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Methods are described for determining the P/V ratio and average
vanadium oxidation state in vanadium phosphates using X-ray pho-
toelectron spectroscopy. The determination of P/V ratios are based
on a calibration derived from five organometallic complexes con-
taining vanadium and phosphorus. The vanadium oxidation state
is shown to be related to the splitting between O(1s) and V(2p3/2)
transition centroids, Vox = 13.82−0.68 [O(1s)−V(2p3/2)]. A simple
calculation is presented, which reveals that the layered structure
of (VO)2P2O7 can lead to an apparent 14% phosphorus enrich-
ment when the surface is assumed to terminate with pyrophosphate
groups. Exposure of β, γ , and δ VOPO4 phases to increasing con-
centrations of butane in 10% O2/N2 results in transformation of the
phases to vanadium pyrophosphate, as evidenced by the shifts in
the P(2p) photoelectron transitions. During the transformation, the
X-ray photoelectron spectroscopy P/V ratio in β-VOPO4 increases
by ca. 40%, whereas a much smaller increase is observed for the
γ and δ phases. As prepared and under oxidizing conditions, the
surface of β VOPO4 has P/V < 1. c© 1996 Academic Press, Inc.

INTRODUCTION

Vanadium pyrophosphate, (VO)2P2O7, an exceptional
catalyst for the oxidation of butane to maleic anhydride,
has been studied from a variety of perspectives. Although
many groups agree on the bulk structure of the catalytically
active phase (1), there is little agreement about the nature of
the active surface. X-ray photoelectron spectroscopy (XPS)
has been used by many groups in an effort to determine the
values of such potentially important parameters as the sur-
face P/V ratio and the surface vanadium oxidation state.
However, disagreement remains in the literature regard-
ing the values of both of these surface properties for all of
the studied vanadium phosphate phases. For example, most
workers (2–6) seem to be in agreement that the surface P/V
ratio of working catalysts is significantly enriched relative to
the bulk value, although one literature report (7) suggests
that surface P/V ratios are nearly 1 : 1. Regarding the ox-
idation state of surface vanadium, various interpretations
have been assigned to the often broad and slightly asym-
metric V(2p3/2) photoelectron transition (4, 6, 8, 9), but a
clear picture has not emerged.

1 To whom correspondence should be addressed.

The application of XPS to the characterization of metal
oxide catalysts is complicated by the fact that the results
of data analysis are not unique. There are several reasons
for this, but the most prevalent are that it is not possible
to determine the true background contribution to the spec-
trum, that final state effects in the photoemission process
give rise to line shapes that are difficult to model rigorously,
and that there are ubiquitous problems with sample charg-
ing and the often ignored Fermi level shifting due to, for
example, changes in the oxygen vacancy defect concentra-
tion. Thus, some of the disagreement concerning the nature
of the (VO)2P2O7 surface may be due to variations in the
subtleties of the data analysis and not necessarily due to
differences in the samples themselves.

In this paper, we propose a simple procedure that is use-
ful for determining the average vanadium oxidation state
in vanadium oxides and phosphates, and we use it to char-
acterize the β-, γ -, and δ-vanadium phosphate phases after
exposure to a variety of conditions. We also present a new
procedure for calibrating the measurement of the P/V ratio
of vanadium phosphate surfaces and show how the surface
phosphorus concentration is affected by exposure of the
catalysts to n-butane. We also present the first evidence
for vanadium enrichment of the surface of some vanadium
phosphates.

