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Abstract

The synthesis of VOHP®: 0.5H,O by reaction of a reduced suspension/solution 0¥ in alcohol ando-H3POy has been studied
by in situ X-ray diffraction (XRD) and ex situ X-ray photoelectron spectroscopy (XPS) and focused ion beam (FIB) microscopy, including
cross-sectioning. XPS, XRD, and microscopy evidence is presented for the temporal dissoluty@x @ind formation of VOPQ- 2H,0,
VOPQy, - HoO, and VOHPQ - 0.5H,0. The XPS technique allows us to trace the development of surface vanadium, oxygen, and carbon
states as well as the surface P:V ratio. Four vanadium species were identified. The oxygen vacancies on the surface were characterised by |
V 2p3/2 peak at 515.5 eV and by the O 1s peak at 531.2 e\Dg/exhibited the V 2, peak at 517.4 eV and the O 1s peak at 530.0 eV.
The dihydrate phase VORO2H,0 and hydrate phase VOROH,0 were monitored by the V 2p, peak at 518.1 eV and the O 1s peak at
531.2 eV. The VPO catalyst precursor VOHP®.5H,0, the VAt oxidation state, shows the V 2P peak at 516.6 eV and the O 1s peak
at 531.2 eV. The O 1s peak at 532.9 eV is assigned to crystal water. In situ monitoring of the synthesis by XRD was in a good agreemen
with the ex situ XPS analysis. VORO2H,0 and VOPQ - H,O were successfully identified by XPS as a metastable phase, which forms
at short synthesis times. As the hydrate phase concentration decreases the concentration of V\OBHBO increases. All XPS data were
consistent with the earlier proposed mechanism, which supposed that ;fGMRO dehydrates to VOPH H,0, delaminates and the
delaminated edges of VOROH»O serve as the nucleation point for growth of VOHP-©.5H,0.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction the (200) plane of vanadyl pyrophosph$87-11] Evi-
dence has been presented that the yield of maleic anhy-
The vanadium phosphorus oxide catalyst is commercially dride improves when the exposure of the (200) plane of
applied for the selective oxidation afbutane to maleic an-  (VO)2P,07 is maximised11], leading to the proposal that
hydride[1]. Several V(IV) and V(V) phosphate phases exist the active site for-butane activation and oxyfunctionalisa-
in the VPO system and the correlation of catalytic perfor- tion resides on this plarf@2]. Some argue that the®/V4+

mance with crystalline structure has been reviejed]. species in the topmost oxidised layer of vanadyl pyrophos-
Among all these phases, VOHROO0.5H;0 is particu- phate are the active sit§43], while others believe that

larly important since it is the precursor of the (\VB)O7 the active sites lie within # microdomains of crystalline

phase observed in the final activated cata[¢$t The ac-  vanadyl (\P*) orthophosphates, formed as the (200) faces

tive VPO catalyst presents a twisted platelet habit of vary- of vanadyl pyrophosphate under catalytic reaction condi-
ing crystallinity and features small amounts ot*Vphases, tions[2].

most notablya-VOPQ, [5,6]. The active site for-butane Despite the fact that the preparation of high activity cata-
oxidation to maleic anhydride has been proposed as beingj (s has been a major theme for a number of investigations
[6,11,14,15] the origin of the (VO)P,O7; morphology has
~* Corresponding author. Fax: 353 (0)61 213529. not been established. Many features of the final catalyst,
E-mail address: dima.zemlianov@ul.i¢D. Zemlyanov). such as crystalline habit and particle size, are established
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when the precursor forni2,16]. Hence, the synthesis route on the original vertical wall of the crater after tilting at
and reaction conditions during synthesis affect the morphol- 45°,
ogy of VOHPQ - 0.5H,0 and ultimately the catalyst per- In preparation for in situ diffraction studies, ;@s
formance[1,17,18] Consequently careful preparation of the  (Merck) was refluxed in a 90:10 mixture of 2-methylpropan-
precursor VOHPQ- 0.5H;0 is the key to obtaining an ef-  1_o] (BDH Analar) and benzyl alcohol (Riedel-de Haen) for
fective catalysf4,8]. . 4 h. 85% HPOs (P:V = 1:1) was added to this prepared
A tentative crystallisation mechanism of VOHPO g gpension in a Teflon-lined stainless-steel cell under con-
0.5H;0 in organic media was proposed by O'Mahony et g tirring. The temperature of the sample under study
ZI'Egj'i'sn;’\(ﬂgg X)O:%ﬁizlﬁo ::;:(Tusr;agfgg V;’:ZT;ZEEE'I was automatically controlled and measured using a ther-
Tﬁis ohase converts to VOIagO HyO whichsin wurn acte  mocouple directly inserted into the sample cell. The evo-
: lution of crystalline phases with time was then recorded

as the nucleation point from which the VOHR0.5H,0 o ing th di ve X diffracti
phase grows epitaxially into the familiar rosette-like habit. In situ, using the energy-dispersive X-ray difiraction setup

