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Iron Phosphate Nanoparticle Catalyst for Direct Oxidation of
Methane into Formaldehyde: Effect of Surface Redox and Acid-
Base Properties

Aoi Matsuda, ® Haruka Tateno, * Keigo Kamata **° and Michikazu Hara *?

The effect of various iron phosphate and oxide catalysts on the direct oxidation of methane (CHa) to formaldehyde (HCHO)
with molecular oxygen (02) as the sole oxidant was studied using a fixed-bed flow reactor. Five crystalline iron-containing
catalysts (FePOa, FesO3(POa), Fes(P207)s, Fe2P207, and a-Fe20s) with different iron coordination geometries, iron oxidation
states, and Fe/P ratios were synthesized by the sol-gel method using malic acid or aspartic acid. The Fe/P molar ratio had a
significant effect on the oxidation catalysis; CHs4 conversion increased with the Fe/P molar ratio, although the selectivity to
HCHO decreased. Trigonal FePO4 nanoparticles synthesized by the malic acid-aided method with an Fe/P molar ratio of 1/1
exhibited the highest activity for the selective formation of HCHO among the catalysts tested, including FePO4 synthesized
by a conventional method. Despite the much higher oxidizing ability of Fe.Os than FePOa, the oxidation of CHs using Fe,0s
resulted in the formation of only CO.. In contrast, the temperature-programmed reaction of FePO4 with CH4 gave Fe,P,07
with the formation of HCHO as a primary product, and Fe,P,07 reacted with Oz to regenerate FePOs. Based on mechanistic
studies including the catalyst effect, kinetics, pulse-reaction experiments, and IR spectroscopy, the bulk structural change
between FePO; and Fe:P,0y7 is not involved during the catalysis and the surface redox and acid-base properties of FePOs are
considered to play an important role in CHa oxidation with the structure preservation of bulk FePOs. The combination of
redox-active Lewis acidic iron sites and weakly-basic phosphate units likely contributes to the C—H activation of CHs and the

suppression of complete oxidation to CO., respectively.

1. Introduction

Methane (CH,4), a main component of natural gas, has received
considerable attention as a key source material due to its
abundance around the world including from nonconventional
sources (e.g., shale gas, methane hydrates) and its low emission
of greenhouse gases such as carbon dioxide (CO;) and other
toxic pollutants when compared to other fossil fuels such as oil
and coal.! CH4 has been mainly utilized as an energy source for
heating, cooking, transportation, and electricity generation, and
its use as a chemical feedstock is limited to less than 10% of total
natural-gas production.? CH4; conversion into commodity
chemicals and fuels currently involves indirect routes via
synthesis gas (CO + H,) produced by energy- and capital-
intensive reforming processes.?> Therefore, direct catalytic
routes to convert CH, into useful chemicals and fuels such as
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thermocatalytic,>*® electrocatalytic,® and plasma- or electric

field-assisted'® oxidative upgrading (oxidative coupling to
ethylene (C;H4), oxygenation to methanol (CHsOH) and/or
formaldehyde  (HCHO), oxidative halogenation) and
nonoxidative dehydrogenative aromatization"'2 have been
extensively investigated by many experimental and theoretical
research groups.'®>* However, severe reaction conditions are
typically required to activate CH4, which has strong C—H bonds
(440 kJ mol™, pK, 48; ionization potential 12.5 eV), which results
in low yield and selectivity toward the desired products due to
subsequent reactions (e.g., over-oxidation). In this context, the
design and development of heterogeneous catalysts for
selective direct CH,4 transformation remain strongly desirable
and a challenging subject of research in catalysis. Identification
of key factors to selectively obtain target products from
mechanistic and conceptual perspectives is thus one of the
most promising approaches.

In the field of heterogeneous catalysis, various effective
systems based on metal-exchanged zeolites,'*'® metal
oxides,'®22  supported catalysts,>%> and metal organic
frameworks?®?’ have been reported for the direct oxidative
upgrading of CH; with O,, H,0,, and N,O as oxidants. Despite
the fewer reports than for these materials, several metal
phosphates have also attracted much attention as catalysts for
the oxidative transformation of CH; into C, products,?®3°
halomethanes,3133 and oxygenates.3**? In particular, Otsuka
and Wang reported that low-crystallinity FePO,4 with isolated
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Fig. 1 Structures of (a) trigonal FePQy, (b) hexagonal FePQy,, (c)
trigonal Fe303(P0O4), (d) monoclinic Fes(P207)3, (e) triclinic
Fe,P,07, and (f) trigonal Fe;0s3. Brown, gray, and red spheres
represent Fe, P, and O atoms, respectively.

tetrahedrally coordinated redox-active iron sites is efficient for
the selective oxidation of CH4 into CH30H and HCHO with O,,343¢
H,/0,,343° and N,0%° as oxidants using a continuous fixed bed
flow reactor. Although iron phosphates with various crystal
structures have been systematically investigated for the
oxidative dehydrogenation of isobutyric acid to methacrylic acid,
including the nature of the active phase,*® the effect of the
crystal structures of iron phosphates on the direct oxidation of
CH,4 has not yet been investigated. On the other hand, the acid
properties of metal phosphates also play an important role in
the direct oxidation of CH4.3%4?> Gomonaj and Toulhoat reported
that the M-0O bond strength and the acidity of various
crystalline metal phosphates are correlated with the selectivity
of CH4 oxidation toward HCHO using a flow circulation reactor.*?
We have also reported that monoclinic cerium orthophosphate
(CePO4) with uniform Lewis acid sites could efficiently catalyze
the oxidative coupling of CHs in an electric field without the
need for external heating.3%%* However, the role of phosphate
units, including surface redox and acid-base properties, is still
unclear, because the low specific surface areas of metal
phosphates limit detailed characterization of their surfaces.

