/L) interfaces, or, more precisely, interfaces between two
immiscible electrolyte solutions (ITIES), have been proposed
as simple models mimicking important functions of biomembranes
at which the process of photosynthesis proceeds in green plants.
The analogy extends to charge carrier separation by two interacting
photocenters (equivalent to a z-scheme) and catalyst regeneration
at interfaces.’ ITIES can be polarized either externally using a
potentiostat or chemically by changing the composition or
concentration of supporting electrolytes in the organic or aqueous
phase. The applied galvanic potential difference across the inter-
face could control the efficiency and pathway of interfacial
processes involving charged reactants.®® Hence, the design of
efficient artificial photosynthesis systems based on charge
transfer at ITIES has recently received significant attention.’™
Such systems utilize sunlight to split water into molecular oxygen
0, and hydrogen H, (as renewable solar fuels)."" The water
oxidation reaction (WOR), a multi-electron multi-proton transfer,
is energy demanding and considered as the most challenging
step in water splitting. It requires suitable catalytic conditions for
reasonable rates and/or overpotentials.'>
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Bismuth vanadate (BiVO,) is one of the most interesting
visible-light-driven photocatalysts for water oxidation, because
it has a suitable position of the valence band (VB) edge at ca.
2.4 eV vs. RHE, a sufficiently narrow bandgap for visible light
absorption, is stable, abundant and of low cost. However, it
suffers from poor charge transport properties causing excessive
electron-hole recombination.”®™” Furthermore, the hole transfer
kinetics for WOR is sluggish.™* One direction for further improve-
ment is size and shape control in order to facilitate the collection
and separation of electron-hole pairs at the semiconductor/
solution interfaces.™

Our approach herein is the use of hyperbranched BiVO, at a
chemically polarized ITIES'® for enhancing the rate of photo-
catalytic WOR (Fig. 1). The nanoscale branches minimize the
charge carrier diffusion length to the interface where they are
converted before recombining. This is further supported by
[Co(bpy)s](PFs); as an electron-acceptor in the organic phase.
By efficient relaying of the photo-excited electrons from BiVO,
to the electron acceptor the electron/hole pair separation is
facilitated after photoexcitation in BiVO,. This function is
analogous to that of the electron transport chain between photo-
systems I and IL' Interestingly, the driving force for electron
transfer to [Co(bpy);]** can be controlled easily by changing the
polarization of the ITIES, which then clearly influences the
efficiency of electron transfer from water to photogenerated holes
(vielding O,).

In the present work, the interfacial photo-induced electron
transfer (ET) reaction is studied by means of scanning electro-
chemical microscopy (SECM), which has quickly become an
important tool for probing rapid processes at ITIES, including
ET,"”” ion transfer,”*° and molecular transfer’” with high
sensitivity. SECM is used here for recording the scavenging of
photoelectrons by reduction of [Co(bpy),]** at the BiVO,/butyro-
nitrile interface. The SECM microelectrode (ME) oxidizes the
resulting [Co(bpy);]*". Finally, WOR by photo-generated holes
of BiVO, at the chemically polarized ITIES is followed by online
detection of O, while the cell is irradiated using visible light
(4 > 420 nm).
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Fig.1 (A) Schematic representation of the initial composition of the

aqueous and organic phases for chemical polarization of the L/L interface
used for the study of BiVO,4 photoactivity. Magnified SEM image of the
hyperbranched structure of BiVO,; (B) typical photocurrent transient for
the detection of [Co(bpy)s]>™ recorded at a Au ME (r = 12.5 pm, d = 20 pm)
with an applied potential of E1 = 0.5 V (vs. Ag quasi-reference electrode
(AgQRE)). The butyronitrile phase contained 0.5 mM [Co(bpy)s](PFe)s
and 0.05 M TBAPFg, and the aqueous phase contained 0.1 M NaCl and
0.01 M TBACL

The composition of the cell with the ITIES is schematically
shown in Fig. 1A. Tetrabutylammonium chloride (TBACI) and
tetrabutylammonium hexafluorophosphate (TBAPF) are the
supporting electrolytes in water and butyronitrile phases,
respectively. Tetrabutylammonium (TBA") is highly hydrophobic
and acts as a common ion which induces the specific potential
difference across the interface according to the Nernst-Donnan
equation.***®

The BiVO, nanocrystals are initially well-dispersed in the
aqueous phase. The ITIES polarized immediately by ion-transfer
and then BiVO, nanocrystals are driven electrostatically to the
interface. The synthesized BiVO, nanocrystals resemble the shape
of trunks with nano-scaled branches (so-called hyper-branched
structure). Detailed data on the synthesis and characterization of
BiVO, and [Co(bpy);*"”** are provided in the ESL

