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Abstract—Reduction potentials of heteropolyacid (HPA) catalysts were probed by scanning tunneling microscopy
(STM) and UV-visible spectroscopy. Correlations between reduction potentials and NDR (negative differential resis-
tance) peak voltages, and between reduction potentials and absorption edge energies of HPA catalysts were established.
The reduction potentials of HPA catalysts have been shown to follow similar trends to the NDR peak voltages of self-
assembled HPA monolayers and the absorption edge energies of bulk HPAs. In the UV-visible spectra of HPA catalysts,
lower absorption edge energies corresponded to higher reduction potentials of the HPAs.
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INTRODUCTION

Heteropolyacids (HPAs) have attracted much attention as oxida-
tion catalysts [Pope, 1983; Kozhevnikov, 1995; Hill and Prosser-
McCartha, 1995; Okuhara et al., 1996; Lee et al., 1997]. Funda-
mental understanding of the reduction potential (oxidizing power)
of HPA catalysts is of great importance in designing HPA catalysts
for selective oxidation reactions [Song et al., 1991, 2003; Barteau
et al., 2003]. Reduction potentials of HPA catalysts have been inves-
tigated by quantum chemical molecular orbital studies [Weber, 1994]
or measured by electrochemical methods in solutions [Pope and
Varga Jr., 1966; Altenau et al., 1975; Song and Barteau, 2004].

Another promising approach to probe the reduction potentials of
HPA catalysts is to measure the NDR (negative differential resis-
tance) peak voltages of self-assembled HPA monolayers by scanning
tunneling microscopy (STM) [Kaba et al., 1996; Song and Bar-
teau, 2002, 2004]. UV-visible spectroscopy has also proven to be a
powerful instrumental technique to track the reduction potentials of
HPA catalysts [ Youn et al., 2005, 2006; Barteau et al., 2006]. It was
revealed that absorption edge energies of HPA catalysts determined
from UV-visible spectra in solution at room temperature [Barteau
et al., 2006] or in the solid state at a given temperature [ Youn et al.,
2005, 2006] were closely related to the reduction potentials of the
HPA catalysts. It was also demonstrated that the absorption edge
energy of an HPA catalyst in the solid state is greatly affected by
the number of crystalline water molecules and that any compari-
son of reduction potentials of solid HPA catalysts by UV-visible
absorption edge energies should be made under consistent treat-
ment conditions [Youn et al., 2005, 2006].

In this work, absorption edge energies of solid HPA catalysts ther-
mally treated at 330 °C were measured by UV-visible spectroscopy.
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The absorption edge energies were then correlated with the reduc-
tion potentials of HPA catalysts measured by electrochemical meth-
ods in solution, and with the NDR peak voltages of self-assembled
HPA monolayers measured by STM. Comprehensive correlations
between NDR peak voltages, absorption edge energies, and reduc-
tion potentials of HPA catalysts were successfully established. This
work demonstrates how one can probe the reduction potentials of
HPA catalysts by simple spectroscopic measurements.

EXPERIMENTAL

Commercially available H;PMo,,_.W,0O,, (x=0, 3, 6, 9, 11, 12),
H;,.PMo,,_.V.0O,, (x=1, 2), H;..,PW,,_ V.0, (x=1, 2), H,SiW;O,,
and H,AsMo,,O,, were purchased from Sigma-Aldrich Chem. Co.
and Nippon Inorganic Colors and Chem. Prior to the UV-visible
spectroscopy measurements, all HPA samples were thermally treated
at 330°C for 1h in an air stream in order to remove the water of
crystallization (in order to minimize the effect of crystalline water
molecules). UV-visible spectra of solid HPA catalysts were obtained
with a Lambda-35 spectrometer (Perkin-Elmer) at room temperature.
The Kubelka-Munk function (F(R.,)) was used to convert reflec-
tance measurements into equivalent absorption spectra using the
reflectance of BaSO, as a reference [Kubelka and Munk, 1931],
and to obtain absorption edge energies of HPA samples directly from
the [F(R,)-h1]"” curves.

RESULTS AND DISCUSSION

Fig. 1 shows the UV-visible spectra of selected HPA catalysts
treated at 330 °C. Different absorption edges can be distinguished
between the HPA catalysts. It was previously reported that UV-visible
spectra of solid HPA samples were strongly affected by the num-
ber of crystalline water molecules, i.e., by the thermal treatment
conditions [Youn et al., 2005, 2006]. This means that any compari-
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Fig. 1. UV-visible spectra of selected HPA catalysts treated at 330 °C.

son of UV-visible spectra of solid HPA catalysts should be made
under the consistent thermal treatment conditions. In this work, there-
fore, all the HPA catalyst samples were thermally treated at 330 °C
before UV-visible spectroscopy measurements were taken, in order
to minimize the effect of crystalline water molecules and to obtain
the UV-visible spectra under consistent conditions.