In this paper, the proposed mechanism was examined byfol-at Station 16.4 of the U.K. Synchrotron Radiation Source
lowing the synthesis of VOHP 0.5H,0 in situ by energy- (SRS) at the CLRC Daresbury Laboratory, UK. The SRS
dispersive X-ray diffraction (XRD) and ex situ by X-ray IS @ low emittance storage ring, which runs with an elec-
photoelectron spectroscopy (XPS) and focused ion beamtron beam energy of 2 GeV. The ring current was approx-
(FIB) microscopy. There are a number of reported XPS imately 180-250 mA during experiments. Station 16.4 is
studies of fully formed VPO catalysf20-26] but in this a white beam facility, where a wiggler magnet of peak
paper the XPS technique was applied to samples taken fronfield 6 T is located. Rather than using conventional mono-
a refluxingortho-HzPOy/V20s/alcohol mixture for synthe-  chromatic radiation with an angle-scanning detector, the
sis times in the range 0.5-120 min to gain insight into the energy-dispersive method uses a continuum source of X-ray
nature of the surface species present during crystallisationwavelengths with an energy-dispersive detector fixed at a
of VOHPQ; - 0.5H0. chosen angle @. The ED detector differentiates X-ray

photons according to their particular energiésand reso-

lutions AE/E typically of a few percent are achieved. This
2. Experimental technique generates diffraction patterns Anrather than

26 with all patterns being converted w-spacing values

A typical protocol of the VPO precursor preparation in this presentatio¢27—29} This system utilises a multi-
consists of refluxing YOs (Merck) in a 90:10 mixture detector system, which celtts XRD patterns from a sam-
of 2-methylpropan-1-ol (BDH Analar) and benzyl alcohol Ple simultaneously at different angles. Two detectors are
(Riedel—-de Haen) for 4 h at a reflux temperature of I08 used, each with a separate postsample collimator and Ger-
An 85% ortho-phosphoric acid (Aldrich) solution was then manium crystal detector. The set positions record patterns
added to the resulting vanadium suspension and was refluxedn the regions of 2-5 and 4-15 A, respectively. A time
for a further 2 h. The reactant P:V mole ratio was 1:1. For delay of 10-15 min has been observed during the exper-
the ex situ analysis, VPO samples were recovered at timesiment for the sample cell to come up to temperature and
from 0.5 to 120 min following phosphorus-{H3PQy) addi- therefore must be considered when diffraction data are ob-
tion. Below in this publication, this time is refereed to as the served.
synthesis time. The recovered solids were filtered and dried  xpS data were obtained by a Kratos AXIS 165 spec-
at 120°C. trometer using monochromatic AlK radiation @v =

A focused ion beam microscope FEI 200 was used 10 148458 eV) and fixed analyser pass energy of 20 eV. The
obtain precursor images. Spfes were (r:]oated with gb°|d atomic concentrations of théxemical elements in the near-
in an EMITECH K550 sputter coater. The focus ion beam surface region were estimated after the subtraction of a

fggtﬁ;ne Iifsgm";rn;?nt?:ns(gg’tfzgmm%:treggf%rf ';f]eetl)::g Shirley-type backgrounB0], taking into account the cor-
tron beam Tr?e beam energy is typically 30 keV, with a responding Scofield atomic sensitivity factoi3l]. The
' yis b y ’ binding energy (BE) values referred to the Fermi level were

beam current in the range of 1 to 11500 pA. As the beam ~ > -
strikes the sample, secondary electrons and secondary iongallbrated using the C 1s 284.80 eV, the standard deviation of