In the present study, our sol-gel methods for the synthesis
of perovskite oxide nanocatalysts®®*>! are applied to the
synthesis of various crystalline iron phosphates and iron oxide,
i.e., trigonal FePQy, trigonal Fe303(PO4), monoclinic Fes(P207)s,
triclinic Fe,P,07, and trigonal Fe,03 (Fig. 1), to systematically
confirm their intrinsic catalytic performance. We have
successfully synthesized various iron-containing catalysts
including trigonal FePO, nanoparticles (FePO4-MA) by the sol-
gel method using malic acid (Fig. 2). FePO4-MA exhibits a higher
surface area than conventional FePO43* and higher catalytic
activity and selectivity to HCHO than other iron-containing
catalysts. The mechanistic studies including the catalyst effect,
structure change during redox cycle, surface acid-base property,
kinetics, and pulse experiments reveal that redox (in
combination with the reversible surface Fe3*/Fe?* cycle) and the
weakly basic properties of phosphate units would contribute to
the promotion of CH, oxidation to HCHO and the suppression of
complete oxidation to CO,, respectively.
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Fig. 2 Schematic representation of the synthesis and catalytic

application of FePO4 nanoparticles by the sol-gel method using
malic acid.

2. EXPERIMENTAL

2.1 Instruments.

X-ray diffraction (XRD), inductively coupled plasma-atomic
emission spectroscopy (ICP—AES), infrared Fourier transform
spectroscopy (FT-IR), thermogravimetry-differential thermal
analysis (TG-DTA), H, temperature-programmed reduction (H,-
TPR), nitrogen adsorption-desorption, scanning electron
microscopy (SEM), and X-ray photoelectron spectroscopy (XPS)
were performed using the apparatuses described in Refs 44-47
and 52. The details are described in the Electronic
Supplementary Information (ESI).

2.2 Synthesis of Iron-based Catalysts by the Malic or Aspartic Acid-
Aided Method.

Iron-based catalysts such as trigonal FePOy, trigonal Fe3sO3(PO4),
monoclinic Fe4(P,07)s, and trigonal Fe,03 were synthesized by a
sol-gel method using malic acid or aspartic acid.*>>°! In the case
of iron phosphates, the reaction solutions of Fe(NOs)3-9H,0,
NH4H,PO,4 (Fe/P ratio: 1/1, 3/1, and 2/3 for FePO4, Fe303(P0O4),
Fe4(P205)3, respectively), and malic acid (3 equivalents relative
to iron contents) were evaporated to dryness to give
amorphous precursors. These precursors were calcined in air at
the appropriate temperatures (650, 750, and 850 °C for FePQy,,
Fe303(P0,), Fes(P205)3, respectively) for 5 h. In the case of Fe,0s,
the amorphous precursor prepared by the reaction of Fe(OAc),
with aspartic acid (1.5 equivalents relative to iron contents) was
calcined at 400 °C for 5 h in air because aspartic acid-aided
method has a slight advantage over malic acid-aided method in
improving the surface area of SrMn0s3.*> We separately
confirmed that Fe,Os3 could be also synthesized even by using
malic acid. Fe,P,0; was prepared by the calcination of FePO4-
MA in Hy/Ar (1.5/13.5 mL min™) at 600 °C for 1 h. The
representative synthesis of trigonal FePO4,-MA was as follows:
Fe(NO3)3-9H,0 (6.06 g, 15 mmol), NH4H,PO4 (1.73 g, 15 mmol),
and DL-malic acid (6.03 g, 45 mmol) were dissolved in water (75
mL) at room temperature. The solution was evaporated to
dryness at 80 °C to give a pale-yellow powder as the amorphous
precursor. This precursor was calcined at 650 °C for 5 h in air,
which yielded 2.13 g (94%) of analytically pure trigonal FePO,.
Elemental analysis: calcd (%) for FePO4: Fe 37.0, P 20.5; found:
Fe 37.0, P 20.7.

2.3 Synthesis of FePO, (FePO,-CM-550, FePO,-CM-600) by the
Reported Method.

Trigonal FePO, was synthesized according to the previously
reported procedure.34-36 Fe(NO3)3-9H,0 (12.1 g, 30 mmol) and
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NH4H,PO4 (3.45 g, 30 mmol) were dissolved in water (150 mL).
The solution was evaporated to dryness at 90 °C, and the
resulting pale-yellow powder was dried at 110 °C for 12 h to give
a precursor. The precursor was calcined at 550 and 600 °C for 5
h in air to give FePO4-CM-550 (a mixture of hexagonal and
trigonal phase FePO,;) and FePO4-CM-600 (trigonal phase
FePQy), respectively.

2.4 Catalytic oxidation of CH4 with O,.

The oxidation of CH4 with O, over various iron-based catalysts
was conducted in a fixed-bed continuous-flow reactor operated
at atmospheric pressure. All of the catalysts were pressed into
pellets, crushed, and sieved to 32—-42 meshes before the
reaction. The catalyst (0.05 g) was loaded into a quartz reactor
(2 mm inner diameter at the catalyst bed portion) over a plug of
quartz wool. A reaction gas containing CH4/0>/N; in a molar
ratio of 44/6/50 was used and the total gas flow rate was 16
sccm (i.e., CH4/0O2/N; = 7/1/8 sccm). After introduction of the
reaction gas flow to the reactor, the reaction temperature was
increased from room temperature to 550 °C at a heating rate of
ca. 35 °C min~t and then held for 60 min. After the first sampling
of the reaction gas, the temperature was decreased by 10 to
450 °C every 60 min with periodic analysis of the reaction gas.
The products (CO, COz, CH30H, HCHO, CH30CH3, C2H5, C2H4)
were analyzed using on-line gas chromatography (Shimadzu GC-
8A) with a thermal conductivity detector (TCD) and two packed
columns (a mixed column of Porapak-QS/-N and molecular
sieves 5A). All of the lines and valves between the reactor exit
and the gas chromatograph were heated to 120-130 °C to
prevent condensation of the products. Details for the
calculations of CH4 conversion, yield, and selectivity were as
follows: CH4 conversion (%) = carbon of (CO, CO,, HCHO)/carbon
of input CH4 x 100. Yield (%) = carbon of product/carbon of
input CH4 x 100. Selectivity (%) = yield/CH4 conversion x 100.
Carbon balance (%) = (carbon of (CO, CO,, HCHO) + carbon of
output CHy) /carbon of input CH4 % 100. In each case, the carbon
balance was in the range of 99.0+1.6%. The formation of HCHO
was also confirmed by trapping the reaction gas into cold CD3CN
solution and analysis of the solution using *H nuclear magnetic
resonance (NMR) spectroscopy.

