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ABSTRACT: Bulk mixed metal oxides are widely used in industry for various
oxidation reactions, but there is still debate in the heterogeneous catalysis
literature about the nature of their catalytic active sites. In the present study, the
two-component iron vanadate mixed metal oxide system is employed to investi-
gate the outermost surface composition and surface chemistry of the bulk
FeVO, mixed metal oxide catalyst. The bulk V,0s, 0-Fe,;O3, and supported
4% V,05/0-Fe,O3 metal oxide systems were also investigated to better under-
stand the surface composition and surface chemistry of the bulk FeVO, catalyst.
Raman spectroscopy confirmed that the bulk FeVO, was phase pure and has
no contribution from excess V,0s and -Fe,O; phases. IR spectroscopy
confirmed that the model supported 4% V,0s/a-Fe,O3 catalyst consists of
an amorphous surface VO, monolayer on the a-Fe,O; support. The surface
chemistry of the metal oxides was chemically probed with temperature
programmed CH3;OH-IR spectroscopy and revealed that both intact surface A4
CH;OH* and CH;0* species are present on the catalysts. On acidic 0.-Fe, O3, the surface CH;OH* and CH;O* intermediates yield
CH;OH and dimethyl ether (DME), respectively. For the redox V,0s, FeVO, and supported 4% V,0s/0-Fe,O5 catalysts:
however, both surface intermediates primarily give rise to HCHO. These results confirm that the surface of bulk FeVO, and
supported 4% V,0s/0-Fe,Oj; catalysts are similar and that surface VO, species are the catalytic active sites for methanol oxidation to
formaldehyde over bulk FeVO, catalysts. This conclusion is supported by HR-TEM images that reveal an amorphous VO, enriched
layer of ~1 nm at the outer surface of the bulk FeVO, catalysts. Methanol oxidation over bulk FeVO, was found to proceed via a
Mars—van Krevelen mechanism, where the reduced surface VO, species are reoxidized by bulk lattice oxygen rather than gas phase
molecular O,. This study demonstrates that the catalytic active sites for oxidation reactions over the bulk FeVO, mixed oxide reside
in the outermost surface layer and not in the bulk lattice structure.
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1. INTRODUCTION and continues to be debated in the catalysis literature.’ The
absence of detailed surface information about the bulk mixed
metal oxides has primarily been responsible for the lack of
scientific progress in this field. Given that the bulk mixed metal
oxides readily lend themselves to bulk characterization, bulk
spectroscopic techniques (XRD, TEM, Neutron Diffraction,
EXAFS/XANES, solid state NMR, UV—vis, IR and Raman
spectroscopy) have almost exclusively been employed in their

employed for the oxidation of n-butane to maleic anhydri de.® characterization. In contrast, the limited surface information

Examoles of three and four component bulk mixed metal oxides about the catalytic active sites has hampered the establishment
are thz Mo—V—Nb—0 and MP_ V—Nb—Te—O catalysts that of fundamental structure—activity/selectivity relationships for
4 bulk mixed metal oxide catalysts.

Bulk mixed metal oxides with two or more metals are widely
used as commercial catalysts for various processes in the petro-
chemical industry.' > A few examples of two-component bulk
mixed metal oxide catalysts are bismuth molybdate and iron
molybdate. Bulk bismuth molybdate selectively oxidizes propyl-
ene to acrolein and acrylic acid' and iron molybdate selectively
oxidizes methanol to formaldehyde.” Bulk V—P—O catalysts are

are effective for oxidative dehydrogenation of propane to propylene
and ammoxidation of propane to acrylonitrile, respectively.*

Despite the wide industrial application of bulk mixed metal oxide Received: ~ October 23, 2010
catalysts, the origin of the enhanced catalytic activity and Revised: ~ November 23, 2010
selectivity of bulk mixed metal oxides is still not fully understood Published: December 20, 2010
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The ability of low energy ion scattering (LEIS) spectroscopy
to provide information about the outermost layer of a catalyst,
~0.2 nm, makes it the technique of choice for surface characteri-
zation of bulk mixed metal oxide catalysts.” Although LEIS
studies of bulk mixed metal oxide catalysts are rather limited at
present, several important findings have recently been reported.
LEIS spectroscopic characterization of bulk mixed metal vana-
dates and molybdates have found that their surfaces are enriched
with vanadium and molybdenum, respectively.® Guliants et al.
have similarly found that for the bulk Mo—V—Te—Nb—O
catalyst the surface is enriched with vanadium and molybdenum.’

Bulk vanadates have received attention for their catalytic
activity and selectivity toward oxidation of methanol to formal-
dehyde because of their higher activity and less likelihood of
decomposition at higher temperatures as compared to bulk
mixed metal molybdates.'”"" Among the bulk vanadates, bulk
FeVO, is interesting because of its structural similarity to the
industrial bulk iron molybdate catalyst (Fe,(M0O,);)."* The
crystal structure of the bulk FeVO, sample used in this study
was confirmed with XRD and its phase puritgf, absence of V,05
nanoparticles, with Raman spectroscopy.'® The number of
exposed catalytic active sites were determined with CH;OH
chemisorption and used to calculate the turnover frequency
(TOF) for methanol oxidation."”** Methanol oxidation chemi-
cal probe studies revealed that only surface redox sites are present
on the bulk FeVO,.'"* In spite of these studies, the molecular
details of methanol oxidation by bulk FeVO, catalysts still have
not been resolved.

To obtain additional fundamental insights about the molecular
level details of bulk mixed metal oxide catalysts in selective oxidation
reactions, the model bulk iron vanadate two-component bulk
mixed metal oxide system was chosen for the CH;OH oxidation
to HCHO reaction. The catalysts employed in this investigation
consisted of bulk FeVO,, V,Os, a-Fe,05 and a model vanadium
oxide supported on -Fe,O3 (VO,/a-Fe,03). The structures
and phase purity of the catalytic materials were confirmed with
Raman spectroscopy. The CH3OH oxidation reaction was
chosen because methanol is a “smart” chemical probe molecule
that can discriminate between different types of surface sites
(redox, acid, or base),">'® distinguish between the different
coordinated surface cations (Fe vs V), and also determine the
number of exposed surface catalytic active sites (Ns).'*'” Special
emphasis has been placed on obtaining surface information by
employing operando IR-temperature programmed surface reac-
tion (TPSR) spectroscopy with the CH3;OH chemical probe
molecule.

2. EXPERIMENTAL SECTION

2.1. Catalyst Synthesis. The bulk FeVO, was synthesized by
coprecipitation through an organic route using the precursors
iron nitrate (Fe(NOj3);+-9H,0; Alfa Aesar Products, 99.9%),
ammonium vanadium oxide (NH,VO3; Alfa Aesar Products,
99.9%), and citric acid (HOC(COOH)(CH,COOH),-H,0;
Alpha Aesar Products, 99.9%). To 200 mL of distilled water, S g
of ferric nitrate and 2.5 g of citric acid were added and mixed until
the complete dissolution of salts. Citric acid was added to ensure
that the molar number of equivalent anions equaled that of cations.
About 1.45 g of NH,VO; was separately added to 200 mL of
distilled water and then mixed with the 200 mL of distilled
water—citric acid—nitrate solution. The mixture was dried in a
steam bath until a glassy textured solid was observed. The solid
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were further dried overnight at a temperature of 70 °C, sub-
sequently, ground and calcined at 550 °C for 4 h to obtain a
crystalline material.'® Commercial 0-Fe,05 (Alfa Aesar Prod-
ucts, 99.9%) was calcined at 300 °C in air for 2 h prior to being
used as support for synthesis of the supported V,0s/0-Fe, O3
samples. The supported V,05/0-Fe, 05 catalyst was prepared by
incipient wetness impregnation of 2-propanol solutions of vana-
dium isopropoxide (VO—(O—Pr');, Alfa-Aesar 97% purity).
The preparation was carried out inside a glovebox under the
continuous flow of N,. After the impregnation of the desired
amount of vanadium isopropoxide and 2-propanol solution, the
sample was kept inside the glovebox with flowing N, overnight.
The sample was subsequently dried in flowing N, at 120 °C for
1 h and subsequently at 300 °C for 1 h. The sample was then
calcined in flowing air at 400 °C for 4 h to yield the supported 4%
V,05/0-Fe,0; catalyst."® The bulk vanadium oxide was synthe-
sized by thermal decomposition of NH,VOj3 at 300 °C for 4 ht

