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ABSTRACT: Photoactivities of lead chromates with various combinations 0.00

of Pb and Cr are rapidly screened using scanning electrochemical ¢ PEC E) uPS
microscopy (SECM). In the rapid screening investigation, the metal $0% (vis light) | 2

oxide spot electrode with a Pb/Cr ratio of 2:1 exhibits the highest g % L
photoactivity among the semiconductor prepared with different composi- ™~ 010 £ ——212ev ——
tions. The photoactivity and electrochemical properties of thin-film % (V Ny Ag(I)/:\og CIiOIZ B d;:g é‘:‘ergy (;)V)
electrodes of PbCrO,, Pb,CrOys, and PbsCrOy are further studied following '

the combinatorial screening. In the bulk electrode measurements, the e EC Spectroscopy fz
Pb,CrOj bulk electrode displays the highest photocurrent of 0.23 mA/cm? T == = | e — ]
for SO;>~ oxidation at 0.4 V vs Ag/AgCl under 100 mW/cm? UV—vis light :’ 1 ool
irradiation. Pb,CrO; presents visible light activity with an absorption P R I i o
wavelength up to 550 nm and an incident photon to current conversion 5 | PbCrO, PiycrO, PoicrOy | PBCIO, PoiCros PiCr0y |

efficiency (IPCE) of 10% at the wavelength of 340 nm. The onset
wavelength observed in the UV—vis absorption spectrum increases with
increasing Pb contents in lead chromates. Optically obtained direct band gaps decreased from 2.38 to 2.25 to 2.07 eV for
PbCrO,, Pb,CrOs, and PbsCrOg, respectively. However, the onset wavelength that appeared in IPCE is 2.26 + 0.02 eV for all
three lead chromates where the photocurrent under longer wavelength light irradiation is insignificant. The results imply that
more Pb 6s orbitals form interband states, increasing optical transitions in lead chromates. The band structures of PbCrO,,
Pb,CrOs, and Pb;CrOg are also determined by electrochemical analyses and ultraviolet photoelectron spectroscopy (UPS).

1. INTRODUCTION

Photoelectrochemical (PEC) reactions utilize photons with
energy larger than the size of the band gap of the
semiconducting electrode. The adsorbed photon generates
excited electrons in the conduction band and holes in the
valence band, and the electron and hole produced in the
electrode are separated by the electric field in the space-charge

the UV or short-wavelength visible region can be employed for
the PEC reactions. To resolve the low absorption efficiency of
large band gap metal oxide electrodes, efforts for band gap
modification, sensitization,* or utilization of new photo-
catalytic materials with narrower band gaps’~’ have been
conducted.

Various narrow band gap metal oxides with visible light

region and used in the electrochemical reactions.

Finding an efficient photocatalytic semiconductor material
that is active to a significant portion of the solar spectrum has
been a key step for achieving a feasible light-to-chemical energy
conversion system.' Wide band gap metal oxides, such as TiO,,
have been widely investigated as a photocatalyst due to the
chemical stability and ability to produce high photovoltages.
However, the large band gap limits the solar energy conversion
efficiency, for example, the theoretical efliciency down to 4%
for TiO,, as only the low fraction of the incidence photon in
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activity have been extensively investigated for PEC applications.
Yellow-colored BiVO, absorbs light up to 520 nm with a 2.4 eV
band gap,'”"" and red-colored Fe,O; absorbs light up to 590
nm with a 2.1 eV band gap."” Many of these metal oxide
semiconductors have transition metal-centered tetrahedral
structures that allows strong electron transition between
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nonbonding O 2p orbitals (t;) to antibonding orbitals (e) of
metal 3d orbitals and O 2p orbitals."> Many ternary metal
oxides with Cr-centered tetrahedral structures such as BaCrO,
and SrCrO, are also visible light-active photocatalysts, and their
electr(l):lic band structures vary with the cations (Ba** and
Sr**).