2.5 Pulse-reaction experiments for CH, oxidation.

The pulse-reaction experiments were performed using a quartz
reactor (4 mm inner diameter at the catalyst bed portion) over
a plug of quartz wool. The exit gas was directly connected to a
gas chromatograph with a TCD (Shimadzu, GC-8A), and
HCHO/CO; and CO were analyzed using Porapak-QS/-N and 5A
molecular sieve columns, respectively. Prior to the pulse-
reaction experiments, FePO4-MA (50 mg) was pretreated in a He
flow (10 sccm) at 550 °C for 30 min followed by a CH4 pulse (1
mL) through the catalyst bed at 550 °C five times every 10 min
or 60 min.

2.6 Temperature-programmed reaction.

Temperature-programmed reaction profiles were measured
using a chemisorption analyzer (BELCAT-A, BEL Japan) equipped
with a mass spectrometer (BELMASS, BEL Japan). For the
reaction of FePO4s-MA with CH4, 110 mg of sample was placed in
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a quartz cell and pretreated from room temperature to 600 °C
at a rate of 20 °C min~! under an O; flow (30 mL min). After
cooling to ca. 50 °C, the sample was heated from 50 °C to 800
°C at a rate of 5 °C min~! under a flow of 5% CH4/Ar (30 mL
min~!). For the reaction of MeOH-adsorbed FePO4,-MA and
Fe,;03, 100 mg of sample was placed in a quartz cell and then
heated from 50 °C to 700 °C at a rate of 5 °C min~! under a He
flow (30 mL min!). The MeOH-adsorbed FePO,-MA and Fe,03
samples were prepared using the Schlenk technique under a dry
Ar atmosphere. The dehydrated samples (by heating at 300 °C
for 1 h under vacuum) were exposed to saturated MeOH vapor
followed by evacuation at 25 °C for 30 min to remove weakly
physisorbed MeOH.

3. Result and discussion
3.1 Synthesis and characterization of iron-based catalysts.

The specific surface areas of FePO, synthesized by conventional
methods are typically low (3—8.5 m?/g);343% therefore, the
functionalization of FePO4 by the dispersion of FePQ, into high-
surface area AIPO4 (Al;xFe,P04)3° or onto SiO; and mesoporous
materials333>3%38 have been reported. However, uncertain
active structures of composites and/or the competitive catalytic
activity of silica supports themselves for CH4 oxidation to HCHO
make it difficult to evaluate the true nature of FePQOy,, including
the structure-activity relationship.>®>>* Therefore, we focus on
the synthesis and catalytic application of FePO, nanoparticles
with high surface areas because they can lead not only to the
functionalization of low-surface-area FePO, but also to
systematic studies on the intrinsic redox and acid-base
properties of various crystalline iron phosphates. Although
nano-sized olivine-structured lithium iron phosphate (LiFePO,)
and its precursor have been extensively synthesized as
electrode materials,>> high-surface-area FePO4; nanoparticles
for the direct catalytic oxidation of CH; have not been
investigated.

First, iron phosphate and oxide catalyst were synthesized by
the sol-gel methods using dicarboxylic acids such as malic acid
or aspartic acid.*> Trigonal FePO,, trigonal Fe303(P0O,) and
monoclinic Fe4(P,05)3, were also synthesized by the malic acid-
aided sol-gel method using Fe(NO3)3-9H,0 and NH4H,PO4 with
molar ratios of Fe/P = 1/1, 3/1, and 2/3, respectively. The local
coordination of Fe species is dependent on the crystal
structures of iron phosphates. For trigonal FePO,4 with the a-
quartz-type structure, each iron and phosphorus atom is
tetrahedrally bonded to four oxygen atoms (Fig. 1(a)). In the
Fe303(P0O,) structure, one face of triangular units of distorted
trigonal bipyramid Fe3*Os species is linked to a PO4 group (Fig.
1(c)).>® Fes(P,07)3 consists of Fe,0g clusters of two face-sharing
octahedra linked by bent diphosphate P,07 groups (Fig. 1(d)).>”
Corundum-type a-Fe,03 (Fig. 1(f)) was synthesized by using
aspartic acid without the addition of NH4H,P04.°8 The synthesis
and characterization of trigonal FePO,4 nanoparticles (FePOy-
MA) synthesized by the sol-gel method using malic acid are
described in detail below. The characterization data (XRD and
and Figs. S1-S5. N, sorption) for the other materials are

J. Name., 2013, 00, 1-3 | 3



Catalysis/Science:& Technology

Table 1. Specific surface area, bulk content, and particle and crystallite size of the iron-based catalysts

Entry Catalyst Structure Iron coordination Seer(m2g™l)  Crystallite  E.? (k) mol™)
size? (nm)

