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Abstract
Vanadia supported on well-defined ceria nanocubes are synthesized at various loadings using a liquid-phase chemical grafting 
technique and are compared to those prepared using traditional incipient wetness impregnation. Raman and IR 
characteriza-tion reveal that, as vanadia loading is increased to near monolayer coverage, vanadia deposited using grafting 
shows greatly enhanced dispersion (i.e., improved  VOx monomer/dimer distribution). Methanol is used as a probe 
molecule to explore the redox behavior of the catalysts. IR and temperature programmed desorption of methanol show 
increased  CO2 formation occurs on the bare ceria support and increasing the dispersion of vanadia promotes 
dehydrogenation to formaldehyde due to the inhibited oxygen vacancy formation on  VOx/CeO2. Hydrogen temperature 
programmed reduction demonstrates that the catalyst reducibility and formation of surface oxygen vacancy are directly 
related to the degree of vanadia oligomeriza-tion. The samples prepared using grafting exhibit superior catalytic 
performance for methanol oxidative dehydrogenation to formaldehyde compared to the impregnated samples, due to the 
presence of highly dispersed  VOx species (i.e., monomers and dimers).
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1  Introduction

Metal oxide supported vanadia catalysts are among the most 
studied oxidation catalysts for a variety of redox reactions 
such as oxidative dehydrogenation (ODH) of alcohols and 
short-chain alkanes [1–9]. Ceria (CeO2) supported vanadia 
has been of particular interest because CeO2’s reducibility, 
oxygen storage capacity, and oxygen mobility result in it 
outperforming other metal oxide supports in oxidation reac-
tions [7, 10]. Various molecular structures of vanadia can 
be formed depending on the metal oxide support and load-
ing. The structure of these vanadia species has been studied 
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using a variety of techniques including Raman [11–16], 
IR [10, 17–19], UV–Vis diffuse reflectance spectroscopy 
(UV–Vis DRS) [19–24], 51V MAS NMR [25–27], X-ray 
absorption fine-structure spectroscopy (XANES/EXAFS) [9, 
22, 28], X-ray photo-electron spectroscopy (XPS) [18, 19, 
26, 29–31], and scanning tunneling microscopy (STM) [32]. 
The catalytic performance of these vanadia species has been 
extensively studied on polycrystalline CeO2 using methanol 
ODH as a simple redox probe reaction [4, 7, 33–35]. Bulk 
V2O5 nanoparticles perform much worse than dispersed 
vanadia due to the former’s poor reducibility and decreased 
exposure of vanadia surface sites. The relative activities of 
the vanadia monomers, dimers, and trimers have shown lit-
tle to no difference in certain polycrystalline studies [2, 36].

Surface science techniques and computational studies 
have allowed for atomic-level understanding of the metal 
oxide surface structure and the deposited vanadium species 
[37–41]. Unlike some of the previous polycrystalline stud-
ies, these studies suggest that monomeric vanadia is more 
active than polymeric species for low temperature methanol 
ODH. Temperature programmed desorption (TPD) of meth-
anol on vanadia deposited on well-ordered CeO2(111) thin 
films displayed a lower formaldehyde (CH2O) desorption 
temperature from isolated vanadia than from two-dimen-
sional oligomers [38]. A density function theory (DFT) 
study comparing monomeric and a trimeric vanadia species 
on CeO2 showed a similar trend with CH2O able to form at 
lower temperatures on vanadia monomers while the intrinsic 
reaction barriers on trimers was greater and actually much 
more similar to that of pristine CeO2(111) [42]. This was 
attributed to increased mobility of surface O after structural 
relaxation associated with vanadia monomers. Limitations in 
differentiating monomeric and oligomeric vanadia species in 
polycrystalline studies may be caused by the heterogeneous 
nature of CeO2 nanoparticles and poor control of vanadia 
deposition.

CeO2 nanoshapes synthesized with well-defined mor-
phologies have been used to develop surface–function 
relationships in nanoparticle catalysis and correlate these 
results with those found from surface science and theoreti-
cal approaches [43, 44]. Nanoshapes such as rods, octahe-
dra, and cubes have been shown to expose specific facets of 
the CeO2 crystal surface which provide different anchoring 
sites for deposited vanadia. Studies of VOx/CeO2 using these 
nanoshapes have shown that changing the CeO2 morphology 
can impact vanadia dispersion, methoxy species formed after 
methanol adsorption, and methanol ODH activity [14, 15, 
45, 46]. This suggests that the heterogeneity of polycrystal-
line VOx/CeO2 may not be suitable to accurately probe the 
catalytic properties of each dispersed vanadia species, as 
their individual characteristics are obscured by the presence 
of many different combinations of VOx and CeO2 structures.

Many different deposition methods are used when synthe-
sizing supported vanadia materials with aqueous impregna-
tion of vanadium oxalate being the most often used com-
mercially. Other methods include dry impregnation of 
crystalline V2O5, vapor phase grafting with VOCl3, and 
nonaqueous impregnation with vanadium alkoxides [11]. 
Though many different techniques have been used, the influ-
ence of the preparation method on vanadia structures is not 
completely clear. Earlier studies suggest that the high mobil-
ity of hydrated vanadia species results in the redispersion of 
surface vanadia to form a monolayer and minimize the sur-
face free energy of the support [2]. Facile vanadia migration, 
observed to begin as low as 450 °C on VOx/TiO2, was used 
to explain why preparation method had no observable impact 
on the calcined VOx structure though it has been suggested 
that the preparation method affects the rate of VOx migration 
[47, 48]. Grafting processes offer the potential for atomic-
level control of supported species and have been shown to 
double the rate of propane ODH [49]. A unique liquid phase 
method has been developed for grafting various metal oxides 
onto the surface of mesoporous silica (SiO2) [50–52]. Due to 
vanadia’s poor interaction with SiO2, the method could not 
directly introduce vanadia onto SiO2, but by first depositing 
titania onto the SiO2 to act as anchoring points, the method 
was successful and proved it could be used for other metal 
oxide supports. Supported vanadia catalysts deposited under 
anhydrous conditions displayed greater dispersion than those 
synthesized using conventional impregnation which resulted 
in significantly increased rates of ethanol partial oxidation 
[53]. Recent work has employed similar surface organome-
tallic chemistry for liquid [54] and gas [55] phase grafting 
of dispersed vanadia onto SiO2 supports. These studies sug-
gest that anhydrous preparation methods may significantly 
enhance the dispersion of supported vanadia species that 
remain stable after synthesis.