In this study, we investigate the PEC properties of lead
chromate with different composition ratios between Pb and Cr
and explore their electronic band structures as a visible light-
active photocatalyst. There are four types of reported oxides in
the Pb—Cr—O ternary system: PbCrO,, Pb,CrO;, Pb;CrOs,
and Pb;;CrOs. Among them, the first three oxides with
Pb(PbO),CrO, (n =0, 1, 4) composition were known to have
an optoelectronic property. PbCrO, is a well-known yellow
pigment with a monoclinic P2,/n structure,">'® and possible
application of PbCrO, as an optoelectronic material was
reported.'”'® The photoactivity of PbCrO, was also reported
with insignificant activity for water splitting.'”~>' Pb,CrOy is
known as chromium orange with monoclinic structure in space
group ¢2/m.”>** It was studied as a photoconductive dielectric
material with high absorption coeflicients in the visible and
ultraviolet light spectrum in which its conductivity changes
rapidly under the light irradiation.”*™*° Its use as a photovoltaic
material was also reported in which 1.16 V of photovoltage was
observed with an irradiated light intensity of 23.35 mW/
cm®?™* PbyCrOg has a monoclinic P2,/c space group
symmetry,” and it is a less researched material except for a
study of optoelectronic properties as a line-image sensor.”'

However, to the best of our knowledge, no PEC properties of
Pb,CrO; and PbsCrO, have been reported for photochemical
reactions. In this study, we explore the PEC properties of
Pb(PbO),CrO, and discuss the electronic band structures of
the Cr-centered tetrahedral oxide material with varying PbO
contents. Scanning electrochemical microscopy (SECM) was
also successfully utilized to conduct a rapid screening study of
the photoactivities of lead chromates according to PbO
contents. Finally, PbCrO,, Pb,CrO;, and Pb;CrOg were
fabricated into larger photoelectrodes, and optical and PEC
characteristics were reported.

2. EXPERIMENTAL SECTION

Materials. F-doped tin oxide (FTO)-coated glass was
purchased from Pilkington (Toledo, OH) and cut into 1.5
cm X 2.0 cm pieces. The cut FTO glasses were cleaned by
sonication in an ethanol bath over 40 min and dried overnight
in air and then used for spot array substrates as well as thin-film
electrode substrates. Pb(NO;), (99.999%, Acros), Cr(NO;),:
9H,0 (99.99%, Acros), and K,Cr,O, (99.9%, Mallinckrodt)
were purchased and used without further purification. Ethylene
glycol (certified ACS, Fischer Scientific) was used as the solvent
to prepare precursor solutions. All aqueous electrolytes used for
electrochemical measurements were prepared using Milli-Q
water with a solution resistivity of 18 M€2-cm.

Preparation of Pb—Cr—O Spot Arrays. Pb—Cr oxide
spot arrays for combinatorial screening were prepared by a
previously reported procedure.””** Briefly, the metal oxide
arrays with varying ratios between Pb and Cr were fabricated by
dispensing each 0.1 M Pb(NO;), and 0.1 M Cr(NO;);-9H,0
solution in ethylene glycol on a FTO glass substrate in a
preprogrammed pattern using a picoliter solution dispenser
(model 1550, CH Instruments, Austin, TX). The dispenser was
composed of a piezoelectric dispensing tip (MicroJet AB-01-60,
MicroFab, Plano, TX) attached to a computer-controlled

stepper-motor-operated XYZ stage. Dispensing of a preprog-
rammed number of drops of the 0.1 M Pb and 0.1 M Cr
precursor solution by applying voltage pulses at 80 V for 60 us
to the piezoelectric dispenser resulted in an array of patterns
with various compositions of Pb and Cr precursor spots. Then,
the arrays were annealed at 500 °C for 3 h with a ramp up rate
of 1 °C/min to form oxide spot arrays. The total number of
drops was 10, and compositions of Cr and Pb were varied from
10:0 to 0:10, resulting in oxide spots with a diameter of 500 ym
on the FTO substrate.