1 FePO4,-MA trigonal tetrahedral 22 33 (100) 122
(P3121, no. 152) 22 (200)

2 FePO4-CM-550  hexagonal (P6smc, no. 186)  tetrahedral 8 - 126
+ trigonal (P3:21, no. 152)

3 FePO4-CM-600  trigonal tetrahedral 7 29 (100) 121
(P3121, no. 152) 20 (200)

4 Fe303(P0O,) trigonal distorted trigonal bipyramidal 8 36 (101) 120
(R3m, no. 160)

5 Fe4(P207)3 monoclinic octahedral 8 70 (040) -
(P24/n, no. 14)

6 Fe,;03 trigonal octahedral 34 26 (104) 116

(R-3¢c, no.167)

a Calculated by the XRD peaks. ® E, values for the CH4 oxidation were determined from the Arrhenius plots as shown in Fig. S9.
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Fig. 3 (a) XRD pattern and (b) IR spectrum for FePOs,-MA. SEM
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spectrum for FePO4-MA. (f) Difference IR spectra for pyridine-
adsorbed FePO4-MA at 25 °C.
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summarized in Table 1

Calcination of the amorphous precursor, which was
prepared by the reaction of Fe(NO3)3-9H,0 with NH4H,PO4 (Fe/P
= 1/1) in the presence of 3 equivalents of malic acid relative to
Fe, at 650 °C for 5 h in air gave FePO4,-MA. Fig. 3(a) shows the
powder X-ray diffraction (XRD) pattern for FePO4-MA, which
was in good agreement with that reported for trigonal FePO,4
(Fig. 1(a), space group P3:21).#>55 No impurity phases such as
iron phosphates, iron oxides, or phosphorous oxides were
observed. On the other hand, a mixture of trigonal and

4| J. Name., 2012, 00, 1-3

hexagonal FePO, (FePO4-CM-550) formed by the
conventional method (i.e., calcination of a mixture of Fe(NOs)3
and NHzH,PO, at 550 °C),3640 although single-phase trigonal
FePO, (FePO4,-CM-600) was observed following an increase in
the calcination temperature to 600 °C, which is in good
agreement with the report that hexagonal FePO, (Fig. 1(b),
tridymite structure as a polymorph of trigonal FePO, with
essentially the same connectivity) transitions into trigonal
FePO, around 500-600 °C.%° Elemental analysis using
inductively coupled plasma-atomic emission spectroscopy (ICP-
AES) showed that the molar ratio of Fe/P was 1/1, which also
supports the high purity of the FePO4,-MA phase. The IR
spectrum for FePO4,-MA showed a broad band between 1200
and 900 cm™, two medium bands at 638 and 596 cm™, and
bands around 430 cm™ that were assighable to symmetric and
asymmetric vibrations of P-O bonds, asymmetric vibrations of
O—P—-O bonds, and symmetric vibrations of O—P—O bonds in
trigonal FePQ,, respectively (Fig. 3(b)).?® The specific surface
area of FePO4-MA was 22 m? g1, which is approximately three
times larger than that (7 m?2 g™1) of FePO,4 (FePO,4-CM-600), even
though the calcination temperature (650 °C) to produce FePO4-
MA was higher than that (600 °C) for FePO4-CM-600.

was

Scanning electron microscopy (SEM) observations of FePO,-
MA showed the formation of spherical nanoparticles with
estimated particle sizes of ca. 30—-60 nm (Fig. 3(c)), while
aggregates of large particles were observed for FePO4-CM-600
(Fig. 3(d)). These nanoparticle sizes were in reasonable
agreement with the grain sizes (d = 33 and 22 nm) calculated
from the (100) and (200) diffraction lines using Scherrer’s
equation, respectively. According to the SEM measurement
results, the aggregates of FePO4-CM-600 particles seem to be
more compact than FePO4-MA; thus, the difference in the
surface areas between FePO4-MA and FePO,-CM-600 would be
caused by the state of nanoparticle aggregation. In the case of
our sol-gel methods using malic acid, a low-density amorphous
precursor (i.e., an amorphous malate salt with the metal cations
linked by malate anions) decomposes starting from 400 °C and

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 (a) HCHO yield as a function of reaction temperature over
FePO4s-MA, FePO4-CM-550, FeP0O4-CM-600, Fes03(PO,),
Fe4(P207)s, Fe>03 catalysts. Reaction conditions: catalyst (50 mg),
CH4/02/N> (7/1/8 sccm), 440-550 °C. (b) Time-on-stream
performance of FePO,-MA catalyst for oxidation of CHa.
Reaction conditions: FePOs-MA (50 mg), CH4/O,/N, (7/1/8
sccm), 500 °C. (c) Selectivity toward HCHO as function of CHy
conversion for oxidation of CH4 with O, over FePO4-MA, FePO4-
CM-550, FePO4-CM-600, Fe303(P0Oy), Fes(P,05)3, Fe,05 catalysts.

the formation of the ramified aggregate of crystalline
nanoparticles is observed at an appropriate calcination
temperature.*> The precursor of FePO4-MA is also amorphous
due to the lack of XRD peaks caused by a crystalline material (Fig.
S6(a)). On the other hand, the XRD pattern for the FePO4-CM-
600 precursor showed the formation of a complex mixture
containing FePO42H,0 and (NH4)NOs; (Fig. S6(b)). Such
different structures of precursors likely affect the state of
nanoparticle aggregation after the calcination.

The X-ray photoelectron spectroscopy (XPS) Fe 2p spectrum
of FePO4-MA showed a peak around 712.0 eV (Fe 2ps/,), which
corresponds to Fe3* species, and the binding energy was in good
agreement with the reported values for FePO, (Fig. 3(e)).%* The
surface atomic Fe/P ratio was estimated to be 0.4, which
suggests a phosphate-rich surface structure, which was also
supported by infrared (IR) spectroscopy measurements for
FePO4-MA with adsorbed pyridine. The IR spectra of FePO4-MA
with adsorbed pyridine showed a band around 1446 cm™,
which was assigned to pyridine species coordinated with Lewis
acid sites, and without a band around 1540 cm™ that would
indicate pyridinium ions bonded to Brgnsted acid sites (Fig.
3(f)).2 The amount of Lewis acid sites on FePOs;-MA was
estimated from the intensities of the band around 1446 cm™ to
be 13 umol g™2. On the other hand, the acid sites on FePO4-CM-
600 cannot be determined due to the low band intensities,
which indicates that the intrinsic surface acid-base properties
can be discussed for the first time with the FePOs,-MA

This journal is © The Royal Society of Chemistry 20xx

Catalysis/Science & Technology

nanoparticles examined in this work. The surface density of
exposed Fe cations was calculated to be 0.4 nm=2 from the
Brunauer-Emmett-Teller (BET) surface area, and the amount of
Lewis acid sites was much lower than that estimated from the
crystal structure (e.g., 2.3 nm=2 assuming that the (001) plane is
a possible surface structure), which is consistent with the
phosphate-rich surface structure estimated from the XPS results.
3.2 Oxidation of CH, with iron-based catalysts.

