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ABSTRACT: Scanning electrochemical microscopy (SECM) was used to identify more
efficient p-type photocatalysts for H" reduction in the Pb—Bi—Mo trimetal oxide system. An
atomic ratio of (1:1:1) between Pb, Bi, and Mo showed higher photocurrent than other spots .
in screening experiments. The crystal structure of Pb—Bi—Mo oxide was studied by X-ray ... " ’
diffraction, indicating that a composite of p-PbMoO, and #n-Bi,O; coexisted as a el H ‘ E
heterostructure. Photoelectrochemical performance of the p-PbMoO,/n-Bi,O; composite ||!!
electrode showed enhanced stability for the H" and O, reduction reactions. We propose a i i o o we or as ;,‘”“"";;' e
reaction mechanism to explain this stabilization of a p-type semiconductor. Potential
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revious work with scanning electrochemical microscopy spectrum.” In addition, by forming a junction structure, it can

(SECM) in the study of photocatalysts has shown that promote efficient electron—hole separation and reduce
rapid synthesis and screening of arrays is useful in discovering recombination.
single-phase materials as photocatalysts.' That concept is SECM Screening of Pb—Bi—Mo—0O Arrays. To investigate the
extended here to materials with two different phases and the effect of photocatalyst compositions, Pb—Bi—Mo oxide arrays
investigation of the photoelectrochemical (PEC) behavior of were prepared on a fluorine-doped tin oxide (FTO) substrate
composites. PEC water splitting using a metal oxide semi- by automated dropwise dispensingl of different ratios of
conductor is a promising method tcz) produce hydrogen. Since solutions of a 20 mM Pb precursor (Pb(NO;),) as the first
the first suggestion of this concept,” much attention has been component, a 20 mM Bi precursor (Bi(NO;);-SH,0) as the
paid to semiconductor materials that could be used as second, and a 20 mM Mo precursor ((NH,)sMo,0,,-4H,0) as

photoelectrodes.>* The most critical issues in water splitting
are the development of a photoelectrode with high efficiency
and long-term stability in an aqueous environment. In principle,
p-type semiconductors should be useful as photocathodes (for
the reduction of H" to H,) in a PEC cell’ Although high
photocurrents have been attained with some photocathode
materials, their low photovoltages and poor stabilities are
critical problems.® Most p-type semiconductor electrodes
studied to date are generally unstable when used as
photocathodes for proton reduction in an aqueous environ-
ment. This has been explained by a thermodynamic argu-
ment,”® that is, that the conduction band potential is more
negative than that of the reduction potential of the metal ion in
the lattice, leading to reductive decomposition of the
semiconductor surface and loss of photoactivity.

Single semiconductor materials typically cannot satisfy the
requirements of having suitable band gap energies for efficient photocurrent is nearly twice as high as that of Pb—Mo oxide
solar absorption and band edges aligned for both H, and O, spots in the same array (Figure 1b).
evolution reactions. Compared to single-component semi-

the third. After completing the dispensing, the arrays were
annealed in air at 600 °C for 3 h, and then, the arrays were
screened with a scanning optical fiber connected to a Xe lamp.
The detailed method is provided in the Supporting
Information.! Figure la shows the dispensed pattern of the
triangular array. The top corner is PbO. The bottom left and
right corners are Bi,O; and MoOj, respectively. The first, left
column was composed of only Pb—Bi oxides, and the bottom
row contained only Bi—Mo oxides. Figure 1b shows the
photocurrent image of the array under UV-—visible light
irradiation. The applied potential was 0 V versus Ag/AgCl in
0.1 M Na,SO, and 0.2 M sodium phosphate buffer (pH 7).
Spots A and B had Pb/Bi/Mo oxide atomic ratios of 3:3:3 and
4:2:3, respectively. They show a higher cathodic photocurrent
than the other spots under UV—vis light irradiation. This

conductors, a composite heterojunction of two semiconductors Received: June 28, 2013
has been studied as an attractive method to develop high- Accepted: July 26, 2013
efficiency materials by absorbing different regions of the solar Published: July 26, 2013
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Figure 1. (a) Dispensed pattern of photocatalyst arrays with three
components. The top corner is pure Pb, the bottom left corner is Bj,
and the bottom right corner is Mo. Spots A and B represent Pb—Bi—
Mo at 3:3:3 and 4:2:3 atomic ratios, respectively. (b) SECM image of a
Pb—Bi—Mo oxide photocatalyst at an applied potential of 0 V versus
Ag/AgCl in 0.1 M Na,SO, with 0.2 M phosphate buffer solution (pH
7).