Preparation of Thin-Film Electrodes. Three types of lead
chromate polycrystalline thin-film electrodes were fabricated by
the drop casting method. For Pb,CrOs and PbsCrOg, a 6 mM
Pb(NO;), and 3 mM Cr(NO;); ethylene glycol solution and a
1S mM Pb(NO;), and 3 mM Cr(NO,); ethylene glycol
solution were prepared, separately. A volume of 400 uL of each
of these premixed solution was drop-cast on the cleaned FTO
substrates followed by annealing at 500 °C for 3 h with the
ramp rate of 1 °C/min. Prepared Pb,CrOg and Pb;CrOg were
orange and reddish orange color, respectively (Figure S1b,c).

For the PbCrO, thin-film electrode, PbCrO, powder was
produced and coated on the FTO substrate. Briefly, the
PbCrO, powder was synthesized by adding 100 mL of 0.25 M
K,Cr,0, aqueous solution slowly into a 500 mL beaker
containing 100 mL of 0.5 M Pb(NO;), with vigorous stirring
by a magnetic stirrer. Yellow PbCrO, powder was precipitated
immediately and washed with DI water five times. The
precipitates were isolated by filter paper (Grade 1, Whiteman)
and dried in the drying oven at 110 °C overnight. Then, 0.485 g
of the dried PbCrO, was suspended in 50 mL of ethylene
glycol, and 300 pL of the suspension was drop-cast on a
cleaned FTO substrate followed by annealing at 200 °C for 3 h
in air. The prepared electrode showed bright yellow color
(Figure Sla).

Screening of the Arrays. The screening of the photo-
catalyst arrays is also described in a previous publication.*”
Briefly, a SECM (CHI model 900B, Austin, TX) equipped with
an optical fiber replacing an ultramicroelectrode was used to
map the photoactivities of the fabricated spot arrays. The
optical fiber (FT-400-URT, 3M, St. Paul, MN) was coupled to
a 150 W xenon lamp (Oriel, Stratford, CT) to irradiate the spot
array electrodes. The Pb—Cr oxide photoelectrodes were
mounted in the Teflon cell with a Pt wire counter electrode
and a Ag/AgCl reference electrode. In the study, the potential
(V) is reported with respect to Ag/AgCl unless otherwise
mentioned. Only the array portion of the FTO glass was
exposed by a Viton O-ring to the electrolyte of 0.1 M Na,SO,,
and 0.1 M Na,SO;, while on the other side of the FTO, a
contact to a copper tape was used for the working electrode
connection. The optical fiber was perpendicularly placed 150
um above the spot array surface and scanned with a speed of
500 um/s while current from the spot array FTO electrode was
recorded at 0.2 V. The measured current with a two-
dimensional spatial coordinate results in a color-coded PEC
activity map of the spot arrays.

Photoelectrochemistry of the Bulk Electrode. A
conventional three-electrode borosilicate glass cell with a 0.25
cm? diameter window for thin-film photoanode mounting was
used for PEC analysis. An O-ring with a 0.27 cm’ inner
diameter was used to seal between the cell and photoanode, by
which the surface area of the photoelectrode was defined. A Pt
wire and a Ag/AgCl electrode were used as the counter
electrode and the reference electrode, respectively. All electro-
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chemical measurements were conducted in a 0.1 M Na,SO,
and 0.1 M Na,SO, solution. Na,SO; was used as a sacrificial
electron donor to investigate the PEC properties with
minimized surface recombination and photodecomposition.
All DC electrochemical measurements were conducted using a
CHI630 potentiostat (CH Instrument, TX). The photo-
electrodes were irradiated by a 150 W Xe lamp with a power
density of 100 mW/cm? at the electrode surface. Visible light
was irradiated by placing the 420 nm low-pass filter in front of
the lamp. To obtain the action spectrum, a monochromator
(Oriel) was used to irradiate light with specific wavelengths.
Mott—Schottky plots of the thin-film electrodes were obtained
by conducting electrochemical impedance spectroscopy (EIS)
using an Autolab PGSTAT128N (Metrohm USA, Inc.) in a 0.1
M Na,SO, solution. An AC amplitude of 10 mV at three
different frequencies (200, 500, and 1000 Hz) was used for the
impedance measurements.