In the present work, a series of VOx/CeO2 catalysts were 
prepared via incipient wetness impregnation and liquid phase 
chemical grafting over a range of vanadia loadings: below, 
near, and above monolayer coverage. CeO2 nanocubes were 
chosen as the support because these nanoshapes have dem-
onstrated greater VOx dispersion on their (100) facets than 
nanorods or octahedra [45]. The nanocubes were synthesized 
for maximum particle size to provide large, uniform terraces 
as anchoring sites for vanadia while minimizing the density 
of defect sites on the surface [56]. In addition to contributing 
to heterogeneity in anchoring sites, CeO2 surface defects are 
shown to react more readily with supported vanadia to form 
cerium(Ill) orthovanadate (CeVO4) [14]. Through a variety 
of spectroscopic techniques, it is demonstrated that grafting 
increases vanadia dispersion and, using methanol ODH as 
a probe reaction, these dispersed vanadia species are more 
active for catalytic oxidation.



2  Experimental

2.1  Catalyst Preparation

The  CeO2 nanocube supports were synthesized via 
a hydrothermal method using 36  g Ce(NO3)3∙6H2O 
(Sigma-Aldrich, 99.99%) and 2.17  g NaOH (Sigma-
Aldrich, ≥ 97%) [57]. The Ce(NO3)3∙6H2O was dissolved 
in a 350 mL aqueous solution and the NaOH was dis-
solved in a 50 mL aqueous solution. The NaOH solution 
was added dropwise to the cerium solution and mixed 
at room temperature for 30 min. The mixture was then 
poured into four separate 125 mL Teflon liners and placed 
in autoclaves (Parr Instrument Company, large capacity 
acid digestion vessel) to be heated to 180 °C (10 °C/min) 
for 24 h. The  CeO2 precipitate was separated via centri-
fuge before being washed three times with deionized water 
and ethanol in an ultrasonic bath. The rinsed precipitate 
was treated to additional washes to remove any remaining 
Na impurities [58]: a solution of 0.1 M  NH4OH, three 
additional water rinses, followed by washing with a 0.1 M 
 HNO3 solution and three final water rinses. The treated 
precipitate was dried for 12 h at 50 °C before calcination 
at 450 °C for 4 h in air.

VOx was deposited on the  CeO2 supports using either 
impregnation (IMP) or chemical grafting (CG). Before 
impregnation, the  CeO2 support was pretreated at 450 °C 
for 30 min and then cooled to room temperature. A solu-
tion of ammonium metavanadate  (NH4VO3, Sigma-
Aldrich, ≥ 99%) was prepared by dissolving the vanadium 
precursor in an aqueous solution of oxalic acid  (C2H2O4, 
Sigma-Aldrich, ≥ 99%) at a  NH4VO3:C2H2O4 molar ratio 
of 1:2. The vanadium solution was deposited on the  CeO2 
support using incipient wetness impregnation, dried for 
12 h at 50 °C, and calcined at 450 °C in air for 4 h [45]. 
A liquid phase chemical grafting method was used to 
deposit vanadium onto the  CeO2 supports [53]. Approxi-
mately 0.3 g  CeO2 is pretreated at 450 °C for 30 min in 
air before being transferred to a flask containing 100 mL 
anhydrous toluene (Sigma-Aldrich, 99.8%). The mixture 
was refluxed under  N2 (20 mL/min) and continuous stir-
ring for 3 h for further dehydration. The temperature of 
the mixture was decreased to 60 °C before adding vana-
dium oxytriisopropoxide (VOTP, Sigma-Aldrich) corre-
sponding to the desired vanadium loading. The solution 
continues to mix at 60 °C for 15 h under  N2 before being 
cooled to room temperature. The  VOx/CeO2 was separated 
from the remaining liquid via centrifuge and washed with 
anhydrous toluene three times to remove any unreacted 
vanadium precursor. Finally, the sample was dried for 12 h 
at 50 °C before calcination at 450 °C for 4 h in air. The 
prepared  VOx/CeO2 catalysts are denoted as V-IMP 
and 

V-CG for samples prepared via impregnation and chemical
grafting, respectively. The various vanadium loadings for
each sample are denoted as xV with x being the vanadium
atom density (i.e., 5 V represents a sample with 5 V atoms/
nm2 ceria support). Monolayer surface coverage of vanadia
on CeO2 is reported to be between 5 and 7 V/nm2 [2, 15].
The vanadia loadings chosen for this study were 1, 5, and
8 V/nm2 to represent low, near monolayer, and above mon-
olayer coverages. Three separate batches of the 1 and 5 V/
nm2 impregnated and grafted samples were synthesized
using the same CeO2 support to test the reproducibility of
the deposition methods.