EXPERIMENTAL

All of the XPS spectra were collected on a VG ESCAlab
II spectrometer equipped with a standard polychromatic
twin anode (Mg and Al) X-ray source and a 150-mm
hemispherical analyzer. A stainless steel pretreatment cell
was housed in the entry lock to the vacuum chamber. This
setup allowed samples to be transferred between reactive
and vacuum environments without room air exposure.
The catalyst temperature was monitored during reaction
using a K-type thermocouple, which was located inside
of the cell and in contact with the catalyst. A UTI 100C
mass-spectrometer was used to monitor the effluent from
the pretreatment chamber. Nitrogen/helium tracer studies
indicated that the cell could be considered a continuous
stirred tank reactor (CSTR) for flow rates greater than
50 sccm. All gas flow rates were controlled using mass flow
controllers (Tylan).
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TABLE 1

Stoichiometries of VPO Organometallic Compounds

Cluster stoichiometry Nominal P/V IP/IV

(VO)4(OCH3)6(HOCH3)2(O2P(C6H5)2)2 0.5 0.204
(VO2CH3)4(P2O7)2 1 0.383
(VO)4(C6H5PO3)4O2F(P(C2H5)4) 1.25 0.510
(VO)6(O3POSi(CH3)3)8Cl 1.33 0.488
(VO)3(O2P(OC2H5)2)6(CH3CN) 2 0.746

A = 2.674

The β, γ , and δ VOPO4 phases were prepared and sub-
sequently confirmed by X-ray diffraction as in Ref. 10. The
(VO)2P2O7 sample was prepared as described elsewhere
(11). The V2O5 and vanadium foil were purchased
from Aldrich. The vanadium and phosphorus containing
organometallic complexes described in Table 1 were pre-
pared as in Refs. 12 and 13. The VO(H2PO4)2 was pre-
pared as follows: 26.5 g (0.1 mole) vanadium (IV) bis (2,4-
pentanedionate) was weighed into a clean beaker and 23.0 g
(0.2 mole) 85% phosphoric acid was added directly to the
green solid. The slurry was heated and stirred until it be-
came a thick, homogeneous, dark-blue liquid. On continued
warming the liquid began to evolve 2,4-pentanedione and
suddenly solidified to a blue cake. At this point the sample
was allowed to cool and the blue solid was recovered by
slurrying into acetone and filtering. Following suction dry-
ing, the material was confirmed by XRD to be phase pure
VO(H2PO4)2 (JCPDS file card 40-38). Yield, 24.4 g, 94%.
Approximately 10 g of VO(H2PO4)2 was spread thinly in
a clean quartz boat inside the quartz liner of a horizontal
tube furnace and heated in a flow of 200 ml/min nitrogen.
The temperature was ramped to 500◦C over 1 h and held
there for 24 h. The catalyst was then cooled and collected
and the crystalline phase confirmed as VO(PO3)2 by XRD
(JCPDS file card 33-1443). The powder diffractogram in-
dicated a clean phase but the diffraction peaks are broad,
indicating very small crystallite size. A nearly equivalent
material could be prepared using a calcination atmosphere
of air rather than nitrogen. The recovered powder showed
an XRD pattern identical to that prepared in nitrogen, al-
though XPS revealed that the surface of the air calcined
sample contained approximately 20% V5+. Attempts to re-
produced the procedure given by Sananes et al. (5) using
V2O4 dissolution in H3PO4 were unsuccessful, the products
being extensively contaminated by V(V) phosphates ac-
cording to XRD.

RESULTS AND DISCUSSION

A. Determination of the Vanadium Oxidation State

In principle, curve fitting V(2p) spectra to extract the dis-
tribution of vanadium oxidation states is possible; although,

the problem in practice is quite complicated because vana-
dium II, III, and IV have partially filled valences. As a result,
the interaction between the core-hole produced by photoe-
mission and valence-holes in the partially oxidized cation
will break the degeneracy of the sublevels in each 2p spin-
orbit component. Gupta and Sen (14) have estimated the
magnitudes of the multiplet splittings for vanadium final
states with configurations of 2p5d1, 2p5d2, 2p5d3, and 2p5d4

states. Although their calculations ignored several impor-
tant effects such as crystal field symmetry and instantaneous
electron correlation, their results clearly showed that one
should expect, at the very least, the peaks in a V1+, 2+, 3+, or 4+