2.2. BET Specific Surface Area. The BET surface area of the
catalyst samples was measured by nitrogen adsorption—desorption
in flowing N, at —196 °C with a Quantasorb surface area
analyzer (Quantachrome Corporation, model OS-9). A sample
quantity of ~0.3 g was typically employed for the measurement,
and the sample was outgassed at 250 °C before N, adsorption
(Quantachrome Corporation, model QT-3).

2.3. Raman Spectroscopy. The Raman studies were per-
formed with a Horiba-Jobin Yvon LabRam-IR High Resolu-
tion spectrometer equipped with a 532 nm visible laser source
(Yag double-diode pumped laser, coherent 315 m, 20 mW). The
Raman spectrometer was equipped with a confocal microscope
(Olympus BX-30), notch filter (532 nm), S0X objective, and
single-stage monochromator with 900 grooves/mm %rating. The
Raman spectral resolution was better than 2 cm . The laser
power was 20 mW at the sample so as to minimize any laser-
induced alterations of the sample. The scattered light from the
sample was passed through the monochromator grating and
collected with a visible sensitive LN,-cooled CCD detector
(Horiba—Jobin Yvon CCD-3000 V). The LabSpec S software
was used to operate the experimental set up and collect the
Raman spectra. The Raman spectra of bulk V,05 and FeVO,
catalysts were collected under ambient conditions as loose powder.
The Raman spectra of the a-Fe,O3 support and supported 4%
V,0s/a-Fe,O; were collected under dehydrated conditions
using the in situ environmental reaction cell (Linkam T 1500).
The 0-Fe,O; and supported V,0s/0-Fe,O5 catalysts were
maintained as loose powder and dehydrated at 400 °C for
30 min under flowing 10% O,/Ar (Airgas, ultrahigh purity and
hydrocarbon-free) environment. After the catalysts were cooled
to 100 °C under the oxidized environment, the Raman spectra of
the dehydrated samples were collected.

2.4. FT-IR Spectroscopy. The IR spectra were obtained with
an FT-IR spectrometer (SensIR) attachment on the Horiba-Jobin
Yvon LabRam-IR high-resolution spectrometer system. The
LabRam-IR spectrometer allowed for the same catalyst spot
analysis for Raman and FT-IR spectroscopy. The FT-IR spectra
were collected in the diffuse reflectance mode by use of a total-
reflecting objective (Cassegrain/Schwarzschild type). The mid-
IR (400—4000 cm ') spectra were recorded with an MCT
detector at a spectral resolution of 4 cm™ ' using 100 signal-
averaged scans. About ~5—10 mg of loose powder was typically
placed in the environmental cell, equipped with a CaF, window,
to perform in situ IR, as well as temperature-programmed reac-
tion studies. The procedures for sample pretreatment and exposure
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to different gaseous environments are described in detail in
the CH3;OH-TPSR spectroscopy section below. The IR spec-
tra were collected by using Qualld-IR software (version 2)
manufactured by SensIR Technologies. The FT-IR spectra
presented in this paper were background subtracted with
spectra collected at 100 °C under a flowing 10% O,/Ar
environment.

The IR spectra of the model supported 4% V,05/0-Fe,0;
catalyst were also collected under ambient and dehydrated
conditions. The spectra were obtained with a Thermo Nicolet
8700 FT-IR spectrometer equipped with a Harrick Praying
Mantis attachment (model DRA-2) for diffuse reflectance spec-
troscopy. Approximately 30 mg of each sample in powder form
was loaded into the cup of the Harrick cell (model HVC-DR2
with a CaF, window). The IR spectrum of the hydrated catalyst
was collected under ambient conditions. The sample was sub-
sequently heated at a rate of 10 °C/min (Harrick ATC/low
voltage temperature control unit) in the Harrick cell to 400 °C
and held for 45—60 min under 30 mL/min flowing 10% O,/Ar
(Airgas, certified, 10.00% O,/Ar balance) before cooling to room
temperature. The IR spectra were collected every 90 s using a
DTGS detector with a resolution of 4 cm ™ and an accumulation
of 72 scans. The spectral cutoff for our cell window is about
800 cm™ . The collection of the initial IR gas phase background
was performed by placing a reflective mirror in the laser path,
while using the Harrick Praying Mantis attachment, at approxi-
mately the same height as a full sample cup of the Harrick Cell.

2.5. High-Resolution Transmission Electron Microscopy
(HR-TEM). Samples for TEM analysis were prepared by dispers-
ing the catalyst powder in high purity ethanol, and then allowing
a drop of the suspension to evaporate onto a lacy carbon film
supported by a 300 mesh copper TEM grid. Conventional bright
field (BF) TEM images of the samples were collected on a JEOL
2000FX TEM operating at 200 kV. High-resolution TEM
(HR-TEM) imaging was performed on a 200 kV JEOL 2200FS
(S)TEM equipped with an in-column Q-filter and having a
point-to-point resolution in TEM mode of 0.19 nm."” Elemental
analysis of the catalyst samples was carried out using electron
energy loss spectroscopy (EELS) in scanning mode. Low elec-
tron dose settings were used during electron microscopy char-
acterization to minimize electron beam irradiation modification
to the samples.

2.6. CH30H-TPSR Spectroscopy. The CH;OH temperature-
programmed surface reaction (TPSR) spectroscopy experiments
were performed on an Altamira Instruments system (AMI-200)
connected to an online Dymaxion Dycor mass spectrometer
(DME200MS) for residual gas analysis of reaction products.
The execution of the experiment, as well as the collection of
data, was done by the “Dycor System 200” software. Typically
about ~250 mg of catalyst was loaded into a U-tube sample
holder. The sample was initially dehydrated to remove adsorbed
moisture by heating up to 350 °C for 40 min in air (Ultra Zero
grade, flow rate = 25 sccm). The sample was then cooled down
in flowing air to 110 °C and further cooled in flowing He for an
additional 30 min. The flowing helium step assured that the
system was purged of air. Subsequently, methanol was adsorbed
on the catalyst at 100 °C from a gas stream of 2000 ppm
CH;OH in He (Airgas, Spec grade) for 30 min. The adsorption
temperature of 100 °C was selected based on earlier work,
which has shown negligible physisorption of CH3;OH at this
temperature since physically adsorbed CH;OH desorbs below
100 °C.*° The catalyst sample containing the chemisorbed
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methanol was then flushed with flowing He for another 60 min
to remove trace amounts of CH;OH present in the line and
possibly weakly adsorbed methanol. At the same time, the
filament of the mass spectrometer was switched on to provide
enough time for stabilizing the signal. The CH;OH-TPSR
spectroscopy experiment was then initiated in the flowing He
(30 sccm) by increasing the temperature at a rate of 10 °C/min
until 400 °C. Blank reactions were performed to confirm the
absence of any contribution from the glass U-tubes and from
the line between the catalyst bed and the online MS. The gas
line connecting the exhaust gases from the TPSR unit to the
mass spectrometer (MS) was maintained at ~130 °C to avoid
condensation of products and reactant methanol. It was also
determined that for the above experimental conditions complica-
tions because of readsorption, concentration gradient in particles,
lag times because the diffusion and hold-up in the sample are
minimal,'**"

Cyclic experiments were performed to check the reaction
mechanism of catalysts by performing continuous adsorption
and desorption cycles without exposing the sample to the gas
phase or ambient O,. After the completion of first cycle of
adsorption and desorption, the MS was turned off and the sample
was allowed to cool down in flowing Ar environment from 400 to
100 °C and maintained at 100 °C for 30 min. Methanol was then
adsorbed at 100 °C for 30 min, the line was purged with He and
the MS was switched on for stabilization. Subsequently, the
temperature was ramped up to 400 °C with Ar while the prod-
ucts were analyzed in the mass spectrometer. Typically three
adsorption—desorption cycles were performed for samples in the
cyclic TPSR experiment.