are emitted from the sample surface. Secondary electrond€ Peak position associated with the calibration procedure
are generated in much greater quantities than ions and pro\Was+0.05 eV. A commercial Kratos charge neutraliser was
vide images of better quality and resolution. Cross-section Used to achieve a resolution of 0.9 eV measured as a full
analyses of VPO precursor particles were performed by width at half-maximum (FWHM) of the V 2p deconvoluted
applying a high current beam (350-1000 pA). For typi- peaks. The XPS spectra were fitted by CasaXPS software
cal cross-section analysis, a crater (15-20 pm in diame-assuming line shape to be a product of Doniach—Sunjic and
ter) was milled in the sample and imaging was performed Gaussian—Lorentzian functiof2,33]
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3. Results fraction pattern after 4 min. This feature was consistently
present until approximately 30 min and regains intensity as
Refluxing V05 in a 90:10 2-methylpropan-1-ol:benzyl the hemihydrate formed fully, at which point was indexed
alcohol mixture for 4 h leads to the dissolution of ca. 30— as the (201) plane of VOHPO 0.5H,0. In Ref.[19] the
40% of the available vanadium oxidEig. 1 presents the  peak at 3.1 A was assigned to the (200) reflection of vanadyl
in situ diffraction patterns of the VPO phases that develop phosphate hydrate (VOROH»0) or vanadyl phosphate di-
when phosphoric acid was added to the vanadium oxide so-hydrate (VOPQ- 2H,0). This assignment is consistent with
lution/suspension. The reactdftV mole ratio was 1:1. The  the appearance of the hydrate phases, which was also mon-
(010), (101), and (310) reflections oh,®Ws decrease in in- itored by a reflection al = 6.7-7.5 A (the XRD patterns
tensity with time of synthesis and completely disappears not shown here]19]. This reflection appeared at 7.5 A at
after 24-28 min as demonstrated by the XRD patterns in 4-min synthesis time and shifted gradually to 6.7 A after 24—
the left panel ofFig. 1 By this time the reflection charac- 28 min. These features were identified as VQPQH,O
teristics of VOHPQ - 0.5H,0 namely (101), (021), (121), (doo1= 7.45 A), which converts to VOP®- H,O (doo1 =
(201), and (220) begin to form. Crystallisation of hemihy- 6.37 A)[19].
drate precursor was followed by plotting the integrated ar-  Fig. 2 presents the FIB micrographs of VPO sample
eas of the respective peaks as shown in the right panel ofrecovered after 0.5-min synthesis time. Unreacteds/
Fig. L The areas were determined by fitting the individual can normally be observed in micrographs of materials iso-
peaks assuming a Gaussian line-shape. Another consistenfated at this time. Thin platelets of dimension 2010 x
feature of this data is the emergence of a peak at 3.1 A, 0.2 pm can be seen. Some platelets appear to have cracks
hardly present at 2 min, but a major feature in the dif- intheir uppermostlayers and have delaminated. EDX analy-
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Fig. 1. In situ energy dispersive XRD patterns of VOHP®.5H,0 evolution from \6Osg at 108°C with a reactant P:V molar ratio of 1:1. Crystallisation of
hemihydrate precursor was followed by plotting thegrated intensities of the respective peaks.

Table 1
V 2p core-level characteristics of vanadium oxidation states
Assignment Oxidation state V 2p peak V 2/, peak

BE (eV) FWHM (eV) BE (eV) FWHM (eV)
Oxygen defect of YOg v3+ 52280+ 0.15 120+ 0.20 51550+ 0.15 130+ 0.05
VOHPOQy - 0.5H,0 \Vasa 52385+0.15 190+ 0.10 51655+ 0.15 120+ 0.10
\Ve \Vass 524,65+ 0.10 160+ 0.30 51735+ 0.10 100+ 0.05

VOPOQ; - 2H,0 and/or VOPQ - H,O Vot 52545+0.05 12+0.20 51810+ 0.05 100+£0.10
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(b)

Fig. 2. (a and b) FIB images of VPO sample recoveredrdit5-min synthesis. Points of consideration:xL00-um platelets are representative of a hydrated
vanady! phosphate phase>¥. Note: Platelet delamination and distortion observed here.

sis of the platelets indicating the presence of phosphorusd-spacing shift fromdgos VOPQy - 2H,0 = 7.5 A to dooz

and vanadium and these platelets never appeared prior to/OPQy - H,O = 6.7 A. The formation of rosette-type par-
the addition ofortho-HzPOy. The platelets are attributed ticles is also noticeable. The rosette particles appear to
to VOPQ, - 2H,0 and they delaminate as they transform have grown out of a now badly fragmented platelet as can
into VOPQ, - H2O. This transformation corresponds to a be seen irFigs. 2a and2b. The rosette morphology has been
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(b)

Fig. 3. (a) Rosette crystal recovered after 60 min oflsgsis and (b) FIB cross section of this rosette crystal.
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Fig. 4.V 2p core-level spectra obtained from VPO samples recovered after specified time. The bottom spectrum in the left panel chap&dierdesed
in alcohol for 4 h. The “raw” expemental data are plotted as dots.