Material Characterization. The crystalline phases of the
electrodes were characterized by X-ray diffraction (XRD, DS,
Bruker-Nonius, WI) operated at 40 kV and 40 mA with Cu Ka
radiation (1 = 1.54 A). The scan rate was 12° per minute in
0.02° increments of 260 from 15 to 80°. A scanning electron
microscope (SEM, Quanta 650 FEG, FEI Company, Inc,
Hillsboro, OR) was also used to observe the surface
morphology of prepared film electrodes. UV—vis light
absorbance of the prepared electrodes was measured using a
UV—vis NIR spectrometer (Cary 5000, Agilent, CA) with an
integrating sphere and a center mount sample holder. The band
structures of Pb,CrO;, PbsCrOg and PbCrO, were also
analyzed via ultraviolet photoelectron spectroscopy (UPS)
measurement (PHI S000 VersaProbe, ULVAC PHI, Japan).
UPS spectra were measured using He I excitation (21.2 eV)
and recorded with a constant pass energy of 0.585 eV in the
ultrahigh vacuum (UHV) chamber. To ensure that the
secondary electron cutoft was captured, a sample bias of —9
V was applied to compensate for the instrument work function
difference repelling low kinetic energy electrons. Before the
measurement, the surface contaminants were removed by Ar*
sputtering (3 kV) for 1 min.

3. RESULTS AND DISCUSSION

Rapid Screening of the Pb—Cr—0O System in SECM. To
investigate the PEC activity of the lead chromate compounds,
microelectrode spot arrays containing a preprogrammed ratio
of Pb and Cr were fabricated and annealed to form lead
chromate spots on a FTO substrate, as described above. A total
of 11 spots were formed on one FTO substrate, and each spot
had a Pb and Cr ratio from 10:0 to 0:10. The ratio of the
contents is illustrated in Figure la. The spot arrays were rapidly
scanned in the SECM to access the photooxidation current
regarding the semiconductor compositions. Figure 1b repre-
sents the SECM image of the Pb—Cr—O spot arrays when
UV—vis light is irradiated via the optical fiber. The potential of
the electrode substrate was held at 0.2 V. The brightest spot
and the second brightest spot corresponded to Pb and Cr ratios
of 7:3 and 6:4 with sulfite oxidation currents of approximately
50 and 39 nA, respectively, whereas nonactive compounds
showed background current, , that is, 30 nA in Figure 1b. The
result represents promising photoactivities at Pb-rich spots with
reference to the 5:5 spot, which corresponds to PbCrO,. The
Pb—Cr—O oxide with a Pb and Cr ratio between 7:3 and 6:4
could correspond to Pb,CrOg. Therefore, thin films of

(a)Pb:Cr Pb:Cry [Pb:Cr} [Pb:Cri [Pb:Cr} [Pb:Cr
10:0 9:1 8:2 7:3 6:4 5:5

Pb:Cr} [Pb:Cr} [Pb:Cr} [Pb:Cr) [Pb:Cr
4:6 3:7 2:8 1:9 0:10.

| |
-4.89e-8 A -4.41e-8 A -3.93e-8 A -3.46e-8 A -2.98e-8 A

Figure 1. (a) Schematic diagram of the array pattern and number of
drops of each 0.1 M Pb and Cr ethylene glycol solution. (b) SECM
image of the Pb—Cr—O spot arrays at 0.2 V vs Ag/AgCl with UV—vis
irradiation in the 0.1 M Na,SO; and 0.1 M Na,SO, solution. The size
of the array was 6400 X 2400 pm, and the scan rate was 500 pm/s.

Pb(PbO),CrO, (n = 1, 2, 4) were fabricated for deeper
investigation.

Photoelectrochemistry of Thin-Film Electrodes. To
verify the result of combinatorial screening of the Pb—Cr—O
system, PbCrO,, Pb,CrOg and PbsCrOg thin-film electrodes
were prepared to study the physical and electrochemical
properties of the photoelectrodes. XRD patterns in Figure S2
confirm that the crystalline structures of Pb,CrOs, PbsCrOy,
and PbCrO, are phoenicochroite (Pb,CrOs, PDF #84-0678),
lead chromium oxide (PbsCrOg, PDF #47-0678), and crocoite
(PbCrO,, PDF #47-2304), respectively. SEM images also reveal
that fabricated PbCrO, crystals on FTO are micron-size rod-
shaped, while both Pb,CrOg and PbsCrOg are micron-size
particles, as presented in Figure S2. The film morphologies can
also influence the light absorption, carrier separation and
diffusion and, consequently, the photoactivities. PEC analysis of
single crystals with proper contacts will provide unambiguous
photoactivities at particular crystalline surfaces. However, it is
beyond the scope of this research and left for a future work.