spectrum to be asymmetrically broadened toward higher
binding energy, but that it would more likely be the case
that the 2p transition manifest itself as a quartet rather than
a doublet. In any case, the high binding energy shoulder in
V(2p3/2) XPS spectra of reduced samples could then easily
be misinterpreted as a contribution from the next higher
state of oxidation. Thus one simply cannot use the same
lineshape for V2+, V3+, and V4+ as used for V5+ and still
hope to get meaningful results. Furthermore, considering
the surface sensitivity of XPS and the tendency of vana-
dium to oxidize upon exposure to ambient conditions, it
would be difficult to develop a suitable set of standards for
each valence. Fortunately, while multiplet splitting is ex-
pected to significantly affect the lineshapes of the V(2p1/2)
and V(2p3/2) spin orbit components, the centroids of these
components are not expected to be affected. Thus our ap-
proach has been to employ a spectral moment analysis to
determine the average vanadium oxidation state in a spec-
trum. In doing so, we accept that we will not be able to
determine the distribution of vanadium oxidation states in
a sample without additional information, but we also recog-
nize that knowledge of the average value is often sufficient.

We developed the calibration shown in Fig. 1 for extract-
ing the average vanadium oxidation state in a VOx sam-
ple from the splitting between the O(1s) and V(2p3/2) cen-
troids. The centroids were determined as described in the
Appendix. To arrive at Fig. 1, we started with dry V2O5,
obtained by heating a V2O5 sample in dry air at 400◦C in
the pretreatment cell for several hours, followed by cool-
ing to 25◦C in dry air before removing the sample from the
pretreatment cell. A V2O5/V sample was also prepared by
identically treating a vanadium foil. It has been reported
(15) that stable native oxides on vanadium substrates are
difficult to grow due to the facile diffusion of oxygen into
the bulk at some conditions. However, the lack of apprecia-
ble bandgap emission in the He II UPS spectrum in Fig. 2a
supports our claim that the oxide overlayer produced in our
experiment was V(V). In addition, the three peaked struc-
ture of the UPS spectrum is comparable to that measured
by Zhang and Henrich (16) on a V2O5(001) surface. The
two samples were then sputtered with 4.5-kV Ar+ ions in
order to cause a reduction of the vanadium (17). The O/V



            

124 COULSTON, THOMPSON, AND HERRON

FIG. 1. Vanadium oxidation state calibration curve. The first order
least-squares fit can be described Vox = 13.82−0.68 [O(1s)−V(2p3/2)]. The
starting material for the powered samples is indicated in the figure.

atomic ratio, measured at various times during the sput-
tering process, was related to the average vanadium oxida-
tion state by comparison to the O/V ratio measured for the
unsputtered V2O5 powder sample. Although preferential
sputtering of oxygen will result in a depth profile of vana-
dium in various oxidation states, this should have no affect
on our determination of the average stoichiometry because
the photoelectron attenuation lengths for V(2p) and O(1s)
photoelectrons are identical. In order to access vanadium
oxidation states lower than V3+, it was necessary to start
with a V2O3 sample. However, in this latter case, the rel-
ative cross sections of the O(2p) and V(2p3/2) transitions
were still based on V2O5. The linear dependence between
formal oxidation state and centroid splitting observed in
Fig. 1 is consistent with first order treatments of the photo-
electron process based on Hartree–Fock theory (18).

To compare our results to those of others, we should like
to know the shift in the V(2p3/2) binding energy upon reduc-
tion from V5+ to V4+. To do this requires that we determine
absolute binding energies for the V(2p3/2) peak, although
such knowledge is not required to use our calibration. En-
ergy referencing to C(1s) is not reliable on our samples
because their in situ preparation results in very low carbon
levels. Also, one cannot be certain of the chemical state of
the carbonaceous overlayer, especially when trying to com-
pare samples with vanadium in different oxidation states.
However, we can estimate the change in V(2p3/2) binding
energy between V5+ and V4+ by first accounting for the
shift in the O(1s) binding energy upon reduction. Figure 2b