Photoinduced ET from nanocrystalline BiVO, to [Co(bpy);
is investigated using SCEM. A Au ME with radius r+=12.5 um is
placed in the upper, organic phase at a distance d = 20 pm to the
ITIES at a potential Er of +0.5 V (vs. Ag quasi-reference electrode
(AgQRE)) to detect sensitively [Co(bpy);]** formed by the photo-
induced ET from BiVO, to [Co(bpy)s]>" before it is diluted in the
bulk of the organic phase. The Au ME is approached by
monitoring the hindered diffusion of [Co(bpy),]*" in the organic
phase. The transient [Co(bpy)s]** oxidation current at the Au ME
is shown in Fig. 1B. No photoresponses are detected if either
BiVO,, [Co(bpy);]*" or illumination is absent (data not shown).
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Clearly, band-gap illumination of the interface leads to
interfacial ET to [Co(bpy)s]’ in the organic phase. The generated
photo-induced electron-hole pairs with quasi-Fermi levels approach
the energies of the conduction band (CB) and valence band (VB) of
BiVO,. The CB energy of BiVO, is +0.02 V*° and the redox
potential of [Co(bpy);]*" in butyronitrile is +0.34 V vs. RHE.
Therefore, heterogeneous ET of CB electrons from BiVO, to
[Co(bpy);]*" appears thermodynamically feasible.

The driving force of the interfacial photo-induced ET reaction
is determined by this thermodynamic energy difference and the
galvanic potential difference (A%E$) across the ITIES.>**" The
influence of A3f¢ is investigated by adjusting it by means of
the concentration ratio of TBA" between the aqueous and organic
phases. Cyclic voltammograms (CVs) of [Co(bpy)s]** reduction
were recorded in the butyronitrile solution as part of a biphasic
system containing 0.01-0.1 M TBA" in the aqueous phase and a
fixed concentration of 0.05 M TBA' in the organic phase. As
shown in the inset of Fig. 2, the reduction potential of
[Co(bpy)s]** shifts positively by nearly 60 mV per concentration
decade of TBA', in good agreement with the Nernst-Donnan
equation. Please note that the electroneutrality of the two phases
is maintained by insertion of the hydrophobic, potential-
determining ion TBA"' into the organic phase. In addition, the
influence of A3i8¢ is observed clearly by photocurrent responses
at the Au ME which grows with the TBA" concentration in the
aqueous phase (Fig. 2). This causes a more positive potential
across the interface contributing to a higher driving force for
photo-induced ET.

Interestingly, changing the aqueous electrolyte from acidic
to alkaline media dramatically influences the photocurrent
responses. As depicted in Fig. 3, the transient signal increases
significantly in neutral (pH 7, 0.1 M NaCl) or alkaline (pH 9,
0.01 mM NaOH) aqueous electrolytes compared to the acidic
solution (pH 3, 0.02 M HCIO,).

It is known that the energy levels of the CB and VB of the
BiVO, semiconductor shift with pH, whereas the redox potential
of [Co(bpy);]*"'** is independent of pH.>> A higher pH of the
reactant solution yields a negative shift of the band-levels of
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Fig. 2 Photocurrent transients for the detection of [Co(bpy)s]** in butyro-
nitrile at Au ME (rr = 125 pm, Er = +0.5 V (vs. AgQRE)) with different
concentrations of TBACL in the aqueous phase. The butyronitrile solution
contained 0.5 mM [Co(bpy)sl(PFg)s and 0.05 M TBAPFe. From bottom to
top, the aqueous solution contained 0.01, 0.025, 0.05, and 0.1 M TBACL
The inset figure is the dependence of the half-wave potential (E1/») on
TBA™ concentration.
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Fig. 3 Photocurrent transients for the detection of [Co(bpy)s]%* in butyro-

nitrile at a Au ME (rr = 12.5 pm, Er = +0.5 V (vs. AgQQRE)) with different
aqueous supporting electrolytes. The butyronitrile solution contained
0.5 mM [Co(bpy)sl(PFg)s and 0.05 M TBAPFs. The aqueous solution
contained 0.1 M NaCl and additionally from bottom to top, 0.02 M HCIOy,,
no addition, 0.01 mM NaOH and 0.01 M TH,ACL

BivO, (on the electrochemical scale). Consequently, the CB
electrons in BiVO, attain more reductive power towards the
approximately pH-independent formal potential of [Co(bpy);]*" and
the photo-induced ET proceeds more easily (Fig. 3). Furthermore,
the photocurrent signal is enhanced when using tetrahexyl-
ammonium (TH,A") instead of TBA' as the common ion
because the more hydrophobic TH,A" has a higher tendency
to transfer to the organic phase and, therefore, contributes to a
higher driving force for the photo-induced ET reaction from
BiVO, to [Co(bpy);]**."®