A sacrificial electron donor, Na,SO;, was used to observe
PEC performance of the semiconducting electrodes without
significant surface recombination or side reactions. The
photooxidation of SO;*~ to SO,*” is kinetically facile, with
insignificant photoinduced side reactions such as photo-
decomposition or surface recombination. Figure 2 shows the
linear sweep voltammograms (LSVs) of PbCrO, (blue),
Pb,CrOj (red), and Pb;CrOj (green) under UV—vis light (a)
and visible light (b). The potential was swept from 0.25 to —0.5
V at a scan rate of 20 mV/s with chopped light irradiation in 0.1
M Na,SO; and 0.1 M Na,SO, aqueous solution purged with
Ar. A fast increase and decrease of the photocurrent was
observed when the light was turned on and off. In the presence
of the sacrificial reagent, no sign of transient photocurrent
decay due to surface recombination was observed in LSVs. The
photocurrents under UV—vis irradiation at 0.4 V are shown for
different lead chromates in Figure 2c. Pb,CrOg has the highest
photocurrent of 0.22 mA/ cm?, which is in agreement with the
screening result and is approximately 7 times higher than the
photocurrent of PbCrO, (0.03 mA/cm?®) and 3.5 times higher
than the photocurrent of PbyCrOg (0.06 mA/cm?). Under
visible light irradiation, a photocurrent of 0.07 mA/cm* was
measured for Pb,CrOs at 0.4 V, which is also several times
higher than those of PbCrO, and PbsCrOg. Dark background
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Figure 2. LSVs of PbCrO, (blue), Pb,CrO; (red), and PbsCrOs
(green) in 0.1 M Na,SO, and 0.1 M Na,SO; aqueous solution with
intermittent (a) UV—vis light and (b) visible light irradiation. The
power density of the UV—vis light was 100 mW/cm? and for visible
light irradiation, the 420 nm low band path filter is used. The exposed
electrode area was 0.27 cm® (c) Anodic photocurrents by 100 mW/
cm? UV—vis light with error bars at 0.4 V in 0.1 M Na,SO, and 0.1 M
Na,SO; aqueous solution.

currents for all electrodes starting at 0.4 V were observed due to
the oxidation of SO;>~ on the exposed FTO surface as the SEM
images in Figure S3 show the exposed FTO surface on these
thin-film electrodes. The high photocurrent of Pb,CrO; might
originate from its high photoconductivity, whereas the decrease
in the photocurrent of Pb;CrOgz might be due to the decreased
CrO,*” mole contents compared to that in Pb,CrOs as the
increased distance between tetrahedral CrO,>” resulting in
inefficient electron—hole separation.

Absorbance. The activity of the photoelectrodes is
determined by three factors, that is, light absorption,
electron—hole separation and transport, and surface reaction
kinetics for the desired chemical reactions. The light absorption
at the photoelectrode determines the theoretical limit of the
obtainable photocurrent and can be estimated using the size of
the band gap energy (Eg) of the semiconductor electrode. In
Figure 3, the transreflectance (TR), transmittance (T) plus
reflectance (R), measurements were used to obtain the
absorbance.” Using the center mount in the integrating
sphere, simultaneous measurement of the T and R was
performed, and the absorbance was calculated from the
following the equation.*

Absorbance (A) = —log(TR) (1)

0.6
. + PbCrO,
B
0.5 ] * PbyCrOs
'j.é. PbsCrOg |
0.4 &
S
c
©
203
§ 15 1.7 1.9 21 23 25
< hu (eV)
0.2
0.1
0 =i
350 450 550 650 750

Wave length (nm)

Figure 3. Absorbance of PbCrO,, (blue), Pb,CrOj (red), and Pb;CrOy
(green) thin-film electrodes measured in an integrating sphere with a
center mount sample holder. The inset shows Tauc plots ((atht)™ vs
hv) when m = 0.5. The x-intercept of the linear region of the plot
indicates an optically obtained direct band gap, 2.38, 2.25, and 2.07 eV
for PbCrO,, Pb,CrOjs, and PbCrOg, respectively.