2.2 � Material Characterization

Transmission electron microscopy (TEM) analysis of the 
calcined CeO2 supports was performed to confirm their 
morphology and particle size using an FEI Technai G2 20 
Twin operated at 200 kV equipped with a 4 k Eagle CCD 
camera. The specific surface areas (SSA) of the CeO2 
supports and VOx/CeO2 catalysts were determined using 
Brunauer–Emmett–Teller (BET) analysis of N2 adsorp-
tion–desorption isotherms. Approximately 0.5 g of each 
sample was placed in quartz tubes and degassed under 
vacuum at 300 °C for 3 h before BET analysis at 77 K 
using a Micromeritics TriStar II 3020 Physisorption Ana-
lyzer. XRD patterns are obtained using a Rigaku MiniFlex 
X-ray diffractometer using Cu-Kα (λ = 1.54178 Å). Nor-
mal operating power are 40 kV, 30 mA and measurements
were obtained from 3° to 90° at scanning speeds of 0.5°/
min. In situ Raman spectroscopy was conducted by loading
approximately 50 mg of sample into an in situ reactor cell
(Linkam CCR1000) and heating to 400 °C for 1 h under 10%
O2/He (20 mL/min). The dehydrated samples were cooled
to 100 °C before measuring from 0 – 1600 cm−1 using a
Raman spectroscope (Horiba LabRAM HR 800) equipped
with a 532 nm (Ventus LP 532) laser source and Synapse
CCD (charge-coupled device) detector.

IR spectra were collected using diffuse reflectance infra-
red Fourier transform spectroscopy (DRIFTS) with a Bruker 
Tensor 27 FTIR spectrometer equipped with a Harrick Pray-
ing Mantis attachment, averaging 256 scans with a spectral 
resolution of 4 cm−1. Analyses of the bare catalysts were 
done by first pretreating the samples at 400 °C for 1 h under 
10% O2/He flow (20 mL/min) and cooling to 150 °C before 
spectral acquisition under 5% Ar/He flow (20 mL/min). The 
bare catalyst vibrations are difference spectra using potas-
sium bromide (KBr) at 150 °C as the reference background. 
Methanol adsorption was conducted after acquisition of the 
bare sample spectra by lowering the temperature to 50 °C 
and flowing 5% Ar/He (10 mL/min) through a bubbler con-
taining methanol (Sigma-Aldrich, > 99.9%) at room temper-
ature. Methanol was continually introduced until saturation, 



as monitored by changes in the IR spectra. Samples were 
purged under 5% Ar/He flow (30 mL/min) for 30 min or 
until the methanol QMS signal stabilized and there were no 
further changes in the IR spectra. Samples were then heated 
to 450 °C (10 °C/min) under 5% Ar/He flow (30 mL/min) 
while taking spectra at various temperatures. Spectra col-
lected during desorption are difference spectra referenced 
to the pretreated catalyst at the same temperature, before 
methanol adsorption, as the background.

H2 temperature-programed reduction (H2-TPR) was per-
formed using an AutoChem II 2920 Chemisorption Ana-
lyzer (Micromeritics) equipped with a thermal conductiv-
ity detector (TCD). Approximately 50 mg of catalyst was 
loaded into a quartz fixed bed reactor for analysis. Samples 
were pretreated by heating to 400 °C (10 °C/min) under 10% 
O2/He flow (50 mL/min) for 30 min before cooling to ambi-
ent temperature and purging with 5% Ar/He flow (50 mL/
min) for 30 min. The gas flow was then switched to 10% 
H2/Ar (50 mL/min) and kept at ambient temperature until 
the TCD baseline stabilized at which point the temperature 
was raised to 900 °C (10 °C/min). Methanol temperature-
programmed desorption (CH3OH-TPD) was conducted on 
the same chemisorption equipment utilizing the online QMS 
(Quadra 220, Pfeiffer). Samples were loaded and pretreated 
using the same procedure described for H2-TPR and cooled 
to 100 °C for methanol adsorption. Methanol was introduced 
via 0.5 mL pulses of roughly 5% CH3OH/He generated in a 
flask of methanol held at room temperature with He (10 mL/
min) bubbled through until saturation. Samples were then 
purged under 5% Ar/He flow (50 mL/min) for 2 h or until the 
TCD baseline stabilized before increasing the temperature 
to 600 °C. The various desorption products were monitored 
using QMS with the following m/z values: methanol (31), 
formaldehyde (30), dimethyl ether (45), carbon dioxide (44), 
carbon monoxide (28), water (18), and hydrogen gas (2). 
Each desorbed QMS signal was normalized by the argon 
(m/z = 40) signal from the 5% Ar tracer in the carrier gas.

2.3 � Methanol Oxidative Dehydrogenation

Steady-state methanol ODH reactions were carried out in 
a fixed-bed flow reactor to evaluate catalytic performance. 
Approximately 25 mg of catalyst sieved between 0.250 and 
0.149 mm were diluted with inert silicon carbide (SiC) at a 
1:20 catalyst:SiC mass ratio to prevent mass transfer limi-
tations and temperature gradients. A K-type thermocouple 
with quartz lining was inserted into the catalyst bed for accu-
rate sample temperature control. Samples were pretreated 
after being loaded into the reactor by increasing the tem-
perature to 400 °C (10 °C/min) for 30 min under 10% O2/
He (100 mL/min) before lowering the furnace to the desired 
temperature. Methanol was introduced using a syringe pump 
which injected the liquid methanol upstream of the catalyst 

into piping heated to 60 °C to ensure complete evapora-
tion before reaching the reactor. The feed gas during reac-
tion consisted of 3% methanol, 10% O2, and 87% He with 
a total gas flow rate of 100 mL/min. Reactor products were 
heated to 70 °C to prevent condensation and analyzed using 
an online Micro-GC (Agilent 490) equipped with four col-
umns (Molsieve, CP-PoraPLOT U, aluminum oxide column 
and CP-Sil 5 CB) using TCD. Reaction rates were analyzed 
under differential kinetic conditions (conversions below 
10%) and normalized to turnover frequencies (TOF) based 
on the vanadium atom loaded as determined by ICP-MS. 
Separate steady state experiments were conducted at 240 °C 
to measure selectivity at higher conversions. A target conver-
sion of 50% was obtained by controlling the gas hour space 
velocity (GHSV) between 80,000 and 240,000 h−1. Samples 
were again diluted with the 1:20 catalyst:SiC mass ratio and 
the reactant gas maintained the same MeOH:O2:He mole 
ratio as the previous conditions. Reactivities were measured 
on the three separate batches of impregnated and grafted 
samples to determine the variance in their performance.