The effect of the synthesized iron-based catalysts (FePO,
(FePO4-MA, FePO,-CM-550, and FePO,-CM-600), FesO3(PO4),
Fe4(P207);, and Fe;03) on the oxidation of CH; under a
CH4/02/N3 (7/1/8 sccm) flow in the temperature range of 440—
550 °C was investigated. In each case, the carbon balance was
in the range of 99.0+1.6%. Among the catalysts tested, FePO4-
MA exhibited the highest yield of HCHO (Fig. 4(a)); the HCHO
yield at 500 °C decreased in the order of FePO4-MA (0.19%) >
FePO,-CM-550 and FePO,4-CM-600 (0.09%) > Fe303(PO4) (0.04%)
> Feq(P207)s and Fe,03 (0%). The HCHO vyield over FePO4,-MA
was 1.4-3.2 times larger than that over FePO4;-CM-550 and
FePO4-CM-600 in the same temperature region, which suggests
that the high surface area of FePOs-MA is effective for the
oxidation of CHs; into HCHO. Three main products,
formaldehyde (HCHO), carbon monoxide (CO), and carbon
dioxide (CO,), were formed, whereas other products such as
MeOH were not observed. This product distribution is
consistent with the previous results obtained using
conventional FePO,4 with only 0,,3%73¢ while the formation of
MeOH was reported when using H,-O, or N,O as oxidants.3440
FePO4-MA also exhibited durability without significant change
in the HCHO, CO, and CO, yields at 500 °C for 24 h time-on-
stream, as shown in Fig. 4(b). The errors during the CH4
oxidation were estimated to be as follows: selectivity (HCHO:
39.0+5.7%, CO: 56.5+4.9%, CO,: 4.9+1.1%) and CH4 conversion:
0.51+0.07%.

Fig. S7 shows the CH,4 conversion and product selectivity as
a function of the reaction temperature for the oxidation of CH4
with various iron-based catalysts. XRD analysis confirmed there
was no structural change of the iron-based oxides, and there
was no significant difference in the XRD patterns between the
fresh and recovered catalysts after CH4 oxidation (Fig. S8), which
indicates that these iron-based catalysts are stable during
oxidation and that the CH,4 oxidation ability for each iron-based
FeP0O,4-CM-550 (mixed
hexagonal/trigonal phase) exhibited a similar HCHO yield and
CH4 conversion to those of FeP0O4-CM-600 (single trigonal
phase); therefore, the catalytic performance of trigonal FePO,4
is almost the same as that of hexagonal FeP0,4.3738 FeP04-CM-
600 was thus used as a conventional FePO,4 counterpart for

catalyst originates from its structure.

subsequent experiments. Fig. 4(c) shows the HCHO selectivity
against the CH4 conversion with the various iron-based catalysts.
The Fe/P ratio had a significant effect on the CH4 conversion
and selectivity toward HCHO. The CH4 conversion of Fe,0s3
without PO43~ was much higher than the other iron phosphates;
however, only the formation of CO, was observed. Fe4(P.07)s
with a low Fe/P ratio (i.e., Fe/P = 2/3) was almost inactive
toward CH,4 oxidation, whereas Fe303(P0O,4) with a high Fe/P
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conditions in Fig. S7. H, consumption was estimated from H,-
TPR profiles measured below 550 °C.

ratio of 3/1 exhibited high CH4; conversion, although its
selectivity toward HCHO was low (7-20%). On the other hand,
FePO, with a molar Fe/P ratio of 1/1 was the most effective
among the iron-based catalysts tested for the direct oxidation
of CH; to HCHO. There was no significant difference in the
selectivity-conversion relationship between FePO,-MA and
FePO4-CM-600, which suggests that the intrinsic nature of the
trigonal FePO4 catalyst is not affected by the particle size. The
present space time yield at 550 2C (1.1 mmolxcho g2 h™?) of
FePO4-MA was higher than that of conventional FePO4 (3.8x10~
I mmolyco g h™)3* but lower than that of 60 wt%
FePO4/MCM-41 (2.1 mmolycho g+ h™1).3

3.3 Oxidizing ability of iron-based catalysts.

The C—H activation ability of catalyst at lower temperatures is
an important factor to selectively promote direct CH4 oxidation
to oxygenates. To investigate the oxidizing ability of iron-based
catalysts, H,-temperature-programmed reduction (TPR) profiles
were measured from 50 to 700 °C (Fig. 5(a)). The reduction of
Fe,0s3 began around 270 °C, and two reduction peaks at 350 and
550 °C were attributed to the Fe,03; to Fe304 and Fe;04 to Fe
transitions, respectively. On the other hand, the iron
phosphates were reduced at higher temperatures (starting
from ca. 450 °C) than Fe,0s;. The H, consumption estimated
from the H,-TPR profiles below 550 °C decreased in the order of
Fe;03 (1.06x10* mmol g2) >> FePO4-MA (9.28x107! mmol g™%) >
Fes03(P04) (4.03x101 mmol g™1) > FePO4-CM-600 (3.25x1072
mmol g71) > Fey(P,07)3 (5.00x10~3 mmol g2), which is in good
agreement with the order of CH; conversion at 550 °C (Fe,O3
(6.95%) >> FePO4-MA (1.54%) > Fe303(PO4) (1.03%) > FePO4-CM
(0.41%) > Fe4(P,07)3 (0.03%)) (Figs. 5(b) and S9). In addition, the
activation energy of Fe,0s for CH,4 conversion was 116 kJ mol™
and lower than those (120-126 k) mol™?) of the iron phosphate
catalysts (Table 1 and Fig. S9).