shows the He II UPS spectrum of the Vox/V sample after
sputtering. The shift in the top of the valence band, which is
due primarily to nonbonding orbitals on the oxygen, is ap-
proximately 0.45 eV. In a rigid band theory, the same shift
would apply to the O(1s) orbitals. By XPS, the increase in
the centroid splitting upon sputtering was 1.17 eV, suggest-
ing a V(2p3/2) shift of 0.72 eV ( = 1.17 eV − 0.45 eV) upon
reduction. The oxidation state of the reduced sample was
determined to be 4.2 by XPS, indicating an average spitting
between V5+ and V4+ of 0.9 eV ( = 0.72/0.8). This value is
in good agreement with the values of 1 and 0.7 eV reported
in Refs. 19 and 20, respectively.

Since the calibration was developed for vanadium ox-
ides of the form VOx, one can question whether it should
be useful for vanadium phosphates. Again, the only stan-
dards in which we can have absolute confidence are those of
V(V). Applying our calibration to air calcined β-VOPO4,
γ -VOPO4, and δ-VOPO4 samples, respectively, gives Vox =
5.0, 5.02, and 5.04. Values so close to 5.0 suggest that, the cal-
ibration is valid for fully oxidized vanadium phosphates. To
further validate our method, we have used it to determine
the average oxidation state of vanadium in (VO)2P2O7 af-
ter exposure to a 10% butane/helium mixture for 90 min at
500◦C. This treatment removed all of the oxygen energeti-
cally accessible to butane at 500◦C. Analysis of this mate-
rial by XPS yielded an average surface vanadium oxidation
state of 3.65. Chemical titration (21) of the same sample
indicated an average vanadium oxidation state of 3.7, in
very good agreement with the value determined by XPS.

FIG. 2. He II UPS of Vox/V after oxidation (a) and following 4.5-keV
Ar+ sputtering (b). The small emission in the band gap of the oxidized
sample is a satellite of the 1b2 orbital of H2O appearing at −9.6eV.
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Thus we conclude that our method is useful for vanadium
phosphates as well as for vanadium oxides.

We wish to note, however, that when an excessive
amount of water is incorporated into the sample, such as
in VOPO4 · H2O, a shoulder begins to appear on the high
binding energy side of the O(1s) transition, and the calibra-
tion begins to err toward lower vanadium oxidation states
since the O(1s)–V(2p3/2) peak splitting becomes enhanced.
However, we have not found this to be a problem in most
of our work since the samples we analyze typically are not
hydrates and a partial monolayer of hydroxyl groups on
oxide surfaces is virtually undetectable by XPS. However,
consistent with published reports (5), a significant hydroxyl
concentration (ca. 10% of O(1s) peak) was observed in the
VO(PO3)2, regardless of the calcination procedure. In such
cases with comparable levels of hydroxyl content, as deter-
mined by O(1s) XPS, we find that our method is useful for
measuring differences in vanadium oxidation state between
samples.

B. Determination of the P/V Ratio

The P/V atomic ratio (NP/NV) of a vanadium phosphate
can be measured in an XPS experiment as a function of
the intensity ratio (IP/IV), spectrometer transmission func-
tion (T), electron attenuation lengths in the sample (λ), and
photoemission cross sections (σ ). Both T and λ depend pri-
marily on the kinetic energy of the emitted electron, while
σ also depends on the principal and orbital angular momen-
tum quantum numbers of the photoelectron prior to emis-
sion, as well as on the angle of emission measured relative
to the path of the incident X-rays. Provided the experiment
geometry, X-ray photon energy, and all analyzer settings are
kept constant, one can simply consider NP/NV = A(IP/IV).
Determination of the scaling factor A is straightforward,
in principle, by using as a standard a sample with a known
surface P/V ratio. However, if phosphorus segregation is
considered a possibility in (VO)2P2O7, then it should also
be considered a possibility in other VPO compounds with
extended structures, regardless of the crystallinity of those
structures. Thus finding a suitable set of standards presents
a problem.