PEC at Macroelectrodes. To confirm the improved photo-
activity of Pb—Bi—Mo oxide, thin film electrodes were prepared
by drop casting the solutions on a FTO substrate. The atomic
ratio between Pb, Bi, and Mo was 1:1:1 according to the results
from SECM experiments. The scanning electron microscopy
(SEM) image showed a porous morphology with small grain
sizes below 150 nm (Figure S1 in the Supporting Information).
The XRD pattern of the Pb—Bi—Mo oxide thin film (Figure 2)
matched well with patterns of a composite of PbMoO," and
Bi,O;"" on the FTO substrate. The crystallite sizes were ~55
(PbMoO,) and ~30 nm (Bi,O;) as determined by the Scherrer
equation.'” In comparison with their standard PbMoO,, the
peaks were shifted slightly toward higher angles (Figure S2a,
Supporting Information), while the Bi,O; peaks were shifted
toward lower angles (Figure S2b, Supporting Information).
These XRD data suggest that the PbMoO, lattice is slightly
compressed and the Bi,O; lattice is expanded in a PbMoO,/
Bi,O; heterostructure. This result can be interpreted as an
effect of the lattice mismatch at the junction of the two
materials."

The PEC performance of the Bi,O;, PbMoO,, and PbMoO,/
Bi,O; composite electrode was studied using linear sweep
voltammetry (LSV) in 0.1 M Na,SO, (pH 7, 0.2 M sodium
phosphates buffered). Previous studies of PbMoO, as powders
have demonstrated H, and O, production with sacrificial
reagents;'* however, the nature of the powder (p-type or n-
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Figure 2. XRD patterns of a Pb—Bi—Mo (1:1:1) oxide thin film
annealed at 600 °C for 3 h in air atmosphere. Red square peaks are
from the FTO substrate.

type) was not determined. Bi,O; has been reported to be an
amphoteric semiconductor with n- and p-type behavior
depending on the crystal structure.”® In the case of n-type
Bi,0;, the band gap is 2.75 eV with a conduction band edge of
+0.11 V (versus NHE).16

The PEC performance of as-prepared Bi,O; shows n-type
photoresponse, and PbMoO, shows p-type response (Support-
ing Information Figure S3). The p-PbMoO,/n-B,O; compo-
site electrode shows both anodic and cathodic photocurrents
under UV—vis irradiation depending on the potential (Figure
3a). The cathodic photocurrent onset potential in a pH 7
solution is ~0.8 V versus Ag/AgCl, indicating that the p-
PbMoO, composite electrode is quite suitable for generating
H, from water, even without an electrocatalyst like Pt.
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Figure 3. (a) LSV of a p-PbMoO,/n-Bi,O; composite electrode in
deaerated 0.1 M Na,SO, and 0.2 M sodium phosphate buffer (pH 7,
Ar bubbling) under UV—vis irradiation and (b) LSVs of the same
sample to study the stability of the prepared film. Scan rate: 15 mV/s.
Light intensity: 100 mW/ cm?.
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Stability and IPCE. When LSVs of the same composite
sample were repeated three times under the same conditions,
no changes were seen (Figure 3b). This indicates that the p-
PbMoO,/n-Bi,O; composite suppresses the decomposition of
the electrode itself compared to p-PbMoO, alone (Figure S3a,
Supporting Information). To assess the stability of the p-
PbMoO,/n-Bi,O; electrode over time, chronoamperometry
was carried out at 0 V versus Ag/AgCl under full-spectrum
illumination in an air atmosphere (Figure 4a). The p-PbMoO,/
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Figure 4. (a) Current—time response curve of the p-PbMoO,/n-Bi,O5
composite electrode at an applied potential of 0 V versus Ag/AgCl in
0.1 M Na,SO, with a 0.2 M phosphate buffer solution (pH 7, air
bubbling) under UV—vis light irradiation. (b) Energy band diagram for
the p-PbMoO,/n-Bi,O; heterostructure.

n-Bi,O; electrode showed high photoelectrochemical stability
when O, was present as the electron acceptor, while the
photocurrent of p-PbMoO, alone under the same conditions
decayed rapidly, dropping by ~50% over 15 min, indicating
instability of p-PbMoO, (Figure 4a). Photocathodic instability
of metal oxides is typically attributed to the preferential
reduction of the lattice metal cations.”'”

