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g methanol oxidation using
supported vanadium phosphorous oxide carriers
for formaldehyde production†

Anuj Joshi, ‡a Sonu Kumar, ‡a Melissa Marx, b Amanda H. Trout,c

Sudeshna Gun,a Zain Mohammad,a Yehia Khalifab and Liang-Shih Fan *a

This work describes the remarkable performance of a novel chemical looping route for the partial oxidation

of methanol to formaldehyde employing b-VOPO4 as the oxygen carrier. During reduction, the VOPO4

carrier donates its lattice oxygen to methanol, generating formaldehyde and steam. The reduced carrier,

VPO5−x, subsequently replenishes its lattice oxygen by reacting with air during oxidation. This study

explores how incorporating VOPO4 on SiO2 support enables superior lattice oxygen utilization owing to

improved active site dispersion. Subsequently, a stable redox performance over 10 redox cycles is

achieved for the synthesized carrier. Fixed bed studies showcased a stable methanol conversion of 85%

with a corresponding formaldehyde selectivity of 45%. These results confirm the feasibility of VOPO4-

based oxygen carrier design for the selective oxidation of methanol to formaldehyde. The insights on

carrier development targeted for selective reaction provided in this work can also be leveraged for

advancing other chemical looping processes.
1. Introduction

Formaldehyde (HCHO) is an essential organic chemical with
industrial signicance and has been produced commercially
since 1889. It serves as a key feedstock in various products such
as resins, paints, polymers, adhesives, and pesticides and is also
used in the textile, transport, energy, and personal hygiene
industries.1–6 With the demand for these products rising,
formaldehyde production has also witnessed steady growth,
with yearly production exceeding 30 megatons.7,8 Industrially,
formaldehyde is produced predominantly from the catalytic
oxidation of methanol (CH3OH), and over 30% of all the
methanol produced is dedicated towards its production.9,10

There are two different processes for producing formaldehyde
from methanol, that can be classied based on the catalysts
they employ. The rst process, the ‘silver process,’ utilizes
a silver-based catalyst. This process involves sending a meth-
anol and air mixture, with methanol in excess over the catalyst
bed at ambient pressure and in the temperature range of 600–
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720 °C.1 The reaction mechanism entails both the dehydroge-
nation and partial oxidation of methanol,11 which are repre-
sented in eqn (1) and (2), respectively.

CH3OH / HCHO + H2 (1)

CH3OHþ 1

2
O2/HCHOþH2O (2)

The second process, the ‘Formox process,’ using an iron-
molybdenum catalyst, also operates at ambient pressure but at
a considerably lower temperature range of 250–400 °C.1 More-
over, the process is carried out with an excess air-to-methanol
feed ratio and involves only the partial oxidation route (eqn (2)).
The yield of both these processes ranges from 86 to 92%.1,11,12

However, due to its higher selectivity and lower operating
temperatures, the Formox process has more market share than
the silver process.13

Despite the widespread deployment of the two catalytic
processes at the industrial scale, certain drawbacks still remain
unsolved. The primary concern is the hazard posed by the
necessity to make a dangerous mixture of methanol vapors with
air at high temperatures.14 Another drawback is the poor
stability of the catalysts. In the case of the silver process, the
catalyst undergoes agglomeration due to prolonged operation at
high temperatures and needs to be replaced every 3 to 12
months.14–16 The Formox process with a Fe–Mo catalyst also
faces the problem of catalyst deactivation, which can be
attributed to the volatilization of MoO3, formed due to the
This journal is © The Royal Society of Chemistry 2024
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reaction of formaldehyde with the catalyst.17–20 Thus, there has
been a signicant research thrust in the synthesis of a new
catalyst formulation that is low-cost, stable, and sustainable.
Oxides of metals such as iron, vanadium, molybdenum,
niobium, and phosphates of vanadium, iron, and their mixtures
have been researched.1 Although the results have been prom-
ising, a substantial effort to develop an alternative technology
altogether has been lacking.