3 � Results and Discussion

3.1 � Physical and Structural Properties

XRD of the calcined CeO2 support (Fig. 1a) Show that the 
CeO2 nanocubes exhibit a pure cubic fluorite structure with 
no detectable peaks from Ce(OH)3 or Ce(OH)CO3 impuri-
ties indicative of sufficient calcination of the cerium precur-
sor [57]. Using the Scherrer equation based on the XRD 
patterns, the average crystallite size is 37 nm. TEM imaging, 
as seen in Fig. 1b, shows the cubic morphology of the cal-
cined CeO2 support. Based on the TEM images, there are a 
distribution of particle sizes with an average particle size of 
44 nm, which is in relative agreement with the particle size 
determined using XRD. High-resolution images of cubes 
synthesized using the same procedure can be found in a pre-
vious paper where the surfaces were determined to expose 
the (100) facet by measuring the interplanar distance of the 
lattice fringes [56]. The specific surface areas and vanadia 
loadings for the CeO2 and VOx/CeO2 are summarized in 
Table 1. The CeO2 nanocubes have a specific surface area 
of 10.3 m2/g which is in agreement with previous materials 
synthesized using the same procedure [56]. There is only a 
minor decrease in surface area with increased vanadia load-
ing. Inductively coupled plasma mass spectrometry (ICP-
MS) measurements of the vanadia loadings were made for 
the catalysts whose vanadia remained as VOx surface species 
(1 and 5 V/nm2) and, as shown in Table 1, demonstrate that 
the actual vanadia loadings agreed with the expected loading 
during synthesis.



The Raman spectra for the dehydrated catalysts with 
various vanadia loadings are presented in Fig. 2. Spectra 
were normalized by the intensity of the F2g mode of CeO2’s 
fluorite phase at 460 cm−1, which can be seen in the full 
spectra (Fig. S1) [59]. At the lowest vanadia loadings for 
both the grafting and impregnated samples a single feature 
at 1005 cm−1 is observed. With an increase in vanadia load-
ing to near monolayer (5 V/nm2) there is a decrease in the 
intensity of the 1005 cm−1 band along with the observa-
tion of two new bands at 1019 and 1036 cm−1. A direct 
structure-spectroscopy relationship was established in a 
model VOx/CeO2(111) system combining infrared reflec-
tion absorption spectroscopy (IRAS), STM, and DFT [32], 
assigning the V=O stretches for monomers and trimers at 
1006 and 1033 cm−1, respectively. Raman analysis of CeO2 
nanoparticle supported VOx has shown similar V=O bands 
in the region between 1000 and 1050 cm−1 with features 

at ~ 1015 cm−1 tentatively assigned to VOx dimers [14, 16, 
60]. Based on these studies the bands observed at 1005, 
1019, and 1036 cm−1 are assigned to monomers, dimers, and 
trimers or larger 2-D VOx species, respectively. Weak and 
broad features centered approximately at 710 and 850 cm−1 

Fig. 1   a XRD pattern and b TEM image of CeO2 nanocubes after 
calcination at 450 °C used as the vanadia support

Table 1   Summary of physical properties of CeO2 and VOx/CeO2 cat-
alysts

a Estimated average from TEM images
b Estimated from synthesis conditions
c Measured using ICP-MS

Sample Particle 
size(nm)a

SSA (m2/g) V den-
sity (V/
nm2)

V 
loading 
(wt%)b

V 
loading 
(wt%)c

CeO2 44 10.3 – – –
1V-CG-

CeO2

– 10.0 1 0.09 0.16

5V-CG-
CeO2

– 9.8 5 0.44 0.41

8V-CG-
CeO2

– 9.5 8 0.70 –

1V-IMP-
CeO2

– 10.1 1 0.09 0.15

5V-IMP-
CeO2

– 10.0 5 0.44 0.40

8V-IMP-
CeO2

– 9.4 8 0.70 –

Fig. 2   Vanadium region of the Raman spectra for CeO2 nanocube 
supports and VOx/CeO2 catalysts at various loadings deposited via 
chemical grafting and impregnation



appear on the samples with vanadia loadings of 5 V/nm2 and 
greater and can be attributed to Ce–O–V bridging modes 
of isolated vanadia species [15, 40]. A comparison of the 
two 5 V/nm2 samples prepared with grafting and impregna-
tion shows that the trimeric V=O band is dominant on the 
impregnated catalysts while the dimeric V=O band domi-
nates the grafting-prepared catalysts. This observation sug-
gests that chemical grafting is beneficial to the improved 
dispersion of vanadium at higher V loadings. A semi-quan-
titative analysis of the VOx species over the impregnated 
catalyst, using the intensities of the three V=O Raman bands 
(deconvolution of the spectra shown in Fig. S2), suggests 
that only 5% of the vanadium is monomeric with 55% and 
40% being dimeric and trimeric VOx species, respectively. 
In contrast, the grafted vanadia is significantly more disperse 
with monomeric VOx representing 25%, 55% comprised of 
dimeric species, and only 20% remaining as trimeric species.