identified as the hemihydrate precursor phase, VOHPO cal platelet volumes taken frofig. 2(10x 10x 0.2 um) are
0.5H,0 [3,9], and is consistent with XRD data. An impor- 20 un? whereas typical particle volume (based on spherical
tant point, which supports the proposed mechanism, is thatwith radius 6—7 pm) taken froffig. 3are 900—1400 pfn
VOHPQOy - 0.5H0 can be synthesised from VORQ2H,0O A series of VPO precursors were prepared for XPS analy-
[34]. After 60-min synthesis timeF{g. 3), the appearance sis. Fig. 4 presents the V 2p core-level spectra of the pre-
of the VOHPQ - 0.5H,0 changes, and the FIB cross section cursor evolving throughout the transformation process from
confirms that a much denser interior to each particle is gener-V»0s to VOHPQ, - 0.5H0. All the V 2p3/> peaks are cen-
ated, indicating that the growth of VOHR@.5HO contin- tered at approximately 517.4 eV but have a highly asym-
ues long after all the VOP£OH>0 has been consumed. Typi- metric shape with high and/or low BE shoulders that points



L. O’'Mahony et al. / Journal of Catalysis 227 (2004) 270-281 275

) VOPO,_H,0
V,w— 115 i -
O Y
e , % ~<O— V' hydrates |
=
o= N e m i T e i -5
g %?}—— —3 Refluxed
o at 108C for;
@ 10 -
= T S AT "y, 00 mins
g | = L
% F, Qe o 5 Refluxed
> o 2 g at 90C for;
g = (d) 60 mins
S 404 P c
AN =
"1 L e, i —
20 - % -
0 ll/,( T T
0 20 40 60 80 100 120
Time (min)
Fig. 5. Relative concentration of vanadium species by XPS as a function of (310) (101) o1y *?
the synthesis time. T T T T T T T
2 3 4 5
to a multicomponent nature of the V 2p peaks. The V 2p d-spacing (Angstroms)

peaks were fitted with four components assuming line shape

to be a product of Doniach—Sunjic and Gaussian—LorentzianFig. 6. In situ XRD of the \4Os refluxed in alcohol and then refluxed (a—d)
functions[32,33] The line shape was chosen with respect a}t 90°C in the presence of_an 85%tho-phosphorjc acid for the specified
to the best fitting for monochromatic AlKradiation[33]. t(gir’oﬁ)t?;clfﬁg for 60 min. Trace (f) was obtained by subtracting trace
The relative ratio and the split of the V 2p doublet were fixed '

during the fitting, whereas other parameters such as inten-
sity, FWHM, and peak position were allowed to be varied
within reasonable ranges. The four components denoted a
V3t v4 V5t and Pt hydrate were distinguished. Their
XPS characteristics are summarizedTable 1 Since the

V 2p3/2 peak is much narrower than the V 2p peak, be-
low we will focus our discussion mainly on the V 2p
peak.

The relative concentration of the vanadium states is plot-
ted inFig. 5 The \VP* state was assigned to oxygen vacan- reflyxed in a 90:10 alcohol mixture of 2-methylpropan-1-ol
cies that appear on the surface 0fQ4 during refluxing  gnd benzyl alcohol for 4 h at a temperature of 1G8which
or in vacuum. Since the relative concentration of this state js the ysual refluxing protocol. An 85%rtho-phosphoric
does not vary with synthesis time and is below 10%, this acid solution was then added to the resulting vanadium sus-
species will not be discussed with regard to the reaction pensijon and further refluxed for 1 h at 9D (usually at
mechanism. The main point of interest is the evolution of 108°C). The preparation of the hydrate-rich phase was mon-
the V¥, V¥, and \P* hydrate states, which are assigned itored by in situ XRD as shown iRig. 6. The VPO sample
to VOHPQ, - 0.5H;0, V205, and VOPQ - H,O/VOPQ, - prepared through this protocol shows the intensive diffrac-
2H,0, respectively. At this stage the XPS data are consistenttion peak, atd = 3.1 A associated with the hydrate phase.
with in situ XRD observations. Thus, the (220) reflection of For sake of clarity, the difference between the diffraction pat-
VOHPQ; - 0.5H,0 grows with the synthesis time as shown  terns from the hydrate-rich phase and the hemihydrate phase
in the right panel ofig. 1. Consistently, the V 2p, peak is plotted inFig. 6f. The “differential” pattern shows only
at 516.6 eV attributed to VOHPQO 0.5H,0 gradually in- the XRD peaks from unreacted,@s and VOPQ - H»0.
creases in intensity as well. Decrease of the diffraction peaksXPS demonstrates that thisnsple is also characterised by
of V205 is in agreement with depleting the V 2p core level the intensive V 2p component at 518.1 eV as shown in the
peak at 517.4 eV attributed t0,@s. left panel inFig. 7 (trace c). This component is absent in