The structural changes of the iron-based catalysts during the
redox reactions were examined next by thermogravimetric-
differential thermal analysis (TG-DTA) and XRD analyses. In the
TG-DTA profiles under the reductive conditions (H,/N, 10/90,
v/v) (Figs. S1(a)-S5(a)), endothermic peaks attributable to the
desorption of water was observed below ca. 200 °C followed by

6 | J. Name., 2012, 00, 1-3

mlz 44
x10
x 80
- miz 31
m/z 30
x40
mlz 29

x20
miz 28
x1
f T T T T T T 1
100 200 300 400 500 600 700 800

temperature (°C)

Fig. 6 Mass spectra obtained during the temperature-
programmed reaction measurement using FePO, in stream of
reaction gas mixture composed of CHa/Ar (5/95, v/v).

reduction of the catalysts in the temperature region of 350—
600 °C. The reduction temperatures were in good agreement
with the H,-TPR results. The reduction temperature for high-
surface-area FePO4,-MA decreased compared with FePO4;-CM-
600 due to the reduced diffusion resistance.*” In the case of
trigonal FePOy, (i.e., FePO4-MA and FeP0O,4-CM-600), exothermic
peaks were observed with a weight loss around 550 °C, and the
XRD patterns for the recovered samples were in good
agreement with that reported for triclinic Fe;P,07 composed of
distorted Fe?*O¢ octahedra and P,0O7* units (Fig. 1(e)).83 The
structural change from FePO, to Fe,P,07 occurs directly without
the formation of intermediate phases, as confirmed by the XRD
results (Fig. S10). The TG-DTA profiles for the Fe,P,0; samples
under oxidative conditions (O, flow) has exothermic peaks with
a weight gain around 410 and 620 °C, and the XRD patterns for
trigonal FePOs were observed again after the treatment at
650 °C in O, (Fig. S11). The XRD pattern for the reoxidized
sample at 500 °C was close to that for a-Fe3(P,07),, which has
been proposed as an active phase in the oxidative
dehydrogenation of isobutyric acid.®* These results suggest a
reversible structural change between FePO,4 and Fe,P,0; during
the redox cycles, according to the possible scheme shown in Fig.
$12.#3 Although a reversible redox cycle between Fe;03 and Fe
was also observed (Fig. S5), Fes03(PO4) was irreversibly changed
to Fe and Fe;03 under reductive and oxidative conditions,
respectively (Fig. S2), and Fe4(P,07); was not significantly
changed during the redox conditions (Fig. S3).

The reactivity of FePO4-MA with CH,4 instead of H, was
investigated using temperature-programmed reaction
measurements in a stream of a reaction gas mixture composed
of CH4/Ar (5/95, v/v), and the formation of products was

This journal is © The Royal Society of Chemistry 20xx
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monitored using mass spectrometry (Fig. 6). The formation of
CH3OH (i.e., the signal at m/z 31) was not observed throughout
the reaction, which is in good agreement with the catalytic
oxidation of CH4 under steady-state conditions, as shown in Figs.
4 and S7.3%73¢ The signal intensities at m/z 30 and 29 ascribed
to HCHO gradually increased from ca. 400 °C and reached a
maximum around 700 °C. On the other hand, the signal
intensities at m/z 44 and 28 due to CO, and CO, respectively,
began to increase around 600 °C. In addition, the XRD pattern
for the recovered FePO4-MA after the reaction was in good
agreement with the trigonal Fe,P,07 structure (Fig. S13). These
results indicate that FePO4-MA reacts with CH, directly to give
HCHO at the initial stage followed by the successive formation
of CO and CO; with anincrease in the reaction temperature, and
Fe,P,05 is formed as the final product by the reaction of FePQy,,
even with CHs. In this case, phosphate and Fe3* probably act as
proton acceptors (also as oxygen donors) and electron
acceptors, respectively, and the C—H activation of CH4 can be
formally regarded as a proton-coupled electron transfer
(PCET).®* Isolated metal oxide cluster ions have been reported
to abstract a hydrogen atom from CH4 by means of PCET on the
basis of experimental and computational studies.®®®” Therefore,
such a mild C—H activation mode of FePO4 may contribute to the
formation of HCHO as a primary product. The effect of contact
time (W/Fcua) on the CH4 conversion and selectivity toward each

This journal is © The Royal Society of Chemistry 20xx
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product was investigated by changing the flow rate while
maintaining the catalyst loading (50 mg) and reaction
temperature (500 °C). Fig. 7(a) shows that the selectivity
toward HCHO decreased with an increase in W/Fcua, while the
CH,4 conversion and selectivity toward CO and CO; increased,
which again indicates that HCHO is the primary product, and CO
and CO; are formed by the subsequent oxidation of HCHO (eqgn
(1)). Such adependence has been reported for the conventional
FePO, catalyst.3*

CH, — HCHO — CO —= CO, (1)

The reversible structural change between FePO; and
Fe,P,07 during the reaction of FePO,4 with CH4 and O; indicates
that oxygen atoms in the phosphate groups are involved in the
activation of CH,;. Although Fe,P,05 is inactive for the direct
oxidation of CH4 with O, in the presence of H, or with N,0,3440
its catalytic activity for CH, oxidation with only O, has not been
investigated. CH,; oxidation using Fe,P,0; prepared by the
reduction of FePO4-MA with H, was investigated to confirm the
possible involvement of this redox cycle between FePO4 and
Fe,P,07 (Fig. S14). Despite the lack of a significant difference in
CH4 conversion between FePOs-MA and Fe,P,0; under the
present conditions, Fe,P,0; exhibited much lower selectivity
toward HCHO than FePO4-MA. In addition, XRD analysis of the
recovered catalyst after oxidation indicated that the trigonal
phase is not completely recovered because the reoxidation of
Fe,P,07 into FePO4 requires a temperature of 2620 °C according
to the TG-DTA analysis. The surface oxidation state for iron
species of the recovered FePO,-MA catalyst was almost the
same as that of a fresh catalyst (Fig. S15). Therefore, Fe,P,07 is
not involved during the present oxidation process and is
intrinsically less effective than FePO, for the oxidation of CH,4
with 02.