This work introduces a novel chemical looping methanol
oxidation (CLMO) process for formaldehyde production.
Chemical looping is a system involving redox reactions in two or
more steps, facilitated by an oxygen carrier, and has been
successfully applied for applications such as syngas and H2

production.21–30 Instead of co-feeding air with methanol, in the
chemical looping approach, methanol reacts with the lattice
oxygen of the carrier to form formaldehyde. The carrier provides
the active site as well as the oxygen for executing the reaction.
The reduced carrier is subsequently regenerated by reacting with
air. This approach completely avoids the contact of methanol
and air, thus rendering a safer process than state-of-the-art
catalytic technologies. Moreover, signicant energy savings can
be possibly obtained as excess air is not required to keep the
methanol and air mixture below the lower explosive limit.11,16

The success of any chemical looping approach depends on
its oxygen carrier. Thus, developing an oxygen carrier that is
low-cost and recyclable is critical.24,31–37 Among the various
carriers tested for the selective oxidation of hydrocarbon feeds,
vanadium phosphorous oxide (VOPO4) is a promising candi-
date. As mentioned above, some of its phases have been studied
as a catalyst for selective methanol oxidation and have exhibited
good yields.38–40 Moreover, vanadium phosphorous oxides have
demonstrated their ability to effectively activate C–H bonds in
lower alkanes,41 which can be leveraged in this case. To achieve
stability of the oxygen carrier, its active components are oen
dispersed on a support.42–46 Our preliminary analysis and liter-
ature indicate that SiO2 can serve as a support for VOPO4 as it
does not react with either vanadium or phosphorous and has
already been utilized as a carrier support for various
applications.31,47–50 The CLMO process using the VPO carrier can
be broken down into two steps. In the rst step, VOPO4 (V5+

state) reacts with methanol to form formaldehyde, water, and
a reduced phase of VPO (VPO5−x) consisting of both V4+ and V3+

states. The rst step can also produce undesired products like
CO and CO2. VPO5−x is then regenerated back into VOPO4 in the
subsequent step in the presence of air. The two steps of the
process are represented by eqn (3) and (4), and the overall
process can be envisioned through the schematic shown in
Fig. 1. Moreover, starting with the highest oxidized V5+ phase of
VOPO4 allows maximum oxygen utilization.

VOPO4 + xCH3OH / xHCHO + VPO5−x (3)

VPO5�x þ x

2
O2/VOPO4 (4)

This work is the rst of its kind as it comprehensively
establishes a novel chemical looping approach for
This journal is © The Royal Society of Chemistry 2024
formaldehyde production using VOPO4 dispersed on SiO2

support as the carrier through experimental studies. The anal-
ysis of the reaction of methanol with VOPO4, along with the
effect of multiple redox cycles on the reactivity of the carrier, is
studied using thermogravimetric analysis and solid character-
ization techniques such as X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), Raman spectroscopy, and
scanning electron microscopy with energy dispersive spectros-
copy (SEM-EDS). Fixed bed experiments in conjunction with
transmission electron microscopy (TEM) are conducted to
assess the process at a larger scale of operation. The results of
this work provide guidelines for developing robust carriers and
provide an understanding of underlying chemistry which can be
leveraged for enhancing reactivity. Furthermore, this work adds
to the few pathways developed for chemical looping selective
oxidation apart from syngas and H2 generation, furthering
a broader research thrust in the eld.
2. Materials and methods
2.1 VPO carrier synthesis

2.1.1 Synthesis of precursor material. VPO precursor was
prepared following the procedure described in previous
studies.51 Stoichiometric amounts (P : V = 1 : 1) of V2O5 and
H3PO4 (85 wt%) were mixed in ethanol and reuxed for 16
hours. 20 ml of ethanol per gram of V2O5 was used. Aer the
reux step, all the ethanol was evaporated. The residue was then
collected, crushed, and calcined in air for 10 hours at 500 °C.
The obtained yellow powder was labeled as the VPO precursor.

2.1.2 Preparation of supported VPO carrier. VPO samples
supported on SiO2 were prepared in different concentrations,
i.e., 0 (unsupported), 30, 50, and 70 wt% SiO2. The prepared
VPO precursor was thoroughly mixed with a pertinent amount
of SiO2 powder and made into a pellet using deionized water.
The pellet was then dried overnight at room temperature before
being calcined at 550 °C in air for 10 hours. The prepared redox
carriers were labeled as VPO-Un, VPO-30Si, VPO-50Si, and VPO-
70Si.
2.2 Solid characterization

A Quantachrome NOVA 4200e analyzer was used to estimate the
surface area of the prepared carriers through the Brunauer–
Emmett–Teller (BET) method. Degassing of samples was done
overnight at 300 °C and under vacuum to remove any adsorbed
species. Subsequently, the samples underwent isothermal
nitrogen adsorption at a temperature of −196 °C for their
surface area determination.