Figure 3 shows the absorbance spectrum of Pb,CrOjs (red),
PbCrO, (blue), and PbsCrO; (green) obtained from the TR
measurements. Yellow-colored PbCrO, shows strong absorb-
ance up to approximately 550 nm. The orange-colored
Pb,CrO; and reddish orange-colored Pb;CrOg show absorb-
ance up to approximately 600 and 650 nm, respectively. E,
values of crystalline semiconductors were determined from
absorbance measurements using the equation below, assuming
that the bottom of the conduction band and the top of the
valence band are parabolic*®”

a = B(hv — E)"/hv (2)

where B is a proportional constant, a is the absorption
coefficient, h is Planck’s constant (J s), v is the frequency of
monochromic light (s™"), and m determines the nature of the
band structure. m is 1/2 for a direct band gap where an electron
transition from the valence band to conduction band by light
absorption occurs without a momentum change. On the other
hand, m is 2 for an indirect band gap semiconductor where the
momentum changes with the transition. Using eq 2, the size of
the optical band gap is obtained at the x-intercept of the
extrapolated linear region of the Tauc plot, or (ahv)'/™ vs hv.
Tauc plots of PbCrO,, Pb,CrOg, and Pb;CrOg shown in the
Figure 3 inset exhibit broad linear regions with m = 1/2,
indicating a direct band gap with band gap sizes of 2.38, 2.25,
and 2.07 eV for PbCrO,, Pb,CrOs, and PbsCrOy, respectively.
The resulting band gap nature and the change in the gap size
were consistent with those in previous reports.

IPCE and PEC Measurements. Incident photon to current
conversion efficiencies (IPCE) of PbCrO, Pb,CrOs, and
PbsCrO, were obtained to display the ratio between the
photocurrent, that is, collected electrons, and the number of
irradiated photons (Figure 4). IPCEs were calculated from the
action spectrum and the power spectrum of the incident light
(Figures S4 and SS, respectively), measured at 0.3 V Ag/AgCl
under monochromatic light irradiation. Figure 4a shows IPCE
plots of the three thin-film electrodes over a wavelength range
of 300—650 nm calculated with the following equation

IPCE (%) = 1240 X (jph /AR,) X 100 3)
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Figure 5. M—S plots of (a) PbCrO, (b) Pb,CrO;, and (c) PbsCrOy obtained from the AC impedance capacitance measurements in 0.1 M
phosphate buffer and 0.1 M NaSO, solution. An AC amplitude of 10 mV was applied for each potential, and three different AC frequencies were
used for the measurements: 1000 (green), SO0 (red), and 100 Hz (blue). Tangent lines of the M—S plots are drawn to obtain the flat band potential.

where j;, is the photocurrent density (mA/cm?), 4 is the
wavelength (nm), and P, is the incident light power density
(mW/cm?). For Pb,CrOs, an IPCE of approximately 10% was
observed at 340 nm, while only 3 and 2% were detected for
PbsCrOg and Pb,CrOj at the same wavelength. The band gaps
of semiconductors can also be estimated from the following
equation using the IPCE measurements' >’