Kinetic studies on CH4 oxidation over FePO4-MA at 500 °C
were performed to investigate the reaction mechanism. The
dependence of the reaction rate (i.e., CH4 conversion) on the
partial pressures of CH; (Pcug) and O, (Po2), and the catalyst
loading of FePO4-MA are shown in Figs. 7(b—d). A first-order
dependence of the reaction rates on Pcys and catalyst loading,
and a zero-order dependence of the reaction rates on Pg, were
observed, which was in good agreement with the results for
conventional FeP04.3* There was no significant structural
difference between the fresh and recovered FePO4-MA catalyst
after oxidation; therefore, these kinetic results indicate two
possibilities: (i) the surface oxygen species generated from O,
and FePO4 react with CH; to yield products followed by fast
replenishment of the surface oxygen species as proposed by
Wang and Otsuka (Fig. S16),3*3¢ or (ii) FePO, itself (i.e.,
phosphate unit) reacts with CH,4 followed by rapid reoxidation
to FePOa.

Pulse reaction experiments for FePO4-MA pretreated in He at
550 °C were conducted to investigate the possible mechanism
in more detail. When the CH4 pulse (without O,) was passed
through the catalyst bed five times at 550 °C at 10 min intervals,
HCHO and CO were formed and no significant amount of CO,
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was detected. The total yields gradually decreased with an
increase in the pulse number, and the selectivity toward HCHO
increased slightly (Fig. 8(a)). The molar ratio of Fe species used
for oxidation relative to the surface Fe species (determined by
pyridine-adsorbed IR spectroscopy) was estimated to be 4-6,
considering the number of electrons for each oxidation (i.e.,
four-, six-, and eight-electron oxidation of CH, into HCHO, CO,
and CO,, respectively) and Fe3*/Fe?* redox reaction, which
indicates that a few surface layers of FePO4-MA react with CHa.
There was no significant difference in the XRD patterns or IR
spectra between the fresh and recovered catalyst after the
pulse experiment (Fig. S17), which indicates that CH4 oxidation
most likely occurs on the FePO, surface. We carried out the
pulse reaction experiments by changing the intervals between
each pulse from 10 min to 60 min (Fig. 8(b)). In the case of the
pulse experiments at 60 min intervals, the CH4 conversion and
selectivity to HCHO and CO did not change with an increase in
the pulse number in contrast to the pulse experiment at 10 min
intervals, which indicates the possible migration of surface
oxygen vacancies to the bulk of FePOs;-MA. There was no
significant difference in the XPS spectra between fresh and
recovered FePO4-MA after the pulse experiments (Fig. S15), also
supporting this idea.

3.4 Acid-base properties of iron-based catalysts.

Although Fe,;03; had much higher oxidizing ability at lower
temperature than FePQO,4 on the basis of H,-TPR and TG-DTA
analyses, FePO,4 gave HCHO selectively whereas Fe,03 gave only
CO; in the same CH4 conversion region, as shown in Fig. 9;
therefore, the significant difference in selectivity cannot be
simply explained by the oxidizing ability of the iron-based
catalysts. We have recently reported that the unique acid-base
properties of metal phosphates result in high catalytic
performance not only for chemoselective acetalization, but also
for oxidative coupling of CH,4, in sharp contrast to metal
oxides.394* Therefore, the difference in the surface acid-base
properties between FePO4,-MA and Fe,O3 is also critical to
determine the selectivity for CH4 oxidation. The acid-base
properties of FePO4,-MA and Fe,03 were evaluated using IR
spectroscopy for samples with adsorbed probe molecules. IR
spectra for pyridine-adsorbed FePO4-MA and Fe,0s indicated
that both FePO4-MA and Fe;03 have only Lewis acid sites (Figs.
3(f) and S18), and the amounts of Lewis acid sites on FePO4s-MA
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Fig. 10 Difference IR spectra for (a) chloroform-, (b) acetone-,
and (c) MeOH-adsorbed FePO4-MA (left) and Fe,Os3 (right) at
25 °C.

and Fe;03 were estimated from the intensities of the band
around 1446 cm™ to be 13 pmol g! and 50 pumol g7,
respectively. For the activation of CH,4 by [Al,O,]**, the strong
acidity of the aluminum site enables the heterolytic cleavage of
the C—H bond of CH, via PCET.%¢ In the present catalysis, the
strong Lewis acid site of the tetrahedral Fe3* species likely plays
an important role in the activation of CH;. The basicity was also
confirmed by IR spectroscopy with adsorbed CHCI3 (Fig. 10(a)).
Although the band due to the C—H stretching mode of the CHCl;
molecule was observed at 3033 cm™ and did not shift in
comparison with the original band (3034 cm™) in the case of

This journal is © The Royal Society of Chemistry 20xx
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measurement using MeOH-adsorbed (a) FePOs,-MA and (b)

Fe,0s3 in stream of He.