The laser Raman spectra were collected in a Renishaw IR
Microprobe at room temperature. All measurements were per-
formed using a 514 nm laser and a 10× objective lens with
a grating of 1200 lines per mm. The spectra were collected at an
exposure time of 10 seconds and averaged over 2 scans to
improve the signal-to-noise ratio.

The crystalline phases of the fresh and post-experiment
samples were identied through X-ray diffraction (XRD) anal-
ysis which was conducted in a Rigaku SmartLab X-ray
J. Mater. Chem. A, 2024, 12, 7680–7692 | 7681
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Fig. 1 Simplified process schematic of CLMO.
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Diffractometer tted with a diffraction beam monochromator.
An accelerating voltage of 40 kV with a lament current of 44
mA was used to acquire the scans from 15 to 65° at a scanning
rate of 2° min−1. The ICDD database in the PDXL2 soware was
used to identify the phases in the XRD spectra.

For the X-ray Photoelectron Spectroscopy (XPS) analysis, all
samples were collected on the NEXSA G1 (Thermo Scientic)
with an Al Ka source (1486.6 eV). Survey spectrum was collected
for all samples (pass energy 150, step size 1.0 eV, and dwell time
10 ms). High resolution spectra for C 1s, O 1s, P 2p, V 2p, and Si
2s were collected at pass energy 40, step size 0.1 eV, dwell time
100 ms. All spectra were calibrated to the aliphatic carbon
feature (284.5 eV). Casa XPS soware (version 2.3.25) was used
for the data analysis with either Shirley or linear background
subtraction. Non-metal peaks were t with GL(30), and metal
peaks were t with GL(70), respectively.

A Thermo Scientic Apreo 2 Scanning Electron Microscope
(SEM) was used to acquire high resolution images for investi-
gating carriers' surface morphology. The images were acquired
with a 5 kV and 50 pA electron beam at a working distance of 3.2
mm. Additionally, to ascertain the elemental distribution on the
surface of the carriers, energy dispersive X-ray spectroscopy (EDS)
mapping was performed at 30 kV with a 1.6 nA electron beam.

All TEM images were collected on an FEI Tecnai F20 TEM
operating at 200 kV. The high-resolution TEM images were
collected with a 40-micron objective aperture.
2.3 Thermogravimetric analysis

All the thermogravimetric analyses were carried out in
a Setaram SETSYS Evolution Thermogravimetric analyzer (TGA).
7682 | J. Mater. Chem. A, 2024, 12, 7680–7692
To examine the phase evolution of the VPO carrier, VPO-Un
sample with a loading of∼30 mg was subjected to reduction for
3 hours, 6 hours, and 12 hours. During reduction, a stream of
100 ml min−1 CH3OH (1010 ppm, balance N2) was injected at
400 °C for the respective time duration. Moreover, for estab-
lishing the carrier's phase regenerability, the 3 hours reduced
sample was oxidized aer reduction, wherein 100 ml min−1 of
air along with 100 ml min−1 N2 at 550 °C was injected for 180
min. During the experiment, 100 ml min−1 N2 was sent as
a ushing gas for 5 minutes before and aer the reduction and
oxidation steps. A ushing of 100 ml min−1 N2 was used during
the temperature transition between the reduction and oxidation
steps.

Methanol temperature programmed reduction (CH3OH-
TPR) experiments were carried out to examine the effect of
support's concentration on the VPO carriers. Prior to TPR, the
samples were rst activated by subjecting them to 1 CH3OH-Air
redox cycle. To carry out the redox cycle, the carriers were rst
reduced, wherein 100 ml min−1 CH3OH (1010 ppm, balance N2)
was introduced at 400 °C for 30 min, followed by their regen-
eration, wherein 100 ml min−1 of air with 100 ml min−1 N2 at
550 °C was injected for 20 min. Post this activation step, the
TGA with the oxidized sample was cooled down to 200 °C under
a ow of 100 ml min−1 N2. To ensure the temperature of the
TGA is stabilized, the sample was maintained at 200 °C for 15
min under 100 ml min−1 of N2. The temperature was then
increased from 200 °C to 550 °C at the rate of 5°C min−1 under
100mlmin−1 CH3OH (1010 ppmv, balance N2). eqn (5) was used
to calculate the time derivative of weight (dTg), which was
plotted against temperature to obtain the TPR proles.
This journal is © The Royal Society of Chemistry 2024