Fig. 2 shows the [F(R,)-h1]"* curves of selected HPA catalysts
treated at 330 °C. Absorption edge energies were determined by
the intercept of a linear fit to the absorption edge. Different absorp-
tion edge energies were observed depending on the identity of the
HPA. In the solid state, it was demonstrated that more reducible
HPAs that are stronger oxidizing agents exhibited lower absorption
edge energies [Youn et al., 2005]. This suggests that the absorption
edge energies measured for solids can be utilized as a correlating
parameter for the reduction potential of HPA catalysts.

Fig. 2. [F(R,)-'h'"* curves of selected HPA catalysts treated at 330
°C.

Table 1 is a compilation of all the absorption edge energies of
HPA catalysts measured in this work along with their reduction po-
tentials and NDR peak voltages. Reduction potentials of HPA cata-
lysts measured by electrochemical methods in solution were taken
from the literature [Song and Barteau, 2004], as were NDR peak
voltages of self-assembled HPA monolayers measured by STM.
Fig. 3 shows the comprehensive correlations between NDR peak
voltages, absorption edge energies, and reduction potentials of HPA
catalysts, which were established from the data in Table 1. This figure
shows that the NDR peak voltages and the absorption edge ener-
gies followed similar trends against the electrochemical reduction
potentials. As the reduction potentials of HPAs increased, the NDR
peak voltages became less negative and the absorption edge ener-
gies decreased. In other words, less negative NDR peak voltages and
lower UV-visible absorption edge energies correspond to higher

Table 1. Reduction potentials, NDR peak voltages, and absorption edge energies of HPA catalysts

HPA catalyst Reduction potential in NDR peak voltage in Absorption edge energy Absorption edge energy
solution (Ag/AgCl, volts)* solid (volts)’ in solid (eV)" in solution (eV)“
H;PMo,0,, —-0.082 -0.95 1.98 2.65
H,PW,0, —-0.491 -1.14 2.68 3.34
H,SiW,,0,, —-0.495 -1.19 2.68 3.36
H;AsMo,,0,, 0.183 —-0.88 1.68 2.90
H;PMo,W;0,, —-0.153 -1.01 2.00 2.73
H;PMo W0, -0.197 -1.08 2.10 2.93
H;PMo,W,0,, —-0.251 -1.15 2.14 N/A
H;PMo,W,,0,, —0.490 -1.12 2.39 3.10
H,PW, V,0, 0.224 —-0.81 1.95 2.56
H,PW,\V,0,, 0.050 —-0.73 1.73 2.37
H,PMo,,V,0,, 0.261 —-0.55 1.86 2.36
H;PMo,V,0,, 0.233 -0.48 1.45 2.33

“Reduction potentials of HPA catalysts measured by electrochemical methods in solution were taken from the literature [Song and Barteau,

2004].

’NDR peak voltages of self-assembled HPA monolayers measured by STM were taken from the literature [Song and Barteau, 2004].
‘HPA catalysts were thermally treated at 330 °C before UV-visible spectroscopy measurements were taken at room temperature.
“Absorption edge energies measured for 0.01 M aqueous HPA solution samples were taken from the literature [Barteau et al., 2006].
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Fig. 3. NDR peak voltages and absorption edge energies plotted
with respect to reduction potentials of HPA catalysts (open
symbol=NDR peak voltage, closed symbol=absorption edge
energy in solid).
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Fig. 4. Correlation between absorption edge energies of solid and
solution state HPA catalysts, established from the data in
Table 1.

reduction potentials of the HPA catalysts. The correlations of all
three measurements, reduction potential, NDR peak voltage, and
absorption edge energy, suggest that NDR peak voltage and absorp-
tion edge energy can serve as a correlating parameter or as an al-
ternative parameter for the reduction potential of solid HPA cata-
lyst. The above result demonstrates that HPAs as oxidation cata-
lysts can be rationally designed by simple STM and UV-visible spec-
troscopy measurements.

Fig. 4 shows the correlation between absorption edge energies
of solid and solution state HPA catalysts, established from the data
in Table 1. Absorption edge energies measured for 0.01 M aque-
ous HPA solution samples were taken from the literature [Barteau
et al.,, 2006]. The two measures of absorption edge energies corre-
late well with each other, although the absorption edge energy in
the solution state is consistently higher than that in the solid state.
The difference in absorption edge energies between two measures
reflects the effect of water molecules, as previously demonstrated
[Youn et al., 2005; Barteau et al., 2006]. What is important is that

absorption edge energies obtained from either solid HPAs or their
solutions can be used as indicators of the reduction potential.

CONCLUSIONS

Reduction potentials of HPA catalysts were probed by STM and
UV-visible spectroscopy. It was observed that more reducible HPA
catalysts showed NDR behavior at less negative applied voltages
in the tunneling spectra, and at the same time, exhibited lower ab-
sorption edge energies in the UV-visible spectra. The NDR peak
voltages (measured in solid) and the absorption edge energies (meas-
ured in either solid or solution) could be utilized as a correlating
parameter for the reduction potentials of HPA catalysts. It is con-
cluded that HPAs as oxidation catalysts can be rationally designed
by simple STM and U V-visible spectroscopy measurements.
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