FePO4-MA, there was a significant red-shift from 3034 cm™ to
2993 cm™ in the case of Fe,0s; therefore, FePO4 has much
weaker base sites on the surface than Fe,03.446869 Fe,0;
exhibited weak and broad shoulder bands around 1250 cm™,
which were ascribed to §(CIC—H) for the CHCl; molecules due to
the interaction of the acidic hydrogen and chlorine atoms with
the basic oxygen and Lewis acid sites, respectively; however, no
such bands were observed for FePO4-MA.%8

Such a difference in the acid-base properties between
FePO4-MA and Fe,03 has a strong effect on the interaction with
carbonyl compounds and alcohols. It is difficult to use pure
HCHO as an adsorbate; therefore, acetone and MeOH were
used as model probe molecules. The interaction of acetone
with FePO4-MA was confirmed (Fig. 10(b)), and one strong C=0
stretching band of acetone adsorbed on FePO4,-MA was
observed at a lower wavenumber (1685 cm™) than those of
acetone in the gas phase (1731 cm™) and CePO,4 (1699 cm™).44
On the other hand, the IR spectrum of acetone adsorbed on
Fe,0s exhibited bands around 1580-1550 cm™ assignable to
condensed species in addition to a band around 1685 cm™ due
to acetone molecules coordinated to Lewis acid sites.**7%71 The
v(C=0) band of adsorbed condensed species would overlap with
aband around 1685 cm™ due to acetone molecules coordinated
to Lewis acid sites All these results indicate that the uniform
Lewis acid sites on FePO4-MA without base sites do not promote
aldol condensation. The IR spectra for samples with adsorbed
MeOH as a probe oxygenate were confirmed (Fig. 10(c)). In the
case of FePOs-MA, broad bands between 3000 and 3500 cm™
appeared with negative v(O—H) bands, and the bands at 2963
and 2856 cm™ were assignable to the asymmetric and
symmetric CHs; stretching modes of molecularly adsorbed
MeOH via hydrogen bonds. These results are consistent with
previous reports for the non-dissociative adsorption of MeOH
on metal oxides and CeP04.**72 |n contrast, bands were
observed at 2925 and 2820 cm™, which were assignable to
vas(CH3) and v¢(CHs) of methoxide species, respectively.**73
These results indicate that FePO, without base sites has only
weak interaction with MeOH, in sharp contrast to basic Fe,0s3,
and the similar interaction of HCHO with catalysts may be
observed because of its lower pK, value (13.29) than MeOH
(15.5).74
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The temperature-programmed reaction of adsorbed MeOH
species in a stream of He was investigated by monitoring the
mass spectrum of each product to confirm differences in
reactivity between MeOH-adsorbed FePO4-MA and Fe,0s (Fig.
11). The molecularly adsorbed MeOH on FePO4-MA desorbed
around 50-100 °C as MeOH (m/z 31) and/or HCHO (m/z 29,
which could possibly be assigned to a fragment peak of MeOH)
without significant formation of CO, (m/z 44) or CO (m/z 28). On
the other hand, only the strong desorption peaks due to CO;
and CO were observed around 250—-300 °C for the methoxide
species adsorbed on Fe,03;, which indicates that such a weak
interaction of FePO,4 with oxygenates (e.g., HCHO) contributes
to suppression of the complete oxidation of oxygenates into
CO,, despite its much poorer oxidizing ability than Fe;0s;. On
the basis of all these results, we propose a possible reaction
mechanism for CH,4 oxidation over FePO, (Fig. 12). First, CH, is
oxidized on the FePO, surface to produce HCHO and partially
reduced FePO,-s, and this step is the rate-determining step.
FePO4-s is rapidly oxidized with O, to FePQ, thereby
establishing the catalytic cycle. FePO,4 with uniform Lewis acid
sites and weakly basic sites contributes to the specific C—H
activation and the weak interaction of FePO, with oxygenates
(e.g., HCHO), which results in the selective direct oxidation of
CH4 into HCHO.

Conclusions

In summary, various crystalline iron-based phosphate and oxide
catalysts were synthesized by the sol-gel method using malic
acid or aspartic acid, and their catalytic properties was
systematically investigated for the oxidation of CH; with O, as
the sole oxidant. Among these catalysts, trigonal FePO,
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nanoparticles (FePO4-MA) exhibited the highest catalytic
performance for the direct oxidation of CH; into HCHO. The
Fe/P molar ratios for iron phosphates strongly affected the
catalytic activity and selectivity toward the production of HCHO.
Although the redox cycle between FePO,; and Fe,;P,07; was
observed during reaction of the reductants (H, and CH4) and
oxidant (O,) based on the TG-DTA, XRD, and temperature-
programmed reaction results for FePOs-MA, mechanistic
studies including the catalyst effect, kinetics, and pulse reaction
experiments suggested that this redox cycle was not involved
during catalysis under steady-state conditions, and that the
oxidation of CH; proceeds on the FePO, surface with the
structure preservation of bulk FePOa. IR spectroscopy
measurements of FePO, and Fe,Os; with adsorbed probe
molecules indicated that the weak interaction of FePO,4
containing uniform Lewis acid sites and weak basic sites with C;-
oxygenates likely suppresses subsequent oxidation into CO,.
Such a C—H activation mode (formally PCET) and the weak basic
properties of FePO,4 result in high catalytic performance for the
selective direct oxidation of CHs into HCHO. However, the
possibility of FePO4-MA subsurface reduction/oxidation during
the reaction cannot be fully excluded by the present results. In
this context, further investigation on the real-working state of
FePO, during the catalytic oxidation of CH4 to oxygenates is
required, and operand spectroscopic techniques definitely help
us to understand detailed dynamics of FePO, during the
catalysis.”

This study suggests the importance of the effect of
phosphate units on the selective activation of CH4 into the
desired products. Further catalyst design and/or fine-control of
the metal phosphate synthesis could lead to the development
of efficient catalysts for direct CH4 transformation reactions that
are in sharp contrast to metal oxides. While the low HCHO yield
of FePO4-MA should be improved, this approach is a promising
strategy for the establishment of selective CH,; oxidation by
control of the surface redox and acid-base properties of
heterogeneous catalysts.
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