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ta07468d


Fig. 2 N2 adsorption–desorption isotherms for fresh (a) VPO-Un and (b) VPO-70Si carriers.
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dTg ¼ W2 �W1

t2 � t1
(5)

(W1 and W2 are the weight of samples at times t1 and t2,
respectively).

To test the recyclability and stability, the prepared VPO
carriers were put through 10 continuous CH3OH-air redox
cycles. For every redox cycle, the sample rst underwent
reduction, wherein 100 ml min−1 CH3OH (1010 ppm, balance
N2) was introduced at 400 °C for 30 min, which was followed by
regeneration, wherein 100mlmin−1 of air with 100mlmin−1 N2

was injected at 550 °C for 20 min. During the experiment, 100
ml min−1 N2 was sent as a ushing gas for 5 minutes before and
aer the reduction and oxidation steps. A ushing of 100 ml
min−1 N2 was also used during temperature transitions between
the reduction and oxidation steps. To minimize the variability
due to sample loading in the TGA, the weight of the sample
prior to every experiment was kept in the range of 25–30 mg on
the TGA crucible. Using the obtained weight data, the reduction
of the carrier for each cycle was calculated as the oxygen weight
loss per weight of the VPO (active component) in the loaded
carrier, as per eqn (6).

Oxygen loss or reduction ¼ DW

Mi � xi

(6)

(DW is the net weight change observed for a reduction step,Mi is
the weight of the sample at the start of the experiment, and xi is
the mass fraction of VPO in the carrier).

During all TGA experiments, a constant ow of 50 ml min−1

He was maintained as a protective gas.
Fig. 3 Raman spectra of fresh (1) VPO-Un and (2) VPO-70Si carriers.
2.4 Fixed bed analysis

The CH3OH reduction step was studied at 400 °C in a xed bed
setup for the VPO-Un and VPO-70Si carriers, as depicted in
Fig. S1.† For the reactor, a ceramic tube of 0.5-inch ID was
utilized, and 0.1 g of sample was loaded. During reduction, 1010
This journal is © The Royal Society of Chemistry 2024
ppmv CH3OH gas (balanced with N2) was injected at a ow rate
of 15 ml min−1 in the reactor. A post reactor dilution stream of
185 ml min−1 of N2 was maintained. The reduction was carried
out for 333 minutes for the VPO-Un carrier and 100 minutes for
VPO-70Si carrier to keep the total amount of reactant gas inlet
per unit active component the same across all experiments.
Continuous gas monitoring was done at the reactor outlet using
a CAI 6000 FT-IR gas analyzer. The reduced carrier was oxidized
at 550 °C using 100 ml min−1 of air for 60 minutes. Using the
data obtained, % CH3OH conversion and % HCHO selectivity
were calculated using eqn (7) and (8), respectively, and plotted
against time.

CH3OH conversionð%Þ ¼ CH3OHin � CH3OHout

CH3OHin

� 100 (7)
J. Mater. Chem. A, 2024, 12, 7680–7692 | 7683
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Fig. 4 (a) XRD spectra (b) V 2p XPS spectra and (c) P 2p XPS spectra of VPO-Un (1) before and (2) after 10 redox cycles and of VPO-70Si (3) before
and (4) after 10 redox cycles.

7684 | J. Mater. Chem. A, 2024, 12, 7680–7692 This journal is © The Royal Society of Chemistry 2024

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 8

/3
/2

02
5 

3:
44

:4
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ta07468d


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 8

/3
/2

02
5 

3:
44

:4
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
(CH3OHin and CH3OHout are the concentration of methanol at
the inlet and the outlet at time t, respectively).

HCHO selectivity ¼ HCHOout

HCHOout þ CO2out þ COout þ Cdep

� 100

(8)

(HCHOout, CO2out and COout are the concentration of CO2 and
CO at the outlet at time t, respectively).

Cdep in eqn (8) is the instantaneous molar rate of carbon
deposition and is calculated using eqn (9).