All the oxidation products, as well as unconverted methanol,
were detected on the basis of their m/e numbers in the mass
spectrometer. The m/e values employed for detection of various
products were as follows: CH;0H (methanol) = 31, HCHO
(formaldehyde) = 30, CH;0CHj (dimethyl ether/DME) = 45,
CH;00CH (methyl formate/MF) = 60, (CH;0),CH,
(dimethoxy methane/DMM) = 75, H,O (water) = 18, CO
(carbon monoxide) = 28, and CO, (carbon dioxide) = 44. The
HCHO m/e = 30 mass spectrometer signal was corrected for the
small CH3;0H m/e = 30 cracking contribution in the MS.
Formation of CO and CO, was also observed during the
CH;OH-TPSR experiments and is related to readsorption of
HCHO and its subsequent oxidation via surface formates
(HCOO0*).*° The HCHO/CH;OH-TPSR spectra were further
analyzed for their surface kinetic information. The first-order
Redhead equation was apglied to calculate the activation energy,
E,, for HCHO formation®*

E,
RTy2  B°°F < RTP>
in which E, = activation energy for the reaction (kcal/mol), R =
universal gas constant (kcal/kmol K), T, = desorption peak
maximum temperature (K), v = pre-exponential factor (s ),
and f3 = heating rate = 10 K min ™ .

Previous work on methanol oxidation has shown that the
formation of HCHO from CH;OH follows first-order reaction
kinetics in methanol partial pressure.'” Therefore, the typical
first-order v = 10"* s ! value was used for the calculation of
activation energy, E,, from eq 1.>* The use of the first-order v =
10" s~ " value was also confirmed by recent DFT calculations for
methanol oxidation over VO,-based catalysts.*> This allowed for

(1)
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calculation of the first-order rate constant for the rate-determining-
step (rds), kg4, from the relationship
E,
RTref

in which T, is the reference temperature used for comparative
purposes, which was 230 °C.

2.7. Steady-State Methanol Oxidation. Steady-state methanol
oxidation studies over bulk a-Fe,QOj3, bulk V,Os, bulk FeVO,, and
supported 4% V,0s/0-Fe,O3 catalysts were performed in an
isothermal fixed-bed reactor under atmospheric pressure at a tem-
perature of 230 °C. A reactant stream of CH;OH/O,/He with molec-
ular composition of 6/13/81 and a total flow rate of 100 mL/min
was flowed through the reactor. An online HP 58901 GC equip-
ped with Carboxene-1000 packed and CP-sil 5 CB capillary col-
umns for TCD and FID detectors, respectively, was employed to
analyze the reactants and products. About 10—100 mg of sample
was placed in a quartz reactor (ID = 0.35 in.) and treated with
O,/He stream at 300 °C for 30 min prior to the reaction. Methanol
was subsequently introduced to the reactor maintained at 230 °C to
perform oxidation reaction. Three experimental reaction runs were
taken at 230 °C to ensure the reproducibility of the data. During the
process care was taken to avoid heat and mass transfer limitations.**
The methanol conversion, product selectivity and catalyst activity at
the corresponding reaction temperature were calculated from the
experimental reaction data. Blank runs were also performed to
confirm the absence of any catalytic activity of the quartz reactor.

The CH;0H adsorption equilibrium constant, K,q, (atm™ ),
is determined by combining the k4, values from CH;OH-TPSR
and the corresponding TOF values from the steady-state reaction
kinetics

kegs (s71) = 10" exp(— (2)

TOF (sil) = krdsKadsPCH3OH (3)
where K4, is the CH3;0H adsorption equilibrium constant and
Pch,on is the partial pressure of methanol (atm).

3. RESULTS

3.1. BET Surface Area. The BET surface areas of bulk
o-Fe, 03, V,05, FeVO,, and supported 4% V,0s/0-Fe, 05
catalysts are presented in Table 1. Bulk V,05 possesses a low
surface area of 3.5 mz/g, and bulk a-Fe,O; has a modest
surface area of 23 m”/g. The surface area of the supported
4% V,05/0-Fe, 03 is also 23 mz/g and reflects the stability of
0.-Fe, O3 support toward calcination upon the impregnation
of small amounts of vanadium oxide. The stoichiometric
FeVO, compound has a modest BET surface area of 8 mz/g,
which is twice the surface area of bulk V,Og. The BET surface
area of bulk V,Qj, obtained from calcination of NH,VOy3, at
400 and 450 °C is approximately 4 m>/g."'>"”

3.2. Raman and Infrared Spectroscopy. Raman spectros-
copy was used to examine the metal oxide phases present in the
synthesized catalysts. The Raman spectra of bulk 0.-Fe, O3, V,Os,
FeVO,, and supported 4% V,0s/a-Fe,O3 are presented in
Figure la. The Raman spectrum of the dehydrated o-Fe,O;
support possesses sharp bands at 607, 498, 406, 288, 241, and
222 cm” ' that are characteristic of the a-Fe,O5 phase.”® The
Raman spectrum of bulk V,Oy exhibits bands at 994, 700, 523,
477, 402, 299, and 279 cm reflecting the crystalline V,05
phase.”® The Raman spectrum of the bulk FeVO, mixed metal
oxide contains bands at 971, 936, 910, 900, 850, 836, 773, 738,
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Table 1. BET Surface Area, Total Number of Active Sites
(N;), TPSR T,, Values, and First-Order Rate Constants, k4,
for HCHO Formation for Bulk a.-Fe,03, V,054, FeVO,, and
Supported 4% V,05/0a-Fe, O3 Samples

surface N, T, keds
catalyst area (mz/g) (umol/m?) (°Cc) s

-Fe,0, 23 7.8 186 (CH,0H)

189 (HCHO)  0.19

242 (DME)
V,05 (300)° 4 13.8 201 0.09
V,05 (400)° 4 5.8
V,05 (450)* 4 0.7
FeVO, 8 3.1 200 0.09
supported 23 3.8 195 0.13

49 V,04/0-Fe, 04

“The number given in the bracket is the temperature in °C at which
NH,VO; was calcined for 4 h to obtain the V,Oj bulk oxide. ” Ref 11.
2

Ref 14.