Parallel to the ET reaction between photo-excited electrons
of BivO, and [Co(bpy)s]**, photo-generated holes in the VB of
BiVO, cause the WOR which is energetically possible. The
reaction product, O,, can be detected by online mass spectro-
metry (ESI-6, ESIt) as the main product of photooxidation of
water. Table 1 summarizes the O, evolution rates per gram
catalyst within the first 10 min of irradiation. The O, evolution
rate is improved drastically under polarization of the ITIES with
TBA' compared to batches without either potential-determining
common ions or [Co(bpy);](PFs); as an electron acceptor in the
organic phase. By trapping the photo-excited electrons, the Co
complex facilitates both charge separation in BiVO, and efficient O,
production at the BiVO,/water interface. Furthermore, the increased

Table1 Oxygen evolution rate in a batch reactor depending on additions
of common ion and electron acceptor

0, evolution rate?/

Batch® [Salt],q” [Co(bpy)s®Jore"  (nmol h™" g™")
1° None 0 0
2°¢ 0.1 M NaCl + 0 5
0.01 TBACI
3¢ None 0.5 mM 218
4¢ 0.01 M NacCl + 0.5 mM 336
0.01 M TBACI
5/ (powder) 0.1 M NaCl + 0.5 mM 0
0.01 TBACI

“ Details of the photoreactor and GC detection in ESI-6, ESL ” 30 mg
BiVO, was dispersed in 35 mL water. ° 35 mL organic phase contained
0.05 M TBAPF,. ¢ Per gram of catalyst. ¢ Hyperbranched BiVO,./ Powdered
catalyst synthesized by the sol-gel method.***
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Fig. 4 Oxygen evolution rate over the reaction time. The inset figure is
the cumulated amount of generated O, assuming a linear change of O,
concentration in the exhaust gas stream between the sampling. The initial
oxygen production rate at t = 0 is assumed to be the same as that at the
first sampling after 10 min; (@) hyperbranched BiVO,, 0.01 M TBACI
aqueous phase, 0.5 mM [Co(bpy)s](PFg)s + 0.05 M TBAPFs, (M) hyper-
branched BiVO,, aqueous phase without TBACL, 0.5 mM [Co(bpy)sl(PFg)s +
0.05 M TBAPFe.

driving force due to the polarization of the ITIES by a common
ion increases the O, evolution rate.

The removal of the electrons from the BiVO, nanostructures
inhibits the otherwise fast recombination of electron-hole
pairs. This requires nanostructured BiVO, for efficient trans-
port of electrons to the solid-liquid interface. When using the
same mass of powdered BiVO, without hyperbranched structures,
the O, evolution rate is below the detection limit. So far, many
strategies have been developed to increase the efficiency of
visible light-driven oxygen evolution at BiVO, semiconductor
materials applied as photocatalyst powders**° or modified
solid electrodes'®"” in aqueous solutions with electron acceptors
such as Co’> or Fe’**° complexes, morphology control®* and facet
engineering®® of BiVO,-based materials. Here, the extremely high
rate of visible light-driven O, evolution allows detection within
only 10 min of illumination of the hyperbranched photocatalyst
powder by separation of photo-induced charge carriers at a
molecular interface. A similar value of 238 umol h™* ¢~ is also
obtained with Ag" as a scavenger in the first 15 min of operation
and with a larger optical band (4 > 320 nm).

The very high initial activity decreased within 20-30 min to
levels below the detection limit of our system (ca. 1 pmol h™1).
The data are shown in Fig. 4. The accumulated amounts of O,
generated during the reaction time are plotted in Fig. 4. They
compare favourably to amounts of O, detected within 1-5 hours
for BiVO, systems as reported recently.***°

In conclusion, a completely new approach has been proposed
by which the photochemical behavior of BiVO, semiconductor
nanostructures can be improved for visible light-driven oxidation
of water. The nanoparticulate BiVO, semiconductor is assembled at
the water/butyronitrile interface polarized by the common,
highly hydrophobic tetraalkylammonium cation partitioning
between the two liquid phases. A Co™ complex acts as an
electron acceptor in the organic phase. The high surface area
of nanosized BiVO, crystals with a specific hyperbranched
structure along with the defect free ITIES minimizes the inter-
facial recombination of photo-excited electron-hole pairs by

This journal is © The Royal Society of Chemistry 2016
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rapidly transferring electrons to reactants in the adjacent liquid
phases. The ET reaction can be characterized sensitively
by oxidation of [Co(bpy);]*" originating from the photo-driven
reaction at the ITIES using a SECM configuration in the organic
phase.

Moreover, the driving force for the photo-induced ET reaction
could be readily maximized by chemically controlling the
polarization of the interface. This improves the WOR compared
to recent reports on WOR using powdered BiVO, photocatalysts.
It is expected that the new strategy developed in this work will
promote efficient water splitting with powdered BivVO, photo-
catalysts in large-scale solar-to-hydrogen conversion. Further
studies will be directed to address details of WOR mechanisms
at BivVO, at ITIES, integrating other approaches such as doping
of BiVO,.
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