To escape this conundrum, we have made use of a series
of organometallic VPO compounds of varying phosphorus
and vanadium stoichiometry. Each sample was character-
ized complete with its full complement of ligands. Since
these samples crystallize as discrete molecular units, un-
like the extended structures of VOPO4 and (VO)2P2O7,
phosphorus segregation should not occur. Table 1 gives the
stoichiometries of the clusters and measured P/V intensity
ratios. The intensity of the V(2p3/2) peak was determined as
described in the Appendix, while a simple straight line back-
ground subtraction and integration has been used to define
the P(2p) peak. The data contained in Table 1 are plotted
in Fig. 3, where one can see that the results fall nicely on a

FIG. 3. XPS calibration for determination of P/V ratio. The data
points were determined using the clusters described in Table 1. The calcu-
lated line was determined as described in the text.

single calibration line. We have also included in Fig. 3 the
calibration that we calculate using Scofield cross sections,
Tanuma’s correlation for the mean free paths of V(2p) and
P(2p) photoelectrons (22), and the transmission function
determined for our spectrometer. Based on the differences
shown in Fig. 3, it is not surprising that so much contro-
versy exists in the literature over the value of the surface
P/V ratio. We have most confidence in our calibration based
on molecular clusters since phosphorus segregation is not
expected to occur in such compounds. However, structural
heterogeneity can also induce an apparent enrichment in
one of the sample components: alternating vanadium-rich
and phosphorus-rich layers in the crystals could give rise to
such an effect. We do not believe that this effect is mani-
fest in this work because five clusters, with very different
structures, yield the same calibration.

Table 2 provides the P/V ratios determined for sev-
eral commonly referred to phases of vanadium phosphate.
Notice that the surface P/V ratio is, in all cases, very close

TABLE 2

P/V Ratios of Several Common Phases
of Vanadium Phosphate

Phase Nominal P/V XPS measured P/V

β-VOPO4 1 0.85
γ -VOPO4 1 1.02
δ-VOPO4 1 0.97
(VO)2P2O7 1 1.08
VO(PO3)2 2 2.00
VO(H2PO4)2 2 2.22
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to the value expected based on the bulk stoichiometry, and
we do not find the factor of two enrichment commonly
reported for (VO)2P2O7 (2–4, 6) and VO(PO3)2 (5). Our
determination of the surface stoichiometry of (VO)2P2O7

is much more consistent with that reported by Misono
et al. (7) using a calibration based on vanadium phosphate
glasses. Also notice that the surface of the β-VOPO4 phase
is actually enriched in vanadium, not phosphorus, while the
surfaces of γ and δ-VOPO4 both have P/V ratios near unity.
Interestingly, Zhang-lin et al. (23) have shown that γ - and
δ-VOPO4 have similar selectivities for maleic anhydride
production (ca. 60%), while that for β-VOPO4 is much
lower (ca. 24%). Perhaps the poor performance of β-
VOPO4 results from the increased vanadium surface con-
centration relative to the other VOPO4 phases. However,
that the performance of a (VO)2P2O7 catalyst initially im-
proves dramatically with time on stream while the surface
P/V ratio remains nearly constant (6), can be taken as evi-
dence that the surface P/V ratio alone does not serve as a
predictor of catalyst performance. Clearly, one would like
to known the surface structures of these various phases and
not just the surface stoichiometries, but this cannot be done
with standard XPS techniques on polycrystalline samples.
We should also point out that at most 25% of the XPS signal
is expected to originate from the outer 5 Å of the sample.
This estimate is based on an approximation for the V(2p)
mean free path, and it represents an upper bound since elas-
tic scattering is expected to disproportionately increase the
contribution of deeper layers. Thus small changes in sur-
face stoichiometry/structure, which could have a profound
affect on catalysis, can go unnoticed in an XPS experiment.