The UV—visible absorption spectrum of the p-PbMoO,/n-
Bi,O; composite electrode is shown in Figure S4 in the
Supporting Information. The incident photon to electron
conversion efficiencies (IPCEs) plot at 0 V versus Ag/AgCl is
also presented in Supporting Information Figure S4. The
calculated IPCE for proton reduction at pH 7 reached ~28% at
340 nm and decreased with increasing wavelength and reached
zero at ~400 nm. The band gap of PbMoO, is ~3.2 €V, in
agreement with a previous study.'*

For the reduction of H to H, with the p-PbMoO,/n-Bi,O5
electrode, chronoamperometry was carried out at 0 V versus
Ag/AgCl under full spectrum irradiation (pH 7, argon). After
the chronoamperometry, the evolved H, gas was gathered using
a gastight syringe and analyzed using gas chromatography—
mass spectroscopy (Supporting Information Figure SS).
Although the p-PbMoO,/n-Bi,O; shows instability and a very

2709

low H, conversion ratio under argon, this experiment clearly
confirms that photogenerated electrons in the conduction band
of p-PbMoO, can be used for H, evolution (Figure 4b).
Proposed Mechanism. There are two possible explanations for
the improved photocurrent and stabilization, composite effects
or doping of the p-PbMoO, and n-Bi,O;. For example, the
Bi,O; may have been doped with Mo or Pb, with Mo providing
a sufficiently negative reduction potential for H, evolution.
Alternatively, the enhancement of the p-PbMoO, could result
from Bi doping. However, we have found that p-PbMoO,
doped with 4% Bi and Bi,O; doped with small amounts of Pb
or Mo do not show any improvement in photoactivity or
stability. Thus, we ascribe both the enhancement and
stabilization to composite effects. The mechanism of photo-
catalytic H" or O, reduction at p-PbMoO, and the p-PbMoO,/
n-Bi,O; composite electrode is shown in Scheme 1. It is

Scheme 1. Energy Band Diagram for (a) p-PbMoO, and (b)
the p-PbMoO,/n-Bi,O; Heterostructure®
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“The dashed line is the Fermi level. Pathway (1), O, reduction at the
p-PbMoO, surface, (2) semiconductor (PbMoO,) reduction, (3) O,
reduction at the »-Bi,O; surface. The @, is the thermodynamic
reduction potentials of the semiconductor (PbMoQ,).

unlikely that a p—n junction will form under the conditions of
composite synthesis; therefore, we represent the bands without
Fermi level equilibration. The p-PbMoO, absorbs photons to
generate excited electrons that can reduce H* or O, (pathway 1
in Scheme 1a). In many cases, p-type photocatalysts are
unstable because the electrode material reacts with the
photogenerated electrons (pathway 2 in Scheme 1a), depend-
ing on the thermodynamic reduction potentials of the
semiconductor, for example, PbMoO, (®,.),”"” and this
material shows instability under irradiation (Figure 4a). When
the p-semiconductor (p-PbMoO,) and n-semiconductor (n-
Bi,0;) materials are in contact, we propose that they form a
spontaneous composite structure (Scheme 1b). In the
photogenerated electron/hole pairs, photoexcited electrons
migrate to #-Bi,O; at the p—n interface, which can reduce O,
(pathway 3 in Scheme 1b). This electron transfer to the n-
Bi,O; suppresses the decomposition of the p-PbMoO, and also
reduces recombination at the surface compared to p-PbMoO,
alone.
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The composite electrode showed a large initial drop during
chronoamperometry in argon (Supporting Information Figure
S6) due to the decomposition of the electrode itself because the
conduction band of Bi,Oj; is too positive to evolve hydrogen.
When oxygen was reintroduced after initially irradiating the
composite electrode under argon, the photocurrent slowly
recovered and stabilized after S min (Supporting Information
Figure S6). This indicated that photogenerated holes could
reoxidize the reduced p-PbMoO, (pathway 4 in Figure S6,
Supporting Information), counteracting the photoreduction
(®,.) and restoring the p-type semiconductor.

In summary, SECM was used to identify more efficient p-
type photocatalysts for H" and O, reduction in the Pb—Bi—Mo
trimetal oxide system. An atomic ratio of (1:1:1) between Pb,
Bi, and Mo showed higher photocurrent than other spots from
screening experiments. The Pb—Bi—Mo oxide was studied
using X-ray diffraction, indicating that a composite of p-
PbMoO, and n-Bi,O; coexists as a heterostructure electrode.
The enhanced stability for O, reduction with the p-PbMoO,/n-
Bi,0; composite is ascribed to electron transfer to the n-Bi,O;.
The spontaneous formation of composite structures of oxide
semiconductors that show improved PEC performance
represents another approach to photocatalyst optimization.
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Details of synthetic procedures, XRD pattern, SEM image, and
LSV results of the p-PbMoO,/n-Bi,O; composite electrode.
This material is available free of charge via the Internet at
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