664, 634, 370, and 327 cm ™! characteristic of the bulk FeVO,
phase.'” The absence of Raman bands from crystalline 0.-Fe,O5
or V,05 nanophases demonstrate that the bulk FeVO, mixed
metal oxide is phase pure. The dehydrated Raman spectrum
of supported 4% V,0s/-Fe,O; catalyst is also presented in
Figure la and is dominated by the bands of the crystalline
0-Fe,0; support phase. A new small band observed at ~652 cm ™'
is consistent with the vibrations from bridging V—O—Fe bonds.
The absence of corresponding Raman bands from V,05 and
FeVO, nanophases indicates that these crystalline phases are not
present in the supported 4% V,0s/a-Fe,O5 catalyst and sug-
gests that the vanadium oxide phase is dispersed on the surface of
-Fe, 05 support as surface VO, species. The absence of the
expected V=0 vibration at ~1030 cm™ ' in the Raman spectrum
is most probably due to the strong Raman absorption by the
a-Fe, O3 support in this region.27

The corresponding IR spectra of the supported V,0s/
-Fe, 05 catalyst under ambient and dehydrated conditions are
presented in Figure 1b. The IR spectrum under ambient condi-
tions exhibits two bands at ~1600 and 970 cm ', The IR band at
~1600 cm ' is from condensed water vapor on the catalyst
surface, and the band at 970 cm™ " arises from hydrated surface
VO, species.” Upon dehydration at 400 °C, the IR band from
condensed water vapor is no longer present because of vaporiza-
tion of the moisture, and the 970 cm ™" band, from the hydrat-
ed surface VO, species, is replaced by a new sharp band at
~1018 cm ™" that is characteristic of dehydrated surface VO,
species on the 0-Fe,05 support.® Thus, the IR spectra of the
hydrated and dehydrated supported 4% V,05 /0.-Fe,O5 catalyst
reveals that the supported vanadia phase is present as two-
dimensional surface VO, species on the ®t-Fe,O5 support.

3.3. High-Resolution Transmission Electron Microscopy
(HR-TEM). 3.3.1. Bulk FeVO, Catalyst. Representative BF and
HR-TEM images of the bulk FeVO, material are presented in
Figure 2a and b, respectively. A bimodal distribution of particle
sizes was observed in the BF image of the FeVO, sample in
Figure 2a with the majority of the particles in the 100—200 nm
size range and the minority in the 10—50 nm size range.
Regardless of particle size, an amorphous surface overlayer was
always observed having a thickness of 0.4—2.0 nm. The amor-
phous overlayer is clearly visible in profile view in Figure 2b and is

dx.doi.org/10.1021/cs1000569 |ACS Catal. 2011, 1, 54-66
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consistent with previous observations of Luo et al.*** Similar
amorphous overlayers have also been previously observed in other
bulk mixed oxide catalyst systems.**” > It was proposed that the

3) s & §
| 4%V,0/o-Fe,0,
3 |
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Figure 1. (a) Raman spectra of bulk o-Fe,O3 (dehydrated), V,O4
(ambient), FeVO, (ambient), and supported 4% V,0s/0-Fe,0;
(dehydrated) catalysts. (b) IR spectra of the supported 4% V,0Os/0.-Fe,O3
catalyst under ambient and dehydrated conditions at room temperature.

amor;)hous overlayer was a thermodynamic equilibrium struc-
ture® and the variations in the amorphous layer thickness could
be a result of different crystal facet terminations or local fluctua-
tions in calcination conditions. It should be noted, however, that
such mixed oxide materials are often prone to electron beam
damage,* and structural modification can sometimes be observed
under prolonged intense electron irradiation. Although experi-
mental conditions were carefully optimized during our HR-TEM
image acquisition to minimize damage to the sample, we cannot
rule out the possibility that some small fraction of the observed
amorphous layer may be a result of electron-beam-induced
amorphization. Analysis of the lattice fringe details in our
HR-TEM images confirms that the bulk FeVO, phase adopts a
triclinic structure.

Elemental analysis by electron energy loss spectroscopy
(EELS) analysis was performed using an electron probe having
a 1 A FWHM size and 1S pA probe current. To reduce beam
damage effects, the electron probe was rastered overa 2 x 2 nm*
area at high scanning speed during EELS spectral acquisition. An
EELS spectrum was acquired from both the center and the edge
of individual FeVO, particles (Figure 3). Although some loss of
material and reduction of V°¥ and Fe*" (as revealed by the
changes in the electron energy-loss near-edge structure) under
the electron beam was observed during EELS spectra acquisition,
preferential sputtering of V or Fe atoms should not be an issue
since they have very similar atomic masses. Qualitative analysis of
the EELS spectra (using the VL, ; and Fe L, ; edges) revealed a
definite increase in V/Fe ratio at the edge of the catalyst particles,
1.1 £ 0.1 at the center and 1.5 &£ 0.2 at the edge, reflecting that
V is enriched, relative to Fe, in the surface layers of the catalyst.

3.3.2. Model-Supported 4% V,0s/0-Fe;O5 Catalyst. Repre-
sentative BF and HR-TEM images of the 4% V,05/0-Fe;0;
model catalyst are presented in Figure 4a and b, respectively. A
broad particle size distribution ranging from 10 to 100 nm was
observed for this sample, and most of the particles possessed a
faceted plate-like morphology (Figure 4a). No discrete crystal-
line V,05 or FeVO, phases were found by selected area electron
diffraction (SAED), which matches well with a pure 0-Fe,05
phase (See Figure S1, Supporting Information). Even though
the HR-TEM images of this model catalyst were taken under
identical low dose illumination conditions to those used for the
FeVO, sample, no obvious amorphous layers were observed in

100 nm

Figure 2. (a) Representative BE-TEM image of the FeVO, catalyst. (b) Representative HR-TEM image of a triclinic FeVO, particle along the [122]

zone axis in which a surface amorphous layer is evident.
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Figure 3. EELS spectra taken from (a) the center and (b) the edge of a bulk FeVO, catalyst particle using a 1 A probe scanned in a 2 X 2 nm” raster.
The V/Fe atomic ratios are 1.1 & 0.1 in spectrum a and 1.5 £ 0.2 in spectrum b.

Figure 4. (a) Representative BF-TEM micrograph of the model supported 4% V,0s/a-Fe,O; catalyst. (b) Representative HR-TEM micrograph of the
model supported 4% V,0s/a-Fe, 05 catalyst.
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Figure S. Methanol-infrared spectra of bulk a-Fe,O3, V,05, FeVO,,
and supported 4% V,0s/0-Fe,O5 catalysts after CH;OH chemisorp-
tion at 100 °C.

this model catalyst material (Figure 4b). This suggests that
the supported vanadium oxide phase is well dispersed in a mono-
layer or submonolayer fashion on the surface of the crystalline
0.-Fe, O3 particles. The presence of the dispersed VO, over the
0.-Fe, O3 particle surface was confirmed by the weak V signal in
both X-ray energy dispersive spectra (XEDS) and EELS spectra
collected from this sample.