Previous studies have suggested that the method of prepa-
ration does not have a significant impact on the final struc-
ture of supported VOx due to low temperature redispersion 
of bulk V2O5 on metal oxide supports below monolayer 
coverage [2]. Redispersion of any possible bulk V2O5 is 
consistent with the Raman observations showing no bulk 
V2O5 formation but only monomers and two-dimensional 
oligomers, up to near monolayer coverage, regardless of the 
preparation method. The mechanism of vanadia redispersion 
is believed to occur via crystalline V2O5 forming a mobile 
amorphous V2O5 phase at low temperatures which easily 
diffuses across the support, approaching a monolayer struc-
ture of highly oligomerized 2-D species across the support 
to minimize surface energy [48]. Compared to amorphous 
V2O5, isolated VOx species such as monomers and dimers 
are more stable, resisting oligomerization under higher cal-
cination temperatures [14]. Even then, study of the hydrated 
VOx species formed upon exposure to ambient moisture sug-
gested that these species are highly mobile and the resulting 
VOx structures are thermodynamically controlled and may 
not be influenced by preparation method [47, 61]. Herein, 
the improved dispersion observed for the near monolayer 
grafted catalysts is consistent with the results of graft-
ing vanadia on SiO2 under anhydrous conditions [53–55]. 
The persistent, increased dispersion may be a result of the 
chemical grafting reaction between the vanadium precursor 
and CeO2 support, which may form more stable vanadia 
complexes, so the improved dispersion is maintained after 
calcination. While exposure to ambient moisture after the 
initial anhydrous grafting deposition may have resulted in 
some redistribution of the surface vanadia, the method of 
preparation clearly influences the structure of the resulting 
VOx species.

Increasing the vanadia loading above monolayer coverage 
introduces a distinct band at 864 cm−1 which sits above the 
broad Ce–O–V background of the 8 V/nm2 catalysts and 

is attributed to the symmetric stretching mode ν1(A1g) of 
VO4 in CeVO4. A weaker feature centered around 790 cm−1 
can be assigned to the overlap of CeVO4’s two asymmet-
ric stretching modes ν3(B1g) and ν3(Eg) observed at 786 
and 800 cm−1, respectively [62]. With the formation of the 
CeVO4 phase, a significant decrease of trimeric VOx at 
1036 cm−1 is observed. CeVO4 has been shown to form 
from the reaction of surface vanadia with CeO2 supports 
[14, 15]. The formation of CeVO4 depends on the loading of 
vanadia and calcination temperature. At lower vanadia load-
ing, highly dispersed VOx species tend to form, which have 
been shown to be stable up to 800 °C on cubes at 2 V/nm2 
[14]. With higher vanadia loading, however, oligomerized 
VOx species form, which react with CeO2 at lower tempera-
tures [63]. When the vanadia loading is increased from 5 
to 8 V/nm2, the increased oligomerization of vanadia may 
lead to the enhanced formation of CeVO4 at the expense of 
the larger 2-D VOx species (1036 cm−1). In comparison, 
the V = O features associated with monomeric and dimeric 
VOx are largely unchanged, suggesting that they are stable 
at 8 V/nm2 after calcination at 450 °C. A comparison of 
the impregnated and grafted samples shows considerably 
greater intensities of the bands associated with CeVO4 for 
the impregnated catalyst, due to the expected higher fraction 
of oligomerized VOx species.

CeO2 defect density has been shown to be a strong indica-
tor of MeOH ODH activity with more defective nanoshapes 
displaying increased TOFs and decreased activation ener-
gies [45, 56].The interaction between CeO2 defect sites and 
deposited vanadia can been investigated by the changes in 
defect density which is determined using the ratio of the 
intensity of the f2g peak (460 cm−1) and the peak associ-
ated with defects (592 cm−1) (ID/IF2g) [14, 15]. The defect 
densities using impregnation and grafting are shown in 
Fig. 3. Both deposition methods result in decreased (ID/

Fig. 3   Plot of the band intensity ratios between the defect and f2g 
Raman modes with respect to vanadia surface density



IF2g) ratios with VOx loading. This suggests that vanadia 
addition interacts with surface defects by either eliminating 
them or inhibiting their formation. The strong interaction 
between CeO2 defects and VOx has been demonstrated in 
extensive multiwavelength Raman studies of CeO2 supports 
which have varying defect densities over a range of VOx 
loadings [15, 60]. This inhibition will be further confirmed 
in the following studies of redox properties of the samples 
(i.e., H2-TPR). The role of defects during the chemical graft-
ing reaction and the strong metal-support interaction that 
leads to CeVO4 formation may also impact the stability of 
dispersed VOx on CeO2.

The impact of the synthesis method was further explored 
by IR analysis of surface hydroxyl groups before and after 
VOx deposition. Figure 4 displays DRIFTS spectra in the 
OH stretching region (νOH = 4000–3200 cm−1) for the CeO2 
support and VOx/CeO2 catalysts. Three bands are observed 
on bare CeO2 nanocubes: the highest frequency band at 
3711 cm−1 corresponds to terminal OH while two over-
lapping bands at 3638 and 3621 cm−1 represent bridged 
hydroxyl groups [64, 65]. The broad band centered around 
3506 cm−1 is attributed to residual cerium oxyhydroxide 
trapped in the support’s pores which do not interact with 
the deposited VOx [64]. As VOx is deposited and its load-
ing increased, there is a general decrease in the intensity of 
the bands associated with surface OH on bare CeO2 until 
they completely disappear at above monolayer coverage 
(8 V/nm2). An additional peak around 3739 cm−1 appears 
upon VOx deposition and becomes more prominent at near 
monolayer coverage (5 V/nm2). As this high frequency band 