IPCE =n,_, X1, X C(hv — E)"/hv )

where #7,_, and #,,, are the electron—hole separation and
surface charge transfer efficiency, respectively. C is the
proportionality constant for light absorption at the photo-
electrode. If 7, and 7)., are independent of the light
absorption or incident light wavelength, the size of the band
gap can be obtained using eq 4. For direct band gap
semiconductors, the band gap energy is estimated with m =
1/2 in eq 4, as shown in Figure 4b. Obtained band gaps using
IPCE measurements are approximately 2.26, 2.24, and 2.28 eV
for PbCrO,, Pb,CrO;, and PbCrOy, respectively. Photo-
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electrochemically obtained band gaps of PbCrO, and Pb;CrOy
are largely different from those measured by UV-—vis
spectroscopy; the size of the band gap estimated in Tauc
plots (Figure 3) was 2.38 and 2.07 eV for PbCrO, and
PbsCrOg, respectively. The discrepancy between band gaps
obtained from IPCE and UV—vis spectroscopy might originate
from the inaccurate measurements of low IPCE, including the
inefficient bulk charge separation and surface charge transfer
efficiency of the photoelectrodes.

The flat band potential (Eg) of semiconductors can be
assessed by measuring the space-charge capacitance of
photoelectrodes using EIS. The relationship between the
space-charge capacitance and potential in semiconductors
follows the Mott—Schottky (M—S) equation, as follows

©)

where C is the space charge capacitance (F cm™), g, is the
relative dielectric constant of the semiconductor, g, is

S
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Figure 6. Crystal structures of (a) PbCrO, (b) Pb,CrOs, and (c) PbsCrOy. Light gray, dark gray, and red represent Cr, Pb, and O, respectively. All
structures have isolated tetrahedral CrO,*~ with a Cr—O bond length of 1.65 A surrounded by Pb(PbO), (n =0, 1, 4). XRD crystallographic data are

shown in Figure S2.

permittivity of free space (F cm™), Ny, is the majority carrier
density (cm™), kj is the Boltzmann constant (eV K™'), T is the
temperature (K), and E is the applied potential (V). By plotting
a 1/C* vs V graph, the x-intercept of the linear portion of the
M-S plot is the estimated Eg,"’ while the slope of the straight
line, that is, 2/(&,60eNp), is related to the carrier concentration.
Figure S represents the M—S plots for (a) PbCrO,, (b)
Pb,CrOs, and (c) PbsCrOy in 0.1 M phosphate buffer and 0.1
M NaSO, solution. An AC amplitude of 10 mV was applied for
each potential, and 1000 (green), S00 (red), and 100 Hz (blue)
AC frequencies were used for the measurements. Tangent lines
of the M—S plots are drawn to obtain the Eg. The positive
slope of the M—S plots confirms the n-type doping, and the
estimated Eg values were —0.75 V for both Pb,CrO;s and
Pb;CrOg and —1.1 V for PbCrO,. Np, values calculated from
the slope of the respective M—S$ plot using an &, value of 14.9°*
are 3.5 + 0.1 X 10", 2.0 + 0.3 x 10", and 5.3 + 0.3 x 10"
ecm™ for Pb,CrO;, Pb,CrQOg, and PbCrO,, respectively. The
carrier densities in three lead chromates seem to be similar, but
the actual surface area and & of the porous semiconductor films
should be considered to obtain more accurate Ny, values.
Band Structures. Crystal structures of PbCrO, (mono-
clinic, P2,/n),*" Pb,CrOg (monodlinic, c2/m),”* and Pb,CrOy
(monoclinic, P2,/c)*” are shown in Figure 6. Light gray, dark
gray, and red represent Cr, Pb, and O, respectively. In these
three lead chromate structures, tetrahedral CrO,>” ions are
isolated and surrounded by Pb(PbO),>* (n = 0, 1, 4).>° The
average bond length of Cr—O in each crystal structure is
consistent at 1.65 A.*****" It is generally known for PbCrO,
that the bottom of the conduction band consists of an
antibonding interaction of Cr 3d and O 2p orbitals, whereas the
top of the valence band consists of Pb 6s and O 2p nonbonding
orbitals.*”** Increased Pb contents might increase Pb 6s
character at the top of the valence band, creating sub-band gap
states resulting in decreasing the optical band gap from 2.38 eV
for PbCrO, to 2.25 and 2.07 eV for Pb,CrOy and PbsCrOs.
The band structure and the change in the valence band
position (Eg, valence band edge) with the increased Pb
contents were probed via UPS analysis (Figure 7). UPS
measurement has been also successfully utilized for analysis of
the change in the valence band of Ta,O; with the substitution
of nitrogen for oxygen.* In the UPS spectrum, the secondary
electron cutoft energy was positively shifted with the increase of
Pb contents, indicated by the rise in the Fermi level (Ep)
(Figure 7b), whereas the energy level for the valence band
maximum (Eygy,) with respect to Ep was almost similar (Figure
7c). Consequently, Eygy, with respect to the vacuum level (E,,.)