Cdep (ppm min−1) =

CH3OHin − (CH3OHout + HCHOout + CO2out + COout)(9)

It is important to note that the total outlet ow rate was
assumed to be identical to the total inlet ow rate allowing for
the above calculations (eqn (7)–(9)). The basis of this assump-
tion is the low CH3OH ow rate compared to the diluent N2.
3. Results and discussion
3.1 Characterization of the VPO carrier

3.1.1 Isothermal N2 physisorption. In order to determine
the surface area of the fresh VPO carriers, N2 adsorption–
desorption isotherms analysis was conducted, the ndings of
which are presented in Fig. 2. The isotherms can be classied as
type II, indicating a non-porous or macroporous structure.52 The
surface area of VPO-Un and VPO-70Si carriers were determined
as 0.82 m2 g−1 and 1.12 m2 g−1, respectively. This increase may
be attributed to the improved dispersion of VPO on the support,
which could enhance reactivity. For comparison, the surface
area of calcined SiO2 (which contains 0% active material) was
found to be 1.088 m2 g−1, a value notably similar to that of the
VPO-70Si carrier. Additionally, the N2 adsorption–desorption
isotherms for calcined SiO2 is depicted in Fig. S2.†
Fig. 5 SEM image of VPO-Un (a) before and (b) after 10 redox cycles an

This journal is © The Royal Society of Chemistry 2024
3.1.2 Solid characterization. The Raman spectrum for the
VPO-Un and the VPO-70Si fresh carriers is depicted in Fig. 3(1)
and (2), respectively. Both spectra have four characteristic peaks
at 893 cm−1, 985 cm−1, 995 cm−1, and 1071 cm−1 which indicate
the presence of the b-VOPO4 phase.53–55 Furthermore, no
impurity phase formation is occurring due to the SiO2 support,
as the spectrum for both the carriers is identical.

The XRD analysis of the fresh VPO-Un and VPO-70Si, shown
in Fig. 4(a), reveals the presence of b-VOPO4 (ICDD – 01-084-
9976) and SiO2 (ICDD – 00-046-1045). This validates that the
synthesis of the carriers was successful, and the SiO2 support
does not react with VOPO4. Moreover, both carriers maintained
their phase integrity as no presence of any additional phases
were detected aer 10 redox cycles, as depicted in Fig. 4(a).
Thus, both the carriers are able to sustain phase stability and
integrity over multiple cycles, which involve exposure to CH3OH
and air along with temperature swing. The intermediate SiO2

concentration carriers, VPO-30Si and VPO-50Si, were also
synthesized successfully and maintained their phase integrity
over 10 redox cycles. Their XRD analysis is presented in Fig. S3.†

XPS spectra were also collected on the VPO-Un and VPO-70Si
fresh and post redox carriers to understand any surface modi-
cations or changes to the oxidation states. V 2p spectra, rep-
resented in Fig. 4(b), indicate the presence of two sets of
doublets (V 2p3/2 and V 2p1/2) that are representative of both the
V5+ (517.6 eV and 525.2 eV) and the V4+ state. (516.6 eV and 524.2
eV).56–64 However, aer both carriers undergo redox cycling, the
ratio of V4+ to V5+ on the surface increases. This can be attrib-
uted to higher oxygen vacancies present on the surface aer 10
redox cycles. Fig. 4(c) shows the complementary P 2p XPS
spectra of the same samples. For the VPO-Un carrier, the
binding energies of the features appear at 132.6 eV and 133.4 eV
representing the P 2p3/2 and P 2p1/2, respectively. They do not
shi as a function of cycling, suggesting that P is not changing
d of VPO-70Si (c) before and (d) after 10 redox cycles.