The assignment of the V 2p peak component at 518.1 eV
to the hydrate phase (VOR®O2H,0 and/or VOPQ - H20)
Yeserves a special discussion. The hydrate phase (YOPO
2H,0 and VOPQ - H20) was identified by the XRD peaks
at 3.1 and 6.7-7.5 A. The high BE shoulder of the \4,2p
peak at 518.1 eV, which is particularly well seen at 5-min
synthesis time, was attributed to the hydrate phase. In order
to prove this assignment, the sample with a high percent-
age of the hydrate phase was prepared as follow®sWas
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Fig. 7. The V 2p and O 1s core-level spectra obtained from (a) commerg@4 s received, (b) ¥Os refluxed in a 90:10 mixt@ of 2-methylpropan-1-ol
and benzyl alcohol for 4 h at 10&, and (c) \LOs refluxed as in (b) and then refluxed in the presence of 8B¥o-phosphoric acid for 1 h at 90C (the
reactant P:V mole ratio was 1:1).

Table 2
XPS characteristic of the oxygen species
Oxygen Assignment Nature O1s
species BE (eV) FWHM (eV)
o' Oxide-type oxygen, Oxygen defect of \yOs, 53000+ 0.10 130+0.15
“ionic” bond V205 bulk
o'l Phosphate, VOPOQy - 2H,0, 53115+ 0.15 120+0.15
“covalent” bond VOPQy - HO
VOHPOy - 0.5H,0
ol OH groups Hemihydrate phase, 53190+ 0.15 110+0.15
alcohol cracks
oV H,0 Crystal water in hydrate 53290+ 0.20 135+ 0.25

and hemihydrate phases,
adsorbed water

the V 2p peaks obtained from commeraalreceived V05 The change in the vanadium oxidation states should also
and vanadium oxide refluxed in the alcohol mixture (the lead to changes in the oxygen states. Indeed, the hydrate-
left panel inFig. 7 trace a and b, respectively). The®s rich sample demonstrates a different shape and peak position

samples demonstrate only the three oxidation states namedor the O 1s line in comparison with the,@s samples as
above as ¥+, V4*, and \P*. It is reasonable to suppose shown in the right panel iffig. 7. Following the fitting pro-
that refluxing in the alcohol mixture results in the reduction cedure developed for the V 2p lines, the O 1s peaks were
of vanadium; so the concentration of th&*\state increases.  fitted with four components assuming line shape to be a
On the other hand, the concentration of th& \étate is ap- product of Doniach—Sunjic and Gaussian—Lorentzian func-
proximately constant for all the samples; this also confirms tions[32,33] The major component of the O 1s line obtained
the earlier assignment of the’V/ state to oxygen defects on  from vanadium oxide is a peak at 530.0 eV denoted as'an O
the VLO5 surface, which does not necessarily form in the state. This oxygen species is identified as oxide-type oxy-
reaction with alcohols. Summarising the results of the XPS gen. The oxide oxygen is also the main component of the O
analysis one can unambiguously assign the ¥,2pom- 1s peak for the refluxed 305 sample, which shows an ad-
ponent at 518.1 eV to the hydrates: VOPQH,0 and/or ditional high BE shoulder fitted by two components at 531.9
VOPO; - H,0. and 532.9 eV denoted as'Oand GV states. These oxy-
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Fig. 8. a) O 1s core level spectra obtained from VPO samples recovered after specified time. The bottom spectrum chargOterefes«®t in alcohol for
4 h. (b) Relative concentration of the oxygen species as a function of the synthesis time.

gen states were tentatively attributed to hydroxyl groups and attributed to hydrocarbons and to partially oxidised hydro-
crystallite water, respectively. A peak at 531.2 e\ (@ate) carbons, respectively. Carbonyls associated with the barely
is the main feature of the hydrate-rich sample and thereforedistinguishable component at 288.5 eV do not contribute
this peak could be assigned to phosphate-type oxygen. Themuch. Their relative concentration is below 5% and it does
XPS characteristics of the oxygen species are summarised imot change during the reaction. In general, the carbon per-
Table 2 centage in the VPO samples decreases with the synthesis
As shown inFig. 5, the concentration of the hydrate phase time, whereas the amount of partially oxidised hydrocarbon
monitored by XPS passes a maximum at 5-min synthesisincreases. It is remarkable that refluxing®5 in alcohols
time and then falls down almost to zero. It is noteworthy that results in a slight increase of oxidised hydrocarbon, but their
a similar behaviour was monitored by XRD: the diffraction concentration grows faster in an acidic media.
reflection of the hydrate phase at 3.1Fd. 1) and 6.7-7.5 A The P:V ratio is an issue widely discussed in the litera-
[19] also passes through a maximum and then disappears. ture[1]. The P:V ratio was calculated from the XPS data of
The transformation of oxygen and carbon chemical statesthe VPO samples recovered after different synthesis times
was monitored by XPS as weffigs. 8 and Show the O 1s ~ as shown irFig. 10 The P:V ratio grows with the synthesis
and C 1s core-level spectra, pestively, obtained from the ~ time and reaches a plateau at a value of approximately 2:1
VPO samples described Fig. 4. The depleting of the ionic after 40 min. This value is entirely consistent with a num-
oxygen peak (Ostate) reflects the consumption o§®s in ber of XPS studies of VPO catalysts in which the Schofield
the reaction, whereas the growth of the peak at 531.2 eV Sensitivity factors were applied. Studies which used internal
corresponds to the formation of phosphate species such astandards tend to report lower surface P:V rafids
VOPQ; - 2H,0, VOPQ; - H20, or VOHPQ - 0.5H,0. The
concentration of hydroxyl groups traced by the component
at 532 eV (d') increases at an early stage of synthesis and 4. Discussion
after 5 min remains approximately constant. The amount of
water (3V) also increases during the first 5 min and then 4.1. XPScharacterisation
decreases slightly.
Carbon species mainly exists in two chemical states rep-  XPS is supposed to be one of the most informative tech-
resented by peaks at 284.8 and 286.3 eV, the peaks araiiques for determination of the surface chemical composi-
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Fig. 9. (a) C 1s core-l@t spectra obtained from20g and VPO samples recovered after specified time. (b) Relative concentration of the carbon species as a
function of the synthesis time.