3.4. CH;0H-IR Spectroscopy. The in situ IR spectra after
methanol chemisorption at 100 °C on the bulk V,0s, a-Fe, 05,
FeVO,, and supported 4% V,0s/0-Fe,O3 catalysts are pre-
sented in Figure S. The IR spectra prior to the CH;0H
adsorption on the dehydrated catalyst sample in the O,/He
environment have been subtracted from that of methanol-
exposed surfaces to isolate the surface vibrations resulting from
methanol adsorption. Both surface CH;0* and intact surface
CH;OH* species, with the molecular methanol bound to Lewis
acid surface sites (L—CH;OH), are observed for the bulk
0-Fe,03, V,05, FeVO,, and supported 4% V,0s/a-Fe,0;
catalysts. For all samples, the presence of surface CH3;0* species
is prominent compared to the surface intact CH;OH* species.
For bulk o-Fe,03, the surface Fe—OCH; vibrations are ob-
served at 2924 and 2820 cm ™', whereas the surface Fe—CH;OH
vibrations appear at 2950 and 2850 cm ™~ '. Methanol chemisorp-
tion on bulk V,Oj gives rise to a sharp peak at 2930 cm ‘anda
broad band at 2828 cm ™', which are assigned to the vibrations of
surface V—OCHj species, the bands at 2962 and 2854 cm '
originate from the intact surface V—CH3OH species. For bulk
FeVO,, predominantly surface CH30* species are observed at
2930 and 2828 cm ™ !, along with a smaller signal for the intact
surface CH;OH* species at 2956 and 2852 cm ™ '. The surface
CH;O* vibrations on FeVO, match the vibrations of the surface
V—OCH; indicating that bulk FeVO, phase is surface enriched
with VO, species. The surface CH;0* (2930 and 2828 cm™ ')
and CH;OH* (2956 and 2852 cm ') vibrations from the
supported 4% V,05/a-Fe,O3 catalyst also match the vibra-
tions of surface V—OCH; and V—CH;OH indicating that the
0.-Fe,O3 support is covered by approximately a monolayer of
surface VO, species. Comparison of the CH3;OH-IR spectrum of
bulk FeVO, with the IR spectrum of monolayer supported
V,0s/a-Fe,0; reveals that the bulk FeVO, catalyst also posses-
ses approximately monolayer surface VO, coverage.
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Figure 6. (a) Temperature-programmed CH;OH-IR spectra from the
0.-Fe,0; support. (b) Temperature-programmed CH;OH-IR spectra
from the bulk FeVO, catalyst. (c) Temperature-programmed CH;OH-IR
from the supported 4% V,0s/0-Fe,O5 catalyst.

The CH3;OH-temperature-programmed IR (TPIR) spectra
for the catalysts are presented in Figure 6a—c and reveal the
surface reactivity of intact surface CH;OH* and surface CH;0*
species on the different catalytic materials.

dx.doi.org/10.1021/cs1000569 |ACS Catal. 2011, 1, 54-66



ACS Catalysis

RESEARCH ARTICLE

a)
3
s
2
]
c
£
£
®
c
=
(7]
T T T T T T
150 200 250 300 350 400
Temperature (°C)
C o
) ] me FeVO,
e
8
2
@
c
S
£
©
[
2
n
CHOH
T T T T T T T T
150 200 250 300 350 400
Temperature (°C)

o,
201°C V,0,
3
&
2
(7]
@ |
2
£
s |
(=
2
0
T T T T T
150 200 250 300 350 400
Temperature (°C)
) 195°C 4%V, 0 Jo-Fe,0,
e
s
2
[}
c
98
£
©
c
2
»

Temperature (°C)

Figure 7. (a) CH;OH-TPSR spectra from the 0-Fe, O3 support catalyst. (b) CH;OH-TPSR spectra from the bulk V,Os catalyst. (c¢) CH;OH-TPSR
spectra from the bulk FeVO, catalyst. (d) CH;OH-TPSR spectra from the supported 4% V,05/0.-Fe,O; catalyst.

3.4.1. Bulk a-Fe;Os. The CH;OH-temperature programmed
IR spectra from 0-Fe,O; are illustrated in Figure 6a. The IR
bands at 2950 and 2850 cm ™" of the intact surface Fe—CH;0H
species are observed and decrease with increasing tempera-
ture and completely disappear at ~260 °C. The intact surface
methanol O—H vibration ¥(O—H) at 3380 cm ' also comple-
tely disappears by ~260 °C. The disappearance of chemisorbed
intact Fe—CH;O0H from the -Fe,O; surface during CH;OH-
TPIR corresponds to the appearance of CH;OH in the gas phase
during CH;0H-TPSR (see Figure 7a below), which indicates
that the intact surface Fe—CH;OH species is responsible for the
appearance of CH;OH in the gas phase in this temperature
range.

The IR bands for the surface Fe—OCHj species (2924 and
2820 cm™ '), however, only completely disappear above 300 °C
and reflect their lower surface reactivity on -Fe,O; than the
intact surface Fe—CH;OH. The temperature range where the
surface methoxy intermediate reacts corresponds to the appear-
ance of gas phase DME during the CH;OH-TPSR experiment
(see Figure 7a). Thus, the surface Fe-OCHj species on 0-Fe, O3
are responsible for the formation of DME.

3.4.2. Bulk V;0s. For bulk V,Os, methanol chemisorption also
results in the appearance of IR bands for both intact surface
V—CH;0H (2962 and 2854 cm™ ') and surface V—OCH,
(2930 and 2828 cm™ ') species, with the latter predominating
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as shown in Figure 5. The CH3;0OH-TPIR experiment, unfortu-
nately, did not result in good quality IR spectra because of the
quite low surface area of the V,05 sample and the preferential
chemisorption of methanol only on the edge planes.** Thus,
the CH3;0H-TPIR spectra for V,0O5 are not presented. The
bulk V,05 catalyst, however, exclusively yields HCHO from
redox sites and no DME from acid sites during CH;OH-TPSR
(see Figure 7b below).

3.4.3. Bulk FeVO,. The CH3;0OH-TPIR spectra from the bulk
FeVO, catalyst are shown in Figure 6b. As the temperature
is increased, the IR bands of the intact V—CH3;0H species
(~ 2958 and 2852 cm” ') decrease and disappear at ~180 °C.
The same trend is also observed for the surface V—CH;O species
(2928 and 2828 cm ') that decrease with temperature and
completely disappear at ~260 °C. Comparison of the CH;OH-
TPIR findings with the corresponding CH;OH-TPSR spectra
from bulk FeVO, reveal that both species give rise to HCHO
production from redox sites since DME is not formed (see Figure 7c).

3.4.4. Supported 4% V,0s/0-Fe;O3 The CH;OH-TPIR
spectra from the supported 4% V,0s/0-Fe,O;3 catalyst are
presented in Figure 6c and exhibit the presence of the intact
surface V—CH;0H (2956 and 2852 cm™ ') and surface
V—OCHS; (2930 and 2828 cm ™ ') species, with the latter being
the predominant species. With increasing temperature, both
surface intermediate species react and desorb from the surface
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at ~260 °C and form HCHO (see Figure 7d), which reflects the
presence of surface redox sites for the supported 4% V,0s/
0-Fe, O3 catalyst. Thus, the exclusive formation of HCHO and
the absence of DME from the supported 4% V,05/0-Fe,0;
catalyst further reveal that the acidic FeO, sites are covered by the
surface VO, monolayer.

3.5. CH3;0OH-Temperature Programmed Surface Reaction
Spectroscopy. The TPSR spectroscopy experiments were
performed with CH30H as the probe molecule to study the
surface chemical properties of the metal oxide catalysts. As
already shown above, both intact surface CH;OH* and CH;0*
intermediates are formed upon methanol exposure to the metal
oxide catalysts being investigated in this study. Depending on the
nature of active sites, the surface intermediate yields HCHO
from redox sites, CH;OCHj; from acid sites, and CO/CO, from
basic sites.'® In addition, CO/CO, can also be formed from
overoxidation of HCHO, which must be minimized. The number
of each type of catalytic active site can also be determined from
the area under each TPSR spectrum (HCHO, CH3;OCHj, or
CH;0H). In addition, the maximum peak temperature is also used
to calculate the rate constant, k.4, for the rate-determining-step of
the surface reaction.

The CH;OH-TPSR spectra for the bulk a-Fe,O;, V,0s,
FeVO,, and supported 4% V,0s/a-Fe,0; catalysts are shown
in Figure 7a—d.