J. Mater. Chem. A, 2024, 12, 7680–7692 | 7685
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oxidation states on the surface of the material. For the VPO-70Si
carrier, the P 2p3/2 and P 2p1/2 appear at 132.7 eV and 133.6 eV,
which is within a reasonable binding energy shi of the
unsupported carrier and does not vary as a function of redox
cycling. The XPS analysis for other elements for the fresh and
post redox carriers is provided in ESI (Section S4).† Further-
more, XPS analysis on VPO-Un and VPO-70Si carriers aer 1
redox cycle, representing the activation cycle, is also given in the
ESI (Section S5).†

The fresh and post-redox VPO-Un and 70-Si carriers were also
subjected to SEM and EDS analysis to assess their morpholog-
ical evolution. SEM imaging, shown in Fig. 5, revealed a wide
distribution in crystal sizes for VOPO4 for both the fresh
carriers. Furthermore, VOPO4 was observed to be well dispersed
on the SiO2 support for the VPO-70Si carrier. Aer 10 redox
cycles, no signicant change in morphology was observed for
Fig. 6 (a) XRD spectra (b) V 2p XPS spectra and (c) P 2p XPS spectra of

7686 | J. Mater. Chem. A, 2024, 12, 7680–7692
both carriers, indicating that the reaction conditions were not
leading to sintering. The EDS elemental mapping for both the
fresh and post redox carriers, depicted in Fig. S6–S9,† conrm
no phase segregation.

These characterization results conrm that the VOPO4 can
maintain its phase and textural integrity across multiple redox
cycles in both the supported and unsupported carriers.
However, to understand the transformation of VOPO4 as it
reacts with CH3OH, XRD and XPS analysis was conducted on
a VPO-Un carrier that has undergone a 3 hours reduction under
CH3OH at 400 °C.

The XRD analysis of the post 3 hours reduced sample, shown
in Fig. 6(a), reveals the formation of the (VO)2P2O7 (ICDD – 00-
050-0380) and the VPO4.H2O (ICDD – 01-088-1244) phase. Thus,
the sample is reduced from its +5 oxidation state of V in VOPO4

to +4 and +3 oxidation states. Furthermore, this reduced
VPO-Un after 3 hours CH3OH reduction.

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Temperature programmed reduction of VPO-Un, VPO-30Si,
VPO-50Si, and VPO-70Si carriers.

Fig. 8 Oxygen loss of VPO-Un and VPO-70Si carriers across 10 redox
cycles.
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sample, when exposed to air at 550 °C, regenerates back to the
original VOPO4 phase, as depicted in Fig. S10.† Complementary
XPS spectra were collected to further conrm the oxidation
states. The V 2p spectra, shown in Fig. 6(b), indicate that there is
only the V4+ state remaining on the surface of the material
(516.7 eV and 524.1 eV for V 2p3/2 and V 2p1/2, respectively). The
P 2p region of the same material is shown in Fig. 6(c), which is
the doublet of P 2p3/2 (133.1 eV) and P 2p1/2 (134.0 eV). This is
a slightly higher binding energy than the previous P 2p spectra
and could be due to the formation of a different phase, as
indicated in Fig. 6(a).65–67 The XPS analysis for other elements is
provided in ESI (Section S7).†
Fig. 9 CH3OH conversion and HCHO selectivity profile of VPO-70Si
in fixed bed.
3.2 Thermogravimetric analysis

Although the solid characterization analysis conrms that SiO2

does not react with b-VOPO4, TPR experiments were performed
This journal is © The Royal Society of Chemistry 2024
to investigate the effect of SiO2 on carrier reactivity. Unsup-
ported VOPO4, along with SiO2 supported VOPO4 carriers, were
subjected to CH3OH TPR aer 1 redox cycle, as shown in Fig. 7.
All the carriers start reacting with CH3OH around ∼345 °C,
indicating that the addition of SiO2 does not seem to alter the
intrinsic kinetics of the reaction. However, the magnitude of the
peak increases with an increase in SiO2 concentration. This
implies that the addition of SiO2 as support improves the
dispersion of VOPO4, enhancing the reactivity.

To evaluate the reactivity and recyclability of the carriers, 10
continuous redox cycles were performed. The oxygen loss
calculated based on TGA weight reduction data for the VPO-Un
and VPO-70Si is presented in Fig. 8. For both carriers, the
oxygen loss improves aer the 1st cycle, which can be attributed
to carrier activation, a phenomenon observed in many chemical
looping applications.68–70 An oxygen loss improvement of ∼35%
and ∼220% is observed aer the 1st cycle for VPO-Un and VPO-
70Si, respectively. From the 2nd cycle, both the carriers main-
tain their reactivity, which is congruous with the SEM analysis
as no sintering was observed, as discussed in Section 3.1.2.
However, the oxygen loss for the VPO-70Si carrier is ∼115%
higher than the VPO-Un carrier. This drastic reactivity
improvement can be attributed to the higher dispersion of
VOPO4 on the SiO2 support, conrmed through the TPR study.
Furthermore, redox analysis for VPO-30Si and VPO-50Si along
with the results presented in Fig. 8 support the conclusion of
VOPO4 dispersion on SiO2 drawn from TPR results and is shown
in Fig. S12.† This result establishes the exceptional perfor-
mance of the SiO2-supported carrier in terms of reactivity and
recyclability over the unsupported carrier.
3.3 Fixed bed analysis