increases up until moderate coverage but disappears as the 
CeO2 support is completely covered, it may be attributed 
to surface hydroxyl groups associated with nearby VOx. 
A comparison of the surface hydroxyls groups remaining 
after grafting and impregnation at equal VOx loadings shows 
that the chemically grafted VOx titrates the surface hydroxyl 
groups to a greater extent. At 5 V/nm2 the surface hydroxyl 
groups associated with bare CeO2 completely disappear 
whereas the impregnated sample at the same VOx loading 
maintains a significant band for terminal hydroxyl groups. 
The better titration of hydroxyl groups using grafting can 
be attributed to the more efficient condensation reaction 
between the CeO2 support’s surface hydroxyls and VOTP 
during the liquid phase chemical grafting process. The 
greater decrease in remaining CeO2 hydroxyl in compari-
son to impregnation is consistent with the Raman analysis 
showing that vanadia on the grafted catalysts are highly dis-
persed whereas those on the impregnated samples are more 
oligomerized leaving additional un-titrated hydroxyl groups 
on the surface.

3.2 � DRIFTS of MeOH

DRIFTS analysis was conducted to study the methanol 
adsorption, reaction, and desorption as a function of tem-
perature. Figure 5 contains the DRIFTS spectra obtained 
during methanol TPD from the bare CeO2 support and the 
near monolayer VOx/CeO2 catalysts. The 5 V/nm2 catalysts 
deposited using grafting and impregnation were chosen 
because, as shown in the previous section, they demonstrated 
the greatest differences in structural properties between the 
two synthesis methods. Methanol dissociatively adsorbs on 
the bare CeO2 at 50 °C to form methoxy on the surface. As 
seen in Fig. 5a, two peaks at 1102 and 1041 cm−1 dominate 
the ν(CO) region that are attributed to terminal and bridged 
methoxy on CeO2, respectively [46], while the hydroxyl 
bending mode of adsorbed methanol (δ(OH)) may contribute 
to the band at 1357 cm−1 [10]. In the ν(CH) region, the two 
most intense peaks at 2917 and 2815 cm−1 are assignable 
to the asymmetric and symmetric CH3 stretching modes of 
methoxy, respectively. The two shoulders at 2954 cm−1 and 
2841 cm−1 are characteristic of physisorbed methanol. The 
formation of formate species is also detected, as evidenced 
by the νas(OCO) vibration at 1571 cm−1 and the νs(OCO) 
band at 1357 cm−1. As the desorption temperature increases 
the peaks associated with physisorbed methanol should dis-
appear but features remain in these regions at high tempera-
tures because they overlap with formate C–H stretching at 
2934 cm−1 and 2841 cm−1 and are not removed until formate 
completely decomposes between 400 and 450 °C. Methoxy 
desorbs from the CeO2 surface between 350 and 400 °C as 
indicated by the removal of its associated ν(CH3) and ν(CO) 
modes.

Fig. 4   DRIFTS spectra in the hydroxyl group region of dehydrated 
CeO2 support and VOx/CeO2 catalysts with varying VOx surface den-
sities



The DRIFTS spectra of the 5 V/nm2 impregnated sample 
(Fig. 5b) share many of the same features as the bare CeO2 
support. After purging at 50 °C a single feature attribut-
able to the ν(CO) mode of terminal methoxy is apparent at 
1090 cm−1. The ν(CO) mode of bridged methoxy, seen at 
1037 cm−1 is no longer detectable after VOx impregnation. 
In its place is one of the two new negative peaks at 1037 
and 1015 cm−1 which are assigned to V = O of the deposited 
VOx dimers and trimers, consistent with their position in 
the Raman spectra (Fig. 2). These peaks are negative due 
to interactions between VOx and the adsorbed methanol or 
the evolved methoxy species [38]. Unlike the bare CeO2, 
formate’s characteristic vibration at 1571 cm−1 is barely 
detectable at 50 °C. Instead, additional peaks appear at 2954 

and 2842 cm−1 after VOx deposition in the ν(CH) region, 
which are attributable to the νas(CH3) and νs(CH3) modes of 
methoxy interacting with VOx [10]. The presence of weaker 
peaks at 2954 and 2821 cm−1, consistent with the modes of 
methoxy on the bare CeO2, suggests that a portion of the 
methoxy is not associated with the deposited VOx. As the 
temperature is increased, the intensity of the ν(CO) mode 
of formate increases up to 300 °C before decreasing until it 
has been completely decomposed by 450 °C. The desorption 
temperature of the methoxy and its reaction products appears 
to be lower for methoxy associated with VOx as these modes 
largely disappear by 350 °C while the modes associated with 
bare CeO2’s persist until 400 °C.

The differences between the 5 V/nm2 impregnated cata-
lyst’s spectra and those of the bare support seem to be exag-
gerated for the grafted catalyst. As shown in Fig. 5c, there 
are no apparent features in the ν(CO) region of the 5 V/
nm2 grafted sample after adsorption nor during the tempera-
ture increase. Methanol and methoxy clearly interact with 
the deposited VOx as can be seen in the negative peak at 
1037 cm−1 but the ν(CO) associated with neither the termi-
nal nor bridged methoxy on CeO2 can be detected. The char-
acteristic νas(CO) mode of formate at 1372 cm−1 does not 
appear at 50 °C, as with the bare CeO2, nor does it form as 
the temperature increases, as seen on the impregnated sam-
ple. There is a clear trend that the introduction of VOx and 
an increase in its dispersion on CeO2 suppresses the decom-
position of methoxy to formate. A surface science study 
detected no formate on pristine, fully oxidized CeO2(111) 
[66] while another study using more defective CeO2 thin
films with demonstrated methoxy species adsorbed at more
coordinatively unsaturated cerium ions readily oxidized
to formate species [67]. The decrease in formate species
observed agrees with the decrease in defect density with
increased VOx loading, as seen in Raman (Fig.  3), and
enhanced surface coverage of VOx using chemical grafting,
as seen in the nearly complete titration of CeO2 hydroxyls
(Fig. 4). In the ν(CH) region, the intensities of the asym-
metrical (2957 cm−1) and symmetrical (2851 cm−1) modes
of methoxy associated with VOx are even stronger relative to
the peaks associated to bare CeO2. This is further evidence
that depositing VOx via grafting results in increased disper-
sion on the CeO2 support. With the majority of the methoxy
associated with VOx on the grafted catalyst, the methoxy is
almost completely desorbed by 300 °C.