As mentioned above, the anisotropic structures of the
vanadium phosphates can make the surface P/V ratio, as
determined by XPS, sensitive to crystallite morphology.
To estimate the magnitude of this effect, we have calcu-
lated the P/V ratio that one should expect to measure for
(VO)2P2O7 when viewed through the (100), (021), and (001)
surfaces. The calculation involves adding the contributions
from each element along the chosen direction, each con-
tribution attenuated based on the appropriate mean free
path. The crystal structure used is that reported by Ebner
(24) and elastic mean free paths for V(2p3/2) and P(2p)
photoelectrons of 15 and 20 Å, respectively, were chosen
based on Penn’s model (22). The results are provided in
Table 3. Note that two values are given for the P/V ratio
along the (100) direction. This arises because of the choice

TABLE 3

Calculated Dependence on Morphology of the P/V
Ratio for (VO)2P2O7

Orientation 100 021 001
P/V 1.098–1.136 1.015 0.986

of phosphorus termination; phosphate termination yields
1.098, while pyrophosphate termination yields 1.136. Thus
one must be careful when interpreting correlations between
performance and small changes in surface P/V ratio of a
given phase. The result may be due more to changes in
crystallite morphology than to changes in the P/V ratio of
a given surface. On the other hand, trying to relate changes
in P/V ratio to crystallite morphology is expected to be a
heroic exercise since the XPS results will depend on the ori-
entation of the crystals when they are mounted for study.
Finally, Ebner and Thompson (24) earlier speculated that
the phosphorus enrichment widely reported for (VO)2P2O7

catalysts could be accounted for by pyrophosphate termi-
nation of the crystallites. However, they were trying to ra-
tionalize P/V ratios observed to be in excess of 1.5. As we
show in Table 3, except for very thin crystallites (<20 Å),
pyrophosphate termination on the (100) crystal face cannot
account for a surface enrichment greater than 14%.

C. Dependence of P/V Ratio on Oxidation State

Since P/V ratios are typically reported for vanadium
phosphate catalysts with the goal of relating catalyst perfor-
mance to the surface phosphorus content, it is important to
consider the effect of reaction on the P/V ratio. Most reac-
tion studies reported in the literature are under fairly mild
conditions, e.g., 1.5% butane/air and temperatures below
450◦C. In order to better determine the relationship be-
tween the surface P/V ratio and the vanadium oxidation
state, we have performed a series of experiments with reac-
tor feeds ranging from 0% C4H10/10% O2/90% N2 to a high
of 30% C4H10/7% O2/63% N2 at 400◦C. Samples were kept
under reaction conditions for 1 h. In each case, the sample
was removed from the reactor while still hot and allowed
to cool in vacuum. It was necessary to allow the samples
to cool below 50◦C before a steady surface charge could
be obtained during the XPS measurements. The P/V ratios
and vanadium oxidation states determined for β, γ , and δ

forms of VOPO4 are given in Table 4.

TABLE 4

Dependence of P/V Ratio on Extent of Reduction at 400◦C

β-VOPO4 δ-VOPO4 γ -VOPO4

%C4H10 P/V Vox P/V Vox P/V Vox

0 0.91 4.72 0.97 5.04 1.01 5.02
1.5 0.88 4.63 1.01 4.91 1.02 4.97
5 0.98 4.42 1.10 4.76 1.01 4.89

10 1.15 4.29 1.07 4.46 1.03 4.66
20 1.42 3.98 1.06 3.88 1.08 3.87
30 1.39 3.73 1.04 3.86 1.09 3.77

Note. The leftmost column indicates the concentration of butane
in a feed stream balanced by 10% O2/N2.
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FIG. 4. Phosphorus (2p) photoelectron spectra of reduced (30%
n-C4H10/10% O2/N2) and oxidized (10% O2/N2) β-VOPO4. Oxidizing and
reducing treatments lasted 1 h at 400◦C. The spectra were collected follow-
ing exposure to oxidizing, then reducing, and then oxidizing conditions.