3.5.1. Bulk a-Fe;03. The CH;OH-TPSR spectra from 0.-Fe, 03
are presented in Figure 7a. The primary reaction product is DME
with a T}, value of ~242 °C. A significant amount of CH;OH also
appears with a T, &~ 188 °C, reflecting the inactivity of many of
the surface sites. In addition, small amounts of HCHO desorbs
with a T, & 187 °C, as well as CO/CO, with a T}, & 300 °C. The
absence of any significant HCHO and CO/CO, formation
indicates the minor concentration of surface redox and basic
sites on the acidic a-Fe,Oj surface.

3.5.2. Bulk V;,0s. The CH;0H-TPSR spectra from bulk V,05
are presented in Figure 7b. The primary reaction product from
bulk V,05 is HCHO with a T}, value of ~201 °C. The almost
complete absence of CH30H desorption suggests that all the
surface sites are active for methanol oxidation. The absence of
any significant DME from acid sites and CO/CO, from basic
sites indicate that the surface of V,O5 mainly consists of redox sites.

3.5.3. Bulk FeVO, The CH;OH-TPSR spectra from bulk
FeVO, are presented in Figure 7c. The primary product is
HCHO, which desorbs with a T, value of ~195 °C. The
complete absence of CH;OH desorption reveals that essentially
all the surface sites are reactive. The minor amounts of DME and
CO/CO, formation reflect the surface redox nature of the bulk
FeVO, catalyst. Comparison of the CH;OH-TPSR results for
bulk V,0s, a-Fe,O5;, and FeVO, reveals that the surface
chemistry of FeVO, is dominated by that of redox surface
vanadium oxide sites and not the acidic surface iron oxide sites.

3.5.4. Supported V,0s/0-Fe;03. The CH;OH-TPSR spectra
for the supported 4% V,05/a-Fe,O; catalyst are shown in
Figure 7d. Similar to the other V-containing catalysts, only HCHO
is produced from surface redox sites. The absence of any DME
formation reveals that the surface acidic sites of -Fe,O5 are
extensively covered by the redox surface VO, sites. The minor
amounts of CO and CO, also reflect the absence of significant
surface basic sites. The HCHO T, value is ~200 °C, which is
identical to that of bulk FeVO, and V,Ojs catalysts. This suggests
that similar catalytic active surface redox sites are present for the
model-supported 4% V,05/0-Fe,O3 and bulk FeVO, catalysts.
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Figure 8. (a) Cyclic HCHO/CH;OH-TPSR spectra from the bulk
V,0Oj catalyst (the catalyst was not oxidized between the TPSR experi-
ments). (b) Cyclic HCHO/CH3;OH-TPSR spectra from the bulk
FeVO, catalyst (the catalyst was not oxidized between the TPSR
experiments).

3.6. Cyclic CH3OH-TPSR Experiments. To obtain additional
insights into the mechanism of the selective oxidation of metha-
nol to formaldehyde over the bulk V,05 and FeVO, catalysts,
cyclic HCHO/CH;OH-TPSR experiments were performed in
the absence of gas phase oxygen. The reducing cyclic HCHO/
CH;OH-TPSR experiments, where the V,05 and FeVO, catal-
ysts were not oxidized between each CH;OH-TPSR experi-
ment, are presented in the Figure 8a and b, respectively. Note
that the HCHO T, value, as well as the total amount of HCHO
produced, remains essentially the same as the bulk mixed metal
oxide is progressively reduced by CH3;0H in each TPSR cycle.
The constant T, value for the HCHO/CH;OH-TPSR experi-
ments indicates that the oxidation state of surface VO, sites does
not change with the cyclic CH;OH-TPSR experiments.35 The
almost constant HCHO production also indicates that the
number of surface catalytic active sites remains the same with
each reducing CH3;0OH-TPSR cycle. This suggests that the
diffusion of lattice oxygen from the bulk to surface is a relatively
fast process, certainly when compared to steady-state oxidation
that is conducted at much higher reaction temperatures and is
able to reoxidize all the reduced surface VO, species of the bulk
FeVO, catalyst. Essentially the same behavior is found for bulk
V,05 and supported 4% V,0s/a-Fe,Oj catalysts (not shown for
brevity). Thus, both bulk FeVO, and V,Os catalysts operate by
the Mars—van Krevelen mechanism during methanol oxidation
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Table 2. Catalytic Behavior of Oxide Catalysts during Steady-State Selective Oxidation of Methanol at 230 °C (CH;0H/O,/He =

6:13:81; Total Flow Rate = 100 cm® m™ ')

selectivity (%)

catalyst HCHO DME DMM
0-Fe,04 0 70 30
V,0s 87 0 13
FeVO, 83 0 17
supported 4% V,05/0-Fe, O3 78 7 15

overall rate (umol m™ 2 s~ *) TOFredox (s %) Koas (atm ™)

0.7 0.07"

12 0.08 15
0.62 0.16 28
0.38 0.10 13

" Estimated from 30% DMM selectivity where DMM formation involves one HCHO and two surface CH;O* intermediates.

to formaldehyde with the supply of bulk lattice oxygen being a
very rapid kinetic process.

3.7. N, (Number of Catalytic Active Sites (umol m™2)). The
number of exposed catalytic active sites for the bulk and
supported metal oxide catalysts was determined by integrat-
ing the HCHO/CH;OH-TPSR and DME/CH;OH-TPSR spec-
tra since they represent the number of surface redox and acid
sites, respectively, and are listed in Table 1, where the values are
normalized per unit surface area. The number of catalytic active
sites for crystalline bulk o-Fe,O5 was found to be 7.8 umol m ™'
The surface density of the number of sites for the supported 4%
V,05/0-Fe,0; catalyst is 3.8 umol m™ > indicating that there is
~50% fewer sites when the surface VO, monolayer is deposited
on the a-Fe,O; support. The surface sites on the supported
V,05/0-Fe, 03 catalyst, however, are redox in nature whereas
the surface sites on 0-Fe, O3 tend to be acidic. The number of
catalytic active sites for bulk V,Oy5 is dependent on calcination
temperature and significantly decreases with calcination tem-
perature (13.8, 5.8, and 0.7 umol m”™ 2 for calcination at 300, 400,
and 450 °C, respectively). The calcination temperature variation
in Nj is related to the crystallization of the V,05 phase where
the fully crystallized V,0O5 possesses platelet morphology with
methanol only chemisorbing on the edge planes of this aniso-
tropic phase.''® Bulk FeVO, crystallizes in an isotropic mor-
phology and contains 3.1 umol m™ * of surface redox sites, which
is greater than that found on the anisotropic V,Oj crystalline
platelets calcined at the same temperature. Thus, the surface
density of the number of catalytic active sites for methanol
oxidation is a factor of ~4 greater for bulk FeVO, than V,05
because of their different crystalline morphology. Furthermore,
the surface density of redox catalytic active sites on both bulk
FeVO, and the monolayer supported V,05/a-Fe,O5 catalyst are
almost identical and is consistent with the presence of a surface
VO, monolayer on the bulk FeVO, phase.

3.8. First-Order Rate Constant (k,qs) for HCHO Formation.
The first-order rate constants for HCHO formation from oxida-
tion of the surface CH30* and CH3;OH* intermediates were
determined by application of the Redhead equation using the
CH;OH-TPSR T, values and are listed in Table 1 and indicate
that the V-containing catalysts exhibit comparable redox activity
toward HCHO formation. Although the bulk a-Fe,Os sup-
port catalyst possesses slightly more active redox sites than the
V-containing catalysts, the number of redox sites present on the
predominantly acidic a-Fe,O5 is a minor amount.