Aer the assessment of reactivity and recyclability, gaseous
product analysis for the CLMO process was carried out in xed
bed mode to gauge the performance at a higher scale of oper-
ation. The VPO-Un and VPO-70Si carrier were subjected to
J. Mater. Chem. A, 2024, 12, 7680–7692 | 7687
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Fig. 10 XRD spectra of VPO-Un (1) post reduction and (2) post
regeneration and of VPO-70Si (3) post reduction and (4) post
regeneration.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 8

/3
/2

02
5 

3:
44

:4
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
CH3OH reduction at 400 °C. The trend for CH3OH conversion
and HCHO selectivity for VPO-70Si is presented in Fig. 9, with
the concentration prole depicted in Fig. S13.† The analysis for
the VPO-Un carrier is shown in Fig. S14.† At 400 °C, a steady
CH3OH conversion of ∼85% with average HCHO selectivity of
∼45% is achieved for both carriers. The recorded IR spectra of
the reactor outlet gas stream at different time intervals during
the VPO-70Si reduction is presented in Fig. S15.† The spectra
clearly reveal the formation of formaldehyde as the major
product. Furthermore, the selectivity towards formaldehyde is
reported to be highest among oxygenates apart from CO2, and
CO for the catalytic selective oxidation of methanol over vana-
dium phosphorous oxide-based catalysts at 400 °C.13,40 Never-
theless, future studies will investigate whether such products
apart from those mentioned are being formed.

As shown in Fig. 10, the XRD spectra of the VPO-Un post
CH3OH reduction at 400 °C reveal the presence of VPO4.H2O
and (VO)2P2O7 phases. The peak for the VPO4.H2O phase in the
Fig. 11 TEM images of VPO-Un (a) before and (b) after fixed bed reduct

7688 | J. Mater. Chem. A, 2024, 12, 7680–7692
reduced VPO-70Si XRD spectra, also shown in Fig. 10, is masked
due to the overlap of the high intensity SiO2 peak at∼26.8°, and
the peak for the (VO)2P2O7 is too small to be detected. However,
these peaks are clearly visible in the reduced VPO-Un carrier,
conrming the formation of oxygen decient phases. Addi-
tionally, the XRD spectra show no impurity phase formation
aer the CH3OH reduction and air oxidation steps for both
carriers, thereby conrming the carriers' phase stability and
validating the recyclability studies performed in the earlier
section. A balance on the carbonaceous species of the system
revealed a steady carbon decit, with an average value of ∼30%,
indicative of carbon deposition in the system. However, as
discussed above, no other peak apart from CO, CO2, CH3OH,
and HCHO is detected in the outlet FTIR spectra (Fig. S15†),
leading to the assumption that carbon deposition is occurring.

However, TEM images of the VPO-Un fresh and post xed
bed reduction samples, illustrated in Fig. 11, do not show any
evidence of carbon deposition. To conrm whether any carbon
deposition was occurring on the carrier, several TGA studies
were conducted, wherein the VPO-Un carrier was reduced under
CH3OH (1000 ppm) for extended time periods, as depicted in
Fig. S16.† The TGA curves, depicting weight versus time,
revealed a continuous decrease in weight, indicating loss of
lattice oxygen from the carrier. Even aer subjecting the carrier
to a 12 hours reduction, albeit at a higher gas to solid ratio
compared to xed-bed, no increase in weight, typically associ-
ated with carbon deposition, was observed. The carbon depo-
sition in the xed bed could be attributed to the higher partial
pressures of reactant and product gases compared to TGA on
the sites provided by the ceramic reactor wall material.
However, if any other products apart from CO, CO2 and HCHO
are being formed, with the intensity of their spectra below the
detection limit of FTIR, such products can justify the observed
carbon error. As mentioned above, the aim of this study is to
establish a proof of concept for formaldehyde production from
methanol using the chemical looping route. The future work
will involve gaining insights into the carbon balance through
comprehensive gas analysis and suggest appropriate changes to
the reactor setup or conguration if it is found that carbon
deposition is due to reactor effects. Further optimization of the
ion.