3.3 � Methanol TPD and H2‑TPR

Complementary to the DRIFTS-methanol experiments, 
MeOH TPD was performed in a fixed bed reactor to ana-
lyze the evolution of desorbed species with increasing tem-
perature. Figure 6 displays the desorption profiles of every 
major species during MeOH TPD on the CeO2 support and 

Fig. 5   DRIFTS spectra following adsorption of MeOH and purging at 
50 °C on a CeO2 nanocubes and VOx/CeO2 catalysts deposited using 
b impregnation and c chemical grafting, and then heating to higher 
temperatures under He



5 V/nm2 catalysts, each normalized by surface area. CH2O 
is the predominant product during MeOH ODH over CeO2 
and VOx/CeO2 at the low temperatures and conversions, 
so its desorption temperature is of particular interest. The 
CH2O peak desorption temperature is highest for bare CeO2 
at 257 °C while the impregnated and grafted samples display 
peak desorption temperatures of 225 and 208 °C, respec-
tively. This trend is consistent with DRIFTS observations 
of methoxy species persisting at the highest temperatures on 
bare CeO2 followed by the impregnated sample and disap-
pearing at the lowest temperatures for the grafted sample. On 
the grafted sample, the lower CH2O desorption temperature 
may be a result of the highly dispersed VOx species. This 
result is consistent with the surface science studies, which 
demonstrated a lower desorption-temperature of CH2O over 
the VOx of low nuclearity on CeO2 thin films during MeOH 
TPD [38]. It is worth mentioning that, comparing the other 
desorption species, desorption from the bare CeO2 is domi-
nated by the complete dehydrogenation of methoxy to pro-
duce CO and H2 at around 310 °C. While the impregnated 
sample produces less CO and more CH2O at low tempera-
ture (283 °C) than bare CeO2 does, CH2O is the only product 
which desorbs from the grafting-prepared catalyst. The com-
plete dehydrogenation of methoxy to CO can be correlated to 
the IR spectra which showed a significant amount of formate 
on bare CeO2 that persists until high desorption tempera-
tures, the impregnated sample displayed decreased formate 
on the surface which decomposed at lower temperature, and 
no formate was detected on the grafted surface. Increasing 
VOx loading has been demonstrated to reduce the complete 
dehydrogenation of adsorbed methoxy [34] during methanol 

TPD and while the VOx loadings of the impregnated and 
grafted sample are the same, the enhanced dispersion of the 
VOx on the latter shows much more efficiency in modifying 
the sites of side reactions on the CeO2.

H2-TPR was used to investigate effects of deposition 
method on the redox properties of the VOx/CeO2 catalysts as 
shown in Fig. 7. Two broad peaks of hydrogen consumption 
are observed in the TPR profile of the CeO2 support. The 
first begins around 322 °C with the temperature peak cen-
tered at approximately 451 °C while the second is a larger, 

Fig. 6   TPD profiles of all major desorption products during MeOH 
TPD on a CeO2 nanocubes and 5 V/nm2 VOx/CeO2 catalysts depos-
ited using b impregnation and c chemical grafting. Each species was 

measured using the indicated m/z signal normalized by the Ar tracer 
signal. QMS intensity is scaled as indicated for clarity

Fig. 7   H2-TPR profiles of CeO2 nanocube support and VOx/CeO2 cat-
alysts synthesized using impregnation and chemical grafting



high temperature peak at approximately 721 °C. Reduc-
tion in the low-temperature regime (< 600 °C) is a result of 
removal of surface oxygen while reduction in the high-tem-
perature one is due to removal of bulk oxygen [6, 15]. With 
the addition of 1 V/nm2 using either impregnation or graft-
ing a sharper peak at 435 °C is introduced which obscures 
the low-temperature reduction features (onset tail at the low 
temperature side) associated with bare CeO2’s surface oxy-
gen. Studies have shown that deposited VOx suppress the 
reducibility of the surface due to the stabilization of Ce3+ 
sites at the interface between VOx and CeO2 [63], which is 
consistent with the decreased oxygen vacancy observed in 
the Raman spectra of the samples (Fig. 3). Further increas-
ing the VOx loading to 5 V/nm2 elevates the temperature 
of surface reduction to 473 and 525 °C for the grafted and 
impregnated samples, respectively, as VOx continues to pas-
sivate the reactivity of CeO2’s surface oxygen by forming 
bridged bonds between them [15]. The higher reduction tem-
perature for the impregnated sample is due to the formation 
highly oligomerized VOx species (Fig. 2) which are more 
difficult to reduce than CeO2’s oxygen neighboring isolated 
VOx [6] as shown in previous VOx/CeO2 studies [18, 45, 68].