tion and the catalytically active sites in heterogeneous catal-of vanadium increases. However, Ef) is completely cor-
ysis. The downside of the technique is the “ex situ” analysis rect only for a single-component system. As demonstrated
and sensitivity to sample “nature”: conductor (semiconduc- above (see, for instancgigs. 4, 7, and 8 VPO samples are
tor) or insulator. However, if the ex situ XPS data are sup- multicomponent systems. For tasice, the ionic oxide-type
plemented with the data of in situ techniques, really valuable oxygen characterised by the O 1s peak at 530.0 €Y i€0
information can be obtained. The XPS studies of noncon- gradually replaced for the covalent phosphate oxygen char-
ducting samples are associated with the “sample charging”acterised by the peak at 531.2 eV(0

problem. Thus, photo-emitted colevel electrons leave pos- On the other hand, multicomponent analysis of the V 2p
itive holes behind, which are neutralised by conducting elec- regjion is rather ambiguous if nonmonochromatic X-ray ex-
trons in the case of conducting or semiconducting samples.cjtation were used. Thus, for the nonmonochromatic Mg-K
In the case of insulators, photoemission of core-level and (agiation, the V 2> peak overlaps with the O 1s satellite

secondary electrons causes an unevenly distributed positivey e to Mg-K,., and the mathematic subtraction of the O 1s
) . 3,4
charge. This phenomenon is referred to as a charge effectg,yqjiite is required before fitting can be applied to the V 2p

The main problem associated with this effect is that pho- region. The monochromatic Al-K radiation used for the

toelectron lines get broader losing resolution and/or shift present study avoids this problem. The V 2p region could be

Eﬁwa;gg'g? E’.E' thfuiggdertmlg (E[ah:)ratlgq. A;hnulr.r:bert of curve-fitted without preliminar satellite subtraction, which
€ studies o catalysts found 1n the erature ., - oases the reliability of the procedure.

:f;rllTg;;rargsézgér?ﬁ:;agﬁr?f thl;t:zﬁzg_rztgiigﬁlrﬁ?onn As described under Results, the V 2p region was fit-
) prop 9@ ted with four doublets, which relate to four chemical states

of vanadium oxidation states o), of vanadium, namely the oxygen defect(yy, VOHPQ, -

Vox = 13.82— 0.6§BE(O 1s)— BE(V 2p32)], (1) 0.5H0 (V*), V205 (V51), and VOPQ - 2H,0/VOPQ; -
where BE(O 1s) and BE(V 2p,) are an average BE of the H20 (V°* hydrate). The vanadium and oxygen components
O 1s and V 2p, lines. This equation overcomes calibration assignment is summarised Tiables 1 and 2respectively;
problems because the subtraction of BEs cancels a homogethe curve-fit analysis is consistent with the literature data
neous BE shift. Eq(1) also reflects an “initial state” effect. ~ as shown inTable 3 It should be stressed that the detailed
Electron transfer from vanadium to oxygen should result in a analysis of the O 1s region is missed in the literature. The
low BE shift of the O 1s line, whereas the V 2p lines should O 1s peak at 530.0 eV (phas been related to an oxide
experience a high BE shift. So, the calculated oxidation state species. This species was correlated witldY since vana-