This journal is © The Royal Society of Chemistry 2024
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carrier through dopant modication will also be carried out to
improve the product yield.

4. Conclusions

A rst of its kind chemical looping scheme for HCHO
production from CH3OH was successfully established in this
work, which renders safer operation by avoiding the contact
of CH3OH and O2. The selective oxidation property of vana-
dium phosphorous oxides (VPO), in conjunction with its
lattice oxygen, was leveraged to develop high-performance
and robust oxygen carriers by dispersing the most oxidized
phase of VPO (VOPO4) on SiO2 support. It was found that the
rate of reduction of the carriers depends on the concentration
of SiO2 in the carrier. The temperature programmed analysis
revealed that although the addition of SiO2 support does not
seem to intrinsically affect the reaction mechanism, it
improves the dispersion of VOPO4, the active component.
Furthermore, redox analysis conrmed the stability of the
carriers and validated that the addition of support improves
reactivity as the VPO-70Si carrier showcased ∼115% higher
oxygen loss rate compared to the unsupported carrier. XPS
results suggested the presence of oxygen vacancies on the
surface of the carrier as the ratio of V5+/V4+ decreases aer 10
redox cycles. However, no change in reactivity was observed
from the 2nd to the 10th cycle, and further research can focus
on investigating the evolution and effect of these vacancies.
Fixed bed analysis exhibited stable CH3OH conversion of
∼85% with selectivity towards HCHO of ∼45% for the VPO-
70Si carrier. Carbon deposition was observed in the xed bed
study, however, understanding its formation will be part of
a future study. The design concept of a carrier targeted
towards a specic reaction, exemplied in this work for
selective oxidation for CH3OH through VPO carriers, can be
extended to other applications as well. Furthermore, as this
work is among the very few in the eld of chemical looping
selective oxidation apart from H2 and syngas generation, it
can help to advance research in this eld.
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the Role of the Na2WO4/Mn/SiO2 Catalyst Composition in
the Oxidative Coupling of Methane by Chemical Looping
Experiments, J. Catal., 2018, 360, 102–117, DOI: 10.1016/
j.jcat.2018.01.022.

50 Z. Cheng, A. Joshi and L.-S. Fan, Chemical Looping Clean
Energy Technology Toward a Low-Carbon Future,
Engineering, 2023, S2095809923003788, DOI: 10.1016/
j.eng.2023.08.008.

51 B. Chen and E. J. Munson, Investigation of the Mechanism
of N-Butane Oxidation on Vanadium Phosphorus Oxide
Catalysts: Evidence from Isotopic Labeling Studies, J. Am.
Chem. Soc., 2002, 124(8), 1638–1652.

52 S. Lowell and J. E. Shields, Adsorption Isotherms, in Powder
Surface Area and Porosity, ed. S. Lowell and J. E. Shields,
Springer Netherlands, Dordrecht, 1984, pp. 11–13, DOI:
10.1007/978-94-009-5562-2_3.

53 M. E. Lashier and G. L. Schrader, Reactive Lattice Oxygen
Sites for C4 Hydrocarbon Selective Oxidation over b-
VOPO4, J. Catal., 1991, 128(1), 113–125.

54 H. Numata and T. Ono, Redox Features of b-VOPO4 Catalyst
Using 18O Tracer and Laser Raman Spectroscopy, J. Mol.
Catal. A: Chem., 1998, 130(3), 261–269, DOI: 10.1016/S1381-
1169(97)00217-3.

55 Y. Ni and G. He, Stable Cycling of b-VOPO4/NaVOPO4

Cathodes for Sodium-Ion Batteries, Electrochim. Acta, 2018,
292, 47–54.

56 A. Tang, Z. Liang, H. Chen, G. Xu and H. Song, V2O3–Li3PO4

Composite: A New Type of Cathodic Active Material for Li-
Ion Batteries, Adv. Mater. Interfaces, 2022, 9(13), 2101955,
DOI: 10.1002/admi.202101955.
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