(a) ——PbCro, (b)

——Pb,CrO,
— ——Pb,CrO,
=- (i l’
s P m—
_,,? 180 175 170 165
n
c C
2 \ (©)
€ E. E
- | Evem
21.2eV
20 15 10 5 0 4 2 0

Binding Energy (eV)

Figure 7. UPS spectrum for PbCrO, (blue), Pb,CrO; (red), and
Pb;CrOg (green): (a) full region, (b) secondary electron cutoff region,

and (c) near-Fermi region.

rose with the increase in Pb contents, as expected. The small
prepeaks near 1.5 eV in the Fermi edge region (Figure 7c)
might originate from the surface defects of oxygen vacancies
caused by Ar" bombardment as the same peak was also
addressed in the UPS spectrum of TiO,.*

The band gap energy, Eg, and band positions of PbCrO,,
Pb,CrO;, and PbsCrOg estimated in electrochemical and
spectroscopic analyses are summarized in Table 1 and
illustrated in Figure 8. Eq measured at pH 7 in M-S plots is
reported with respect to the normal hydrogen electrode (NHE)
in Figure 8, assuming —59 mV of potential drop at the
Helmholtz layer per unit pH.** In addition, the conduction
band edge (Ecg) was estimated with an energy gap of 0.2 eV
between Eg, and Ecg. For the energy gap, high N values in
typical n-type semiconductors were assumed because precise
measurements of Ny are rarely possible on folgrcrystalline films
due to surface capacitance and defects.”"*® Two different
analyses, electrochemical and optical measurements, resulted in
quite similar band positions for PbCrO,, Pb,CrO;, and
Pb;CrOyg, and both showed a rise in the valence band position
with an increase in Pb contents.

4. CONCLUSIONS

In this study, the photoactivities of various compositions of
Pb—Cr—O were investigated using the SECM rapid screening
method, and Pb,CrO; was found to be the best photocatalyst
among them. Thin-film electrodes of PbCrO,, Pb,CrOs, and
PbsCrO;g were fabricated to verify their PEC properties and
optical properties. Pb,CrO5 showed a 0.23 mA/cm” photo-
current under UV—vis light and 0.06 mA/cm? under visible
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Table 1. Band Energies of PbCrO,, Pb,CrO;, and Pb;CrOg Determined by Electrochemical and Spectroscopic Analyses

electrochemical analysis

spectroscopic analysis

eV (vs E,,.) E, E; Ecg Eyg E, E; Ecp Eyg
PbCrO, 2.26 —4.36 —4.16 —6.42 2.38 —4.14 £ 0.17 —4.01 £ 0.20 —6.39 + 0.20
Pb,CrO4 224 —4.01 —3.81 —6.05 225 —3.94 + 0.03 —3.85 + 0.03 —6.10 + 0.03
PbsCrOq 2.28 —4.01 —3.81 —6.09 2.07 —3.73 + 0.04 —3.90 + 0.06 —5.97 + 0.06
vs. E vs. NHE
2] Electrochemistry Spectroscopy L5
-3 —
[ — -1
-4 — — Spe----- i Ao T
—-0- H'H,
-5 —
6— { e L oo,
e —— — 2
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Figure 8. Illustration of band positions of PbCrO,, Pb,CrOs, and PbsCrOg determined by electrochemical and spectroscopic analyses.

light for SO;>" oxidation. From the action spectrum, visible
light activity up to 550 nm was confirmed with 10% IPCE at
340 nm for Pb,CrO;. The onsets of the visible light absorption
increased as Pb contents increased in the lead chromates
probably due to the increased Pb 6s orbitals at the top of the
valence band.
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