L. O’'Mahony et al. / Journal of Catalysis 227 (2004) 270-281 279

Table 3
XPS characteristics of the oxidation states of vanadium
Solid BE (FWHM) (eV) A(O 1s-V 2p7) Vox® Energy reference Preparation Reference

V 2p3/2 O1s (eV) (eV)
VOHPOy - 0.5H,0 517.5(2.0) 532.2(3.0) 1a 38 2846 Organic [25]

517.2 2846 Organic [21]

516.6 531.2 14 4.0 2848 Organic The present work
(VO),P,07 517.3 531.8 156 4.0 2850 Agqueous [22]

516.7 (2.0) 531.1(2.4) 18 40 2850 Solid-state  [20]

reaction

517.9 532.5 16 39 2850 Organic [23]

517.3 2846 Organic [21]
B-VOPOy 518.2 (1.6) 531.4(2.0) 8 2850 Solid-state  [20]

reaction

518.6 531.6 1® 50 2850 Aqueous [22]
a-VOPQy 516.6 (1.8) Agqueous [24]
o)1 -VOPOy 516.5(1.7) 532.7(2.2) 1B 28 2846 Organic [25]
3-VOPOy 518.0 531.0 13 5.0 2845 Organic [26]
V505 517.6 530.6 19 50 2848 [38]

518.3 2848 [39]

517.4 530.6 12 48 2848 [40]

517.4 2848 [22]

517.4 530.3 13 50 2848 [41]

517.6 2848 [42]

517.3 2848 [43]

517.4 530.0 15 5.2 2848 The present work
V503 516.8 2848 [39]
VOPOQy - 2H,0, VOPQ, - H,O  518.1 531.2 13 5.0 2848 The present work
Defects on \4Og 515.5 531.2 15 33 2848 The present work

& The average oxidation state was calculated by usingBg.
b The position of the C 1s peak.

dium oxide consuming durgsynthesis was accompanied at 517.4 eV, the hydrate-rich sample contains an essential
by a decrease in intensity of the peak at 530.0 eV. The nextamount of \bOs, whereas the ionic oxygen is almost absent
O 1s peak at 531.2 eV (0 was identified as a phosphated in the O 1s spectra. This phenomenon cannot be explained
oxygen species. The peak was observed to increase in inby simply losing resolution and broadening of the V 2p lines
tensity as synthesis time evolved, reflecting the formation because (i) other XPS lines particularly C 1s did not get
of phosphate species. Two O 1s peaks were also identified abroader and (ii) the ¥Os reflections are clearly detected by
531.9eV (') and 532.9 eV (¢Y) and were assigned as OH  XRD (Fig. 6). On the other hand, by assuming that the trans-
and H0, respectively. The wateoacentration increases to  formation of the ionic oxygen may be due to the C-O bond
almost 30 at% by 5 min of synthesiBi¢. 8, see the peak  formation and therefore the O 1s peak shifts to 531.2 eV,
at 532.8 eV, the &Y state) and showed a very modest de- @ good qualitative and quantite¢i agreement between the
crease. In fact, water is the product of vanadium reduction in vanadium and oxygen species can be achieved.
alcohol media; therefore some accumulation 86Hn sam- A preliminary summary of the XPS results conclude that
ple porosity is expected. The other possible source of waterthe ex situ XPS data showed a qualitative correlation with in
is the disproportionation of the alcohol hydroxyl groups in Situ XRD, whereas quantitative analysis required taking into
vacuum. account several factors.

It should be noted that carbon contamination was a factor
that greatly hindered the quantitative analysis. The carbon4.2. Chemical mechanism: From V2Os to
contamination was as high as 40 at% for the refluxe@s/ VOHPQy - 0.5H20
samples dropping down to 16 at% in 120 min. The problem
is that a decrease of total carbpercentage is accompanied This study of the crystallisation of VOHRG0.5H,0 has
by the growth of the amount of the partially oxidised car- successfully identified VOPQ 2H,0 and VOPQ - H20 by
bon represented by the C 1s peak at 286.4 eV as shownXPS and XRD as a phase, which forms at short synthesis
Fig. 9. The oxygen species bond to carbon might result in times. The preponderance of the Vs2ppeak at 518.2 eV in
the O 1s signal in the range from 530.5 to 531.5 eV. Also, the hydrate-rich phase (sB&ys. 6 and Yand the occurrence
carbon might attach to the ionic oxygen=® bond, trans- of a peak at this binding energy are observed in samples iso-
forming this species into a more covalent one. As shown lated from the synthesis mixture at short synthesis times after
Fig. 7, according to the intensity of the V 2p component  the addition ofortho-HsPO;4. A further point of interest is
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Fig. 10. P:V ratio calculated from XP&ata as a function of the synthesis
time.

the similarity in phase evolution during in situ monitoring of
the synthesis by XRD (sddg. 1) and the ex situ analysis by
XPS (sed-ig. 5).