3.9. Steady-State Methanol Oxidation. Methanol oxidation
was investigated over the bulk and supported catalysts under
steady-state conditions at 230 °C and the resulting catalytic
activity and selectivity are presented in Table 2. Note that only
traces of CO and CO, were formed as reaction products
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indicating that basic surface sites represent only a minor number
of catalytic active sites during steady-state methanol oxidation
on these catalysts. The turnover frequency (TOF) values are
defined as the rates of reaction per active site per second and are
also presented in Table 2. The number of catalytic active sites, N,
was obtained from the CH;OH-TPSR experiments, contained in
Table 1 and was employed in calculating the TOF values. The
TOF,eqox Vvalues were determined by multiplying the overall
TOF with the steady-state HCHO selectivity.

3.9.1. Bulk a-Fe;0;. The bulk 0-Fe,Oj; catalyst is highly
selective toward DME formation, which reflects the acidic nature
of the surface FeO, sites. Dimethoxy methane (DMM) forma-
tion requires the presence of redox sites to produce HCHO that
subsequently reacts with CH;OH on acid sites to form DMM.*’
The formation of some DMM indicates that surface redox sites
are also present on the 0.-Fe,O; catalyst (estimated as 10% or
~0.8 umol/m”* since DMM formation requires one HCHO and
two surface CH;O* intermediates and DMM selectivity is 30). At
higher temperatures, HCHO formation from surface redox sites
becomes more pronounced. Thus, the surface FeO, sites of bulk
0-Fe,O5 exhibit both surface acidic and redox sites during
methanol oxidation, with the acidic sites being dominant. The
overall rate of methanol oxidation at 230 °C for bulk 0.-Fe,O5 is
calculated to be 0.7 umol/m*s and the TOF, 4, is estimated
as 0.07s .

3.9.2. Bulk V,05. The bulk V,O5 catalyst primarily contains
surface redox sites during methanol oxidation as reflected in the
high selectivity toward HCHO production. A minor amount of
surface acid sites are also present during steady-state methanol
oxidation since the small amount of DMM formation requires
the presence of surface acid sites.” The surface area normalized
overall activity, umol m > s}, for the bulk V,0s catalyst is
within a factor of 2 of the overall activity for the bulk 0.-Fe,O3
catalyst indicating that vanadium oxide redox sites have compara-
ble activity to the iron oxide acid sites (see Table 2) for methanol
conversion. The TOF,.4ox values for bulk V,Os and the redox
sites present for bulk 0-Fe,Oj are also comparable for methanol
oxidation (see Table 2). Thus, bulk V,0O; predominantly con-
tains very active surface redox sites with a minor amount of
surface acid sites and the normalized activity of bulk V,054
comparable to the catalytic active sites present for bulk
o-Fe,O3.

3.9.3. Bulk FeVO,. For the stoichiometric, bulk FeVO, mixed
metal oxide catalyst, the HCHO selectivity is 83% reflecting the
redox nature of its catalytic surface. The minor formation of
DMM reveals that some surface acid sites are also present for
the bulk FeVO, catalyst (estimated as ~12% from the DMM
selectivity). The selectivity toward HCHO and DMM, as well as
surface area normalized overall activity are very close to that
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found for bulk V,Ojs as indicated in Table 2. The similar catalytic
performance of bulk V,05 and FeVO, suggests that the surface
VO, sites are the catalytic active sites for the bulk FeVO, mixed
metal oxide catalyst for methanol oxidation to formaldehyde.
3.94. Supported 4% V,0s/a-Fe,03. The presence of the
dispersed surface VO, species on the a-Fe,O5 support for the
supported V,05/a-Fe, 05 catalyst dramatically alters the surface
nature of the supported V,05/0-Fe,O3 catalyst compared to
that of the bulk a-Fe,O5 support catalyst as indicated in Table 2.
The presence of the surface VO, species converts the predomi-
nantly acidic o-Fe,05 surface (70% DME, 30% DMM and
0% HCHO) to a predominantly redox surface (78% HCHO,
15% DMM, and 7% DME). The formation of the minor amount
of DME may be related to residual exposed surface FeO, sites.
Note that the catalytic performance of the supported V,0s/
0.-Fe, O3 and bulk FeVO, catalysts are almost identical indicating
that it is the surface VO, sites on the bulk FeVO, catalyst that are
the catalytic active sites for methanol oxidation to formaldehyde.

4. DISCUSSION

4.1.Bulk Structure of FeVO,. The crystalline FeVO, possess
a triclinic structure, belonging to the P1 space group and consists
of three distinct isolated VO, units.">*® The triplet of bands at
971 and 936 cm™ ' and a third weak band at ~900 cm ™" were
assigned to the short V=0 bond stretching of each of the three
VO, units.*® The vibrations at ~910 and ~900, ~ 850 and
~834, and 773 and 738 cm ™ ' were assigned to the asymmetric
stretches of the three isolated VO, sites. The Raman bands at
~370 and ~327 cm™ ' belong to the associated VO,, asymmetric
and symmetric bending vibrations, respectively. The asymmetric
stretching vibrations at 663 and 634 cm”™ ', symmetric stretchin%
at 500 and 460 cm ™', and weak bending modes at 200—300 cm
have been assigned to the bridging V—O—Fe bonds present in
the bulk FeVO, crystalline structure.'”

In situ Raman spectroscopy is the technique of choice for
characterization of bulk mixed metal oxide catalysts, especially
bulk FeVO,, under reaction conditions since Raman can dis-
criminate between all three distinct VO, units in bulk FeVO,,
while other in situ characterization methods just signal average
over the three VO, units (e.g.,, XANES/EXAFS). In situ Raman
spectroscopy of bulk mixed metal oxides functioning with the
Mars—van Krevelen mechanism have demonstrated that bulk
mixed oxide catalysts are essentially the same under oxidizing
(O,/He) and reaction conditions (O,/CH;0H > 2).*' This
observation is consistent with the first-order partial pressure
dependence of methanol, since the rate-determining-step involves
dehydrogenation of surface methoxy to formaldehyde, and the
zero-order dependence in oxygen partial pressure.

4.2. Surface Composition of FeVO,. The bulk FeVO, phase
is surface enriched with VO, species. This is reflected in the
CH;OH-IR spectrum from FeVO, that is almost indistinguisha-
ble from the monolayer supported 4% V,05/0-Fe,O5 catalyst
demonstrating the predominance of surface V—OCH; and V—
CH;OH intermediates. The absence of distinct Fe—OCH; and
Fe—CH;OH IR vibrations for both bulk FeVO, and supported
V,05/0a-Fe, 05 catalysts confirms that the concentration of
exposed surface FeO, sites is low in these catalysts. This is fur-
ther reflected by the absence of acidic reaction products during
CH;OH-TPSR and only a minor amount of DMM and DME
during steady-state methanol oxidation. The surface enriched
VO, layer on bulk FeVO, is consistent with the increase of V/Fe
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atomic ratio in the surface region of the FeVO, particles as
revealed by STEM-EELS analysis. Moreover, a thin amorphous
surface layer is always observed on the FeVO, particle in our
HR-TEM images, suggesting that this thin amorphous layer
on the bulk FeVO, catalyst may well contain an amorphous
overlayer of surface VO, species that approaches monolayer
coverage. It was not possible to independently determine the
composition of the outermost surface layer for FeVO, with low
energy ion scattering (LEIS) spectroscopy because the atomic
numbers for V and Fe are too close to obtain separate He ™ LEIS
signals from the two different surface sites.