3.4 � Methanol ODH

Methanol ODH was chosen as the model reaction to evalu-
ate the redox activity of the VOx/CeO2 catalysts. Reaction 
kinetics were performed under differential conditions and 
had a high selectivity to formaldehyde. The deep oxidation 
product, CO2, was the only measurable side product and 
most prominent on the bare CeO2 support (21% selectivity) 
with no dimethoxymethane (DMM), methyl formate (MF), 
nor dimethyl ether (DME) detected. The CO2 selectivities 
of the VOx/CeO2 catalysts varied from ~ 1 to 2% for the 1 V/
nm2 samples and was undetected for the 5 V/nm2 samples. 
To account for the reactivity of the CeO2 support contribut-
ing to the overall formaldehyde production rates, the activity 
of bare the CeO2 was measured under identical conditions. 
The rate of formaldehyde production from CeO2 were sub-
tracted from those measured in VOx/CeO2 tests according 
to the theoretical fraction of CeO2 remaining exposed on the 
surface based on 5.5 V/nm2 as 100% coverage [38] which 
is in relative agreement with the 5 V/nm2 grafted sample 
nearly titrating all the surface hydroxyl groups. Turnover 
frequencies were measured between 180 and 240 °C with 
the results arranged as Arrhenius plots in Fig. 8. The MeOH 
ODH activity of the catalysts with low VOx loadings (1 V/
nm2) is similar after either grafting or impregnation with 
apparent activation energies of 83 ± 2 and 88 ± 3 kJ/mol, 
respectively. Their comparable reactivity is consistent with 
their similarities in only displaying VOx monomers, as evi-
denced in Raman, and although chemical grafting seems to 
titrate the surface hydroxyls to a greater extent, there were 

no discernable differences in redox properties investigated 
with H2-TPR.

There is a significant reduction in activity when the VOx 
loading is increased to 5 V/nm2 with the grafted and impreg-
nated catalysts displaying a three-fold and six-fold decrease 
in CH2O TOFs, respectively. The apparent activation energy 
for the grafted sample is 100 ± 6 kJ/mol while the impreg-
nated sample is slightly higher at 114 ± 5 kJ/mol. There is 
clear link between VOx dispersion and MeOH ODH activ-
ity with the catalysts containing a higher fraction of larger 
oligomers displaying lower TOFs and higher activation ener-
gies. These observations are consistent with thin film studies 
of model CeO2 surfaces and computational investigations 
which suggest VOx monomers are most active in low tem-
perature MeOH ODH [38, 42]. DFT calculations of MeOH 
ODH over a VOx/TiO2 system suggested that the presence 
of an oxygen vacancy defect site neighboring VOx lowers 
the rate determining C–H breaking step [69]. The combi-
nation of decreased oxygen vacancy formation energy and 
fewer defects likely explains the 1 V/nm2 catalysts display-
ing decreased apparent activation energies compared to the 
5 V/nm2.

Due to the overwhelming selectivity to formaldehyde at 
low MeOH conversions on each VOx/CeO2 catalyst, no clear 
distinctions could be made regarding the effect VOx loading 
and preparation method have on selectivity. To investigate 
this further, separate experiments were conducted at 240 °C 
while varying the GHSV to maintain ~ 50% conversions. The 
selectivities of the CeO2 support and VOx/CeO2 catalysts 

Fig. 8   Arrhenius plot of formaldehyde TOF during MeOH ODH for 
1 and 5 V/nm2 catalysts normalized by VOx loading



are shown in Fig. 9. CH2O continues to be the main product 
for each sample with CO2 being the most prominent side 
product. The bare CeO2 support has the poorest selectivity to 
formaldehyde (52%) which increased to ~ 74% for both 1 V/
nm2 samples. The 5 V/nm2 impregnated sample has a CH2O 
selectivity of 82% while the 5 V/nm2 grafting-prepared sam-
ple displays the greatest selectivity of 93%. The selectivity 
to formaldehyde follows the same trend observed in MeOH 
DRIFTS and TPD analysis in which vanadia deposition and 
increased dispersion mitigates the complete oxidation to 
CO2. A trace amount (~ 1–2%) of MF and DMM is produced 
from each catalyst with no discernable dependence on VOx 
loading or preparation method. In contrast to the low VOx 
loading catalysts, the method of deposition has a significant 
effect on MeOH ODH of the near monolayer catalysts. The 
increased VOx dispersion as a result of carefully controlled 
chemical grafting creates a more active catalyst despite the 
VOx loading approaching near monolayer coverage with 
increased selectivity to CH2O.

4 � Conclusions

Deposition of VOx on well-defined CeO2 nanocubes sup-
ports was compared using conventional incipient wetness 
impregnation and liquid phase atomic layer deposition to 
explore the influence of preparation method on the struc-
ture of the supported VOx and the resulting catalytic redox 
performance. At low VOx loadings (i.e., 1 V/nm2), well-
dispersed monomers were detected on both samples which 
displayed the greatest activity for methanol oxidative dehy-
drogenation to formaldehyde. When the VOx loading is 
increased to near monolayer coverage (i.e., 5 V/nm2), the 
catalysts prepared using chemical grafting demonstrate 
much enhanced VOx dispersion which not only fully cov-
ers the defect sites on bare CeO2, mitigating side reactions, 

but enhances the redox properties of these catalysts as well 
as increases activity of MeOH ODH in comparison to the 
samples prepared using impregnation. In addition, chemical 
grafting mitigates the formation of CeVO4 for VOx load-
ings above monolayer coverage due to a smaller fraction 
of VOx oligomers. As we strive to develop fundamental 
structure–function relationships for supported metal oxide 
catalysts, precise control of both the support and deposited 
material is crucial. This study demonstrates that this liquid 
phase chemical grafting technique improves the dispersion 
of supported VOx, allowing for more uniform reaction sites 
for future investigations.
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