L. O'Mahony et al. / Journal of Catalysis 227 (2004) 270-281

proximately 60—70% of the initial charge of,®@s remains
undissolved after 4 h of reflux, prior to the addition of
ortho-H3zPOy. The maximum surface P:V ratio corresponds
to the time at which the ¥ species Fig. 5), the O'
species Fig. 8), and the ¢ species Fig. 9) all approach
their maximum values. The increasing P:V ratio observed
up to 40 min may be largely assigned to rapid dissolution of
V205 and formation of a VPO phase following phosphate
addition. The cross sectionBig. 3) show individual parti-
cles that appear to delaminate and evolve well beyond the
time when all VOPQ - H2O has been transformed with a
densification of the interior of these particles at larger syn-
thesis times. This mechanism of VOHR@.5H,0 forma-

tion is entirely consistent with the work of Okuhara’s group
[36,37] This group prepared VORO 2H,0 separately and
added 2-methylpropan-1-ol at two temperatures. They ob-
served exfoliations of the platelets caused by intercalation
of alcohol molecules. Our mechanism, for higher synthesis
temperatures, also identified VOREO2H,0O formation and
delamination, followed by growth of VOHP00.5H,0 and
densification as important steps in the synthesis. Important

In all major features, the XPS data support the earlier €vidence in this regard is the increase in particle volume of

proposed mechanisph9], namely that VOP®- 2H,0 dehy-
drates to VOP®- H>0, delaminates to relieve strain, and the
delaminated edges of VOROH,0 serve as the nucleation
points for growth of VOHPQ@ - 0.5H,0 as well as reduc-
tions of VOPQ - H,0 phase. The additional insight provided

by the XPS technique allows us to trace the development of
surface vanadium, oxygen and carbon states as well as the

surface P:V ratio.

20 unt in Fig. 2to a value of over 900 pfin Fig. 3.

5. Summary

It is apparent from this study that it is possible to follow
the mechanism of crystal growth by XPS. This study demon-

_ The evolution of vanadium and oxygen surface states gyrates the importance of monochromatic X-ray source
is entirely self-consistent. The carbon states, particularly seq for the detailed characterisation of the surface species

the development of partially oxidised carbon-containing
species, are not surprising since reduction 8f \By alco-
hol will inevitably lead to oxidation of the alcohol. A point

of interest is the retention of the oxidised carbon species
on the surface, although it must be pointed out that there

is no evidence from XRDI spacings for VOP®- 2H,0,
VOPQ - H20, or VOHPQ - 0.5H,0 for any appreciable

intercalation of carbon-containing species when synthesis
is performed at reflux. As noted above, carbon contamina-
tion was high for all samples but decreases from 40 at% at

formed during the VOHP®- 0.5H,0 synthesis.

Remarkably in situ monitoring of the synthesis by XRD
and the ex situ analysis by XPS demonstrate very consistent
results. The additional insight provided by the XPS tech-
nique allows us to trace the development of surface vana-
dium, oxygen, and carbon states as well as the surface P:V
ratio. VOPQ - 2H,0 and VOPQ - HoO were successfully
identified by XPS as a phase, which forms at short synthesis
times. The occurrence of the V 2p peak at 518.1 eV was

short synthesis times to 16 at% after 120 min. In view of observed in samples recovered from the synthesis mixture

the nature of the crystalline habit of the VOHP@.5H,0
particles which form, namely distorted platelets with a pre-

at short synthesis times after the additionootho-HzPOy.
The XPS data point to a palpable trend whereby the hydrate

ponderance of exposed (001) planes, we may postulate thaPh@se concentration decreases whereas thes)é ppak at
partially oxidised carbon species attached to the {001} facets 516.6 €V characterised VOHROO0.5H0 increases in in-

of VOHPQO, - 0.5H,O may disrupt growth on this face,
favouring addition of vanadium to the side faces giving the
well-known platelet-like habits.

A further feature of interest is the evolution of the P:V
surface ratio (se€ig. 10. The V,0s component added to
the alcohol mixture never fully dissolves during reflux prior
to phosphorus addition. This is evident Higs. 1 and 2

which show some undissolved vanadium oxide present. Ap-

tensity. A consistent decrease in intensity of XRD reflections
of V205 and depleting V 2g» peak at 517.4 eV repre-
sent the consumption of D5 in the reaction. All XPS data
were in a good agreement with the earlier proposed mecha-
nism[19], which supposed that VORO 2H,O dehydrates

to VOPQ, - H20 and delaminates and the delaminated edges
of VOPO;, - H20 serve as the nucleation point for growth of
VOHPQy - 0.5H,0.
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