The results clearly show that the surface P/V ratio mea-
sured on β-VOPO4 is very dependent on the degree of re-
duction of the material. The surfaces of δ and γ forms are
far less sensitive. When viewing Table 4, one should keep
in mind that XPS intensity ratios are seldom more precise
than ±5% due to the somewhat subjective nature of the
baseline determination. In Fig. 4, we show the P(2p) XPS
spectra collected sequentially for oxidized (0% C4H10), re-
duced (30% C4H10), and reoxidized (0% C4H10) β-VOPO4.
The increase in the P/V ratio is clearly evidenced in Fig. 4, as
is the shift of the P(2p) peak toward higher binding energy
upon reduction. The shift is consistent with formation of
P–O–P linkages, such as those found in vanadium pyrophos-
phate, and it is reversible. Similar shifts were observed for
the γ and δ phases, although they occurred without sig-
nificant P segregation. We have used C(1s) charge refer-
encing to determine the shifts in the P(2p) transitions, and
we are aware of the potential inaccuracies inherent in such
a technique. However, the C(1s) lineshapes were similar
in all samples, suggesting that the nature of the carbon
did not differ between samples. Thus while we have con-
fidence in the magnitudes of the shifts observed in P(2p)
spectra, we cannot be certain with our placement of the
C(1s) transition at 284.6 eV. X-ray diffraction of similarly re-
duced samples confirms the transformation of each phase to
(VO)2P2O7 upon reduction. Finally, it is interesting to note
that Zhang-Lin et al. (25) report conversion of β-VOPO4

to (VO)2P2O7 when the former is reduced by butadiene,
whereas it was reported that γ , and δ-VOPO4 developed
traces of the αII-VOPO4 phase. We wish to point out here
that for the P/V ratios we report in Table 4 for β-VOPO4 to
be consistent with growth of (VO)2P2O7, the basal plane of
(VO)2P2O7 should be the predominant surface and the crys-
tallites should be of order 20 Å thick so that both surfaces

of the crystallite contribute to the XPS signal. Thicker crys-
tallites would be expected to have P/V ratios approaching
the values given in Table 3.

While addressing the effect of sample reduction on phos-
phorus enrichment, we should mention some of the syste-
matic errors that can arise in such experiments that might
also account for the result. Carbon contamination will tend
to increase the measured P/V ratio because the slower
moving V(2p3/2) photoelectrons will be scattered more effi-
ciently than those resulting from the P(2p) excitation. How-
ever, such contamination is not the cause of the increase
here because, as shown in Fig. 5, the C(1s) signal was nearly
constant for experiments with increasing butane exposures.
The results in Fig. 5 also suggest that systematic errors in
the integration of the V(2p3/2) peak cannot be the result of
the enrichment; the enrichment is largely an increase in the
P(2p) signal and not a decrease in V(2p3/2). Such error might
result from not subtracting the true background from the
spectrum before integration because the true background
simply is not known and because the peaks are not base-
line resolved. Furthermore, all of the VOPO4 samples were
reduced to comparable levels, yet only the surface of the
β phase became enriched. A third reason the apparent en-
richment might have been an artifact can also be dismissed,
i.e., that changes in the photoelectron mean free paths upon
reduction of the catalyst change the relationship between
intensity and concentration. For example, using the rela-
tionship for the inelastic mean free path given by Tanuma
et al. (22) and the relationship given by Seah (26) between
the inelastic mean free path and the electron attenuation
length (which actually determines the sampling depth), as-
suming the vacancies created upon reduction are quenched
by growth of shear planes thus increasing the density of
the crystallites, and allowing the bandgap to decrease lin-
early with increasing reduction to Eg = 0 eV for V2+ (based
on VO) and Eg = 3 for V5+ (based on He I UPS spectra),

FIG. 5. Phosphorus, vanadium, and carbon levels on β-VOPO4 as a
function of butane concentration in a feed balanced by 10% O2/N2.
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we calculate that the measured P/V ratio would actually
decrease upon reduction, contrary to observation. Further-
more, the decrease is expected to be only <0.1%, far below
the accuracy of even the most careful XPS measurements.