The enriched surface VO, sites on the FeVO, mixed metal
oxide is related to the high mobility of the V>" cation and the
driving force to decrease the surface free energy of the mixed
metal oxide system.” Surface VO, sites tend to terminate in
V=0 bonds, while surface FeO, sites tend to terminate in
Fe—OH bonds, and the surface free energy of terminating
M=0 surfaces, such as in bulk V,Os, are much lower than
terminating M—OH surfaces.” The enhanced mobility of VO,
is associated with its much lower Tammann temperature,
defined as half the melting point, of V,05 (209 °C) compared
to o-Fe, 05 (646 °C).40 The Tammann temperature represents
the temperature that surface atoms of a material begin to diffuse
and suggest that the mobility of VO, is significantly greater than
that for FeO,. Thus, the much higher mobility and lower surface
free energy of VO, relative to FeO, is responsible for the surface
VO, enrichment of the bulk FeVO, mixed metal oxide phase.

4.3. Surface Structure of FeVO,. The strong Raman bands
from crystalline FeVO, prevent detection of a Raman signal from
the weakly scattering surface region of bulk FeVO,."> The only
surface structural information about iron vanadia systems comes
from the IR spectrum of the dehydrated model supported 4%
V,05/a-Fe, 05 catalyst that possess a two-dimensional surface
VO, monolayer (see Figure 1b). The IR band position for the
dehydrated surface VO, species at 1018 cm ™ ' is only consistent
with a mono-oxo V=0 surface O=VO3 species that has three
bridging V—O—Fe or V=0O—V bonds as for other supported
vanadia catalysts.”

4.4. Number Density and Nature of Catalytic Active Sites
of FeVO,. The interaction of vanadium oxide and iron oxide
affects both the number density and nature of the catalytic active
sites. Crystalline V,O5 contains few catalytic active sites on the
edge of the anisotropic platelet morphology that possess redox
character. Crystalline a-Fe,O5 contains an order of magnitude
greater number of catalytic active sites because all the exposed
planes of this isotropic phase are capable of chemisorbing
methanol, but the surface sites are predominantly acidic in
nature. The solid state reaction between anisotropic V,05 and
isotropic O-Fe,O3 to form isotropic FeVO, yields a catalytic
material in which the number of redox catalytic active sites
significantly increases from 0.7 wmol m > s ' for V,0s to
3.1 umol m 2 s ! for FeVO,. In addition, the acidic FeO, sites
become almost completely covered by surface VO, sites. This is
demonstrated by depositing a monolayer of redox surface VO,
species on the acidic a-Fe,O3 support to yield a totally redox
catalytic material with almost the same surface chemical char-
acteristics (N, krgey and TOF,.q0,). Consequently, the interac-
tions between anisotropic V,0Os and isotropic 0-Fe,O; forms
isotropic FeVO, and significantly increases the number density
of catalytic sites relative to the anisotropic V,O5 morphology,
as well as creates catalytic materials predominantly containing
redox surface VO, sites.
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4.5. Surface Chemistry and Lattice Oxygen Diffusion of
Bulk FeVO,. As already mentioned above, the surface chemistry
of iron-vanadate catalysts is determined by the nature of the
exposed catalytic active sites, which are redox surface VO,
species. The surface FeO, sites do not possess significant redox
character because they are only mildly reducible and, as a result,
are only able to convert a minor amount of the surface CH;0*
and CH;OH* intermediates to HCHO during CH;OH-TPSR.
In contrast, bulk FeVO,, as well as all the V-containing catalysts,
possess redox surface VO, sites that readily convert both the
surface CH;0* and CH3;OH* intermediates to HCHO.

The cyclic CH;0H-TPSR experiments with bulk FeVO, in
the absence of gas-phase molecular O, reveal that the redox
surface VO, sites are employing lattice oxygen for the oxidation
of the surface reaction intermediates to HCHO, which is known
as the Mars—van Krevelen mechanism.>® The constant T, value
during the CH3;0H-TPSR cycles obtained from the bulk FeVO,
clearly reveals that the surface VO, sites remain fully oxidized by
the supply of bulk lattice oxygen since the T, value is known
to significantly increase as the surface cation sites become
reduced.® The fully oxidized surfaces indicate that the diffusion
of oxygen from the FeVO, bulk lattice is relatively rapid since the
catalysts were only briefly exposed to mild temperatures (T < 400 °C).
The area under the CH3;OH-TPSR curves also remains constant
reflecting complete reoxidation of the surface sites by bulk lattice
oxygen.

4.6. Kinetics. The CH;0H-TPSR T, temperatures for the
V-containing catalysts are very similar with T, varying from
~195—201 °C reflecting the dominance of the redox surface
VO, sites in bulk V,05 and FeVO, and the supported 4% V,05/
0-Fe;O; catalyst. The CH3;0H-TPSR T, value reflects the
kinetics for breaking the C—H bond of the surface CH30*
intermediate and probably also the intact surface CH;OH*
species. The methanol adsorption characteristics are reflected
in the K, 4, values given in Table 2 and are also comparable, within
a factor of 2, for the V-containing catalysts. All the V-containing
catalysts operate via a Mars—van Krevelen mechanism that is
zero-order in O, partial pressure by employing lattice oxygen36 as
was previously also found for other supported V,Oj5 catalysts for
a host of oxidation reactions.”””*’ The comparable CH;OH
adsorption equilibrium (K,q4,) values and rate-determining-step
kinetic (k.q,) values for V—OCH;* decomposition to HCHO
over bulk V,0Oys, supported V,0s/a-Fe,O5 and FeVO, reveals
that the overall kinetics for methanol oxidation are comparable
over surface VO, sites in these three catalytic systems. Con-
sequently, the surface VO, sites on the bulk FeVO, mixed metal
oxide represent the catalytic active sites for methanol oxidation to
formaldehyde.

5. CONCLUSIONS

A phase-pure, bulk FeVO, catalyst was synthesized by co-
precipitation and confirmed with Raman spectroscopy and TEM
analysis that secondary crystalline V,0O5 and a.-Fe, O phases are
not present. Both intact surface CH3;OH* and CH;0* are
present on bulk a-Fe,O; exposed to methanol at 100 °C and
yield CH3;OH and DME as reaction products, respectively. The
surface intermediates primarily yield HCHO for the bulk V,04
and FeVO, catalysts. Thus, formation of HCHO during metha-
nol oxidation requires the presence of surface vanadium oxide
sites, which are the dominant active redox component for the
bulk FeVO, catalyst. The HR-TEM images and EELS analysis
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reveal that an amorphous VO,-rich layer of ~1 nm exists on the
outer surface of bulk FeVO,.

The role of surface VO, sites for methanol oxidation to
formaldehyde was also examined with a model supported 4%
V,0s/0-Fe, 05 catalyst consisting of a surface VO, monolayer of
mono-oxo O=VO; coordination. The surface CH;0* and
CH;OH* intermediates on the supported VO, monolayer on
-Fe,0; yielded HCHO as the major reaction product, which
reflects its redox surface nature. Comparison of the findings for
the surface VO, monolayer on 0-Fe, O3 support and bulk FeVO,
further indicates that surface VO, sites are the catalytic active
sites for methanol oxidation over the bulk FeVO, catalyst.
Moreover, the steady-state catalytic performance of the sup-
ported 4% V,05/a-Fe,0j catalyst is found to be comparable to
that of the bulk FeVO, catalyst. The methanol oxidation reaction
over the V-containing catalysts proceeds via a Mars-van Krevelen
mechanism employing bulk lattice oxygen, which is replenished
by gas phase molecular O,.
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