Thus it is clear that one should be careful when report-
ing surface P/V ratios to specify precisely the conditions to
which the sample was exposed, and not merely the condi-
tions of the preparation. These results also have implica-
tions for determining the kinetics of butane oxidation in
unsteady processes. For example, in DuPont’s riser reac-
tor process for butane oxidation (27), vanadium phosphate
catalysts are cycled between reducing and oxidizing con-
ditions. The results reported here suggest that under such
conditions, one might expect cyclical changes in the sur-
face structure, and hence in the intrinsic rate constants as-
sociated with certain of the elementary reaction steps. As
discussed elsewhere (28), this can serve to complicate the
development of kinetic models and can force one to forego
the concept of rate constants that are independent of species
concentrations.

CONCLUSIONS

Through application of XPS to the characterization of
vanadium phosphates, we have shown that the surface P/V
ratios of vanadium phosphate and pyrophosphate catalysts
are much closer to the bulk value than previously found by
most practitioners. We suspect that claims in the literature
of gross phosphorus enrichment on these materials have
been based on incorrect XPS calibrations. Furthermore,
our results show that the surface of β-VOPO4 is actually
enriched in vanadium.

We have presented a method for extracting oxidation
states from XPS spectra of vanadium oxides and vanadium
phosphates that does not require curve fitting. Although it
has the disadvantage of only providing the average oxida-
tion state, it is not affected by surface charging and final
state effects in the photoemission process, and it is the first
XPS analysis of vanadium phosphates to account for such
effects. Furthermore, when samples with small differences
in the vanadium oxidation state are being compared, such as
the differences shown in Table 4, the results of our method
are likely to be more reliable than curve fitting.

We have shown that the surface P/V ratio in β-VOPO4

is sensitive to the degree of reduction of the surface, much
more so than found for either γ - or δ-VOPO4. The enrich-
ment observed upon reduction appears to be reversible,
although the claim of true reversibility will need to await
experiments involving many more redox cycles. This effect
has implications for kinetic modeling in unsteady systems:
when the surface structure/stoichiometry responds with a
time constant comparable to the characteristic time scale
of the process transients, one must question the use of con-
centration independent rate constants in kinetic models.

APPENDIX

Our procedure for analyzing the O(1s) and V(2p) re-
gion of the XPS spectrum involves first removing the
Mg Kα satellites by deconvolution, followed by removal
of a Shirley background. The latter is defined by endpoints
chosen above and below the O(1s) and V(2p3/2) peaks, re-
spectively. Various satellite removal schemes are common;
the parameters we use are those reported in Ref. 29, with
added parameters for the Kα′ satellite based on the work
of Krause and Ferreira (30).

Klauber (31) has recently revisited the Mg Kα satellite
structure and notes the importance of accounting for the
varying linewidths of the satellite peaks, as well as the
respective peak amplitudes. However, since it is a com-
mon practice to remove the satellites by deconvolution, ac-
counting for the linewidths requires the introduction of an
apodization function which effectively smoothes the spec-
trum. To avoid this smoothing, and to keep the analysis as
simple as possible, we have assumed that all spectral lines of
the X-ray source have the same lineshape. The result of the
above operations on a spectrum of V2O5 is shown in Fig. A1.

The integrated intensity of a transition (zeroth order mo-
ment) is extracted from a filtered and Shirley background
removed spectrum by drawing a secondary baseline. This
is necessary because removal of the Shirley background
does not result in baseline resolved peaks. The secondary

FIG. A1. Vanadium pentoxide XPS spectrum. The broken line repre-
sents the data as collected, while the solid line results after removing the
X-ray satellites and Shirley background as described in the Appendix. The
secondary baseline is also shown on the modified spectrum.
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baseline for the O(1s) peak is drawn from the intensity mini-
mum between the O(1s) and V(2p1/2) peaks toward higher
binding energy and the baseline for the V(2p3/2) peak ex-
tends from the intensity minimum between the V(2p1/2) and
V(2p3/2) peaks toward lower binding energy. It is interesting
to note that applying this procedure to V2O5 yields an O/V
ratio of 2.59 using calculated photoemission cross sections
(32), which is close to the expected value of 2.5. Higher or-
der moments can also be approximated for each transition
using the same secondary background.
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