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a b s t r a c t

Neodymium-doped Ceria (NDC, Nd = 0, 1, 3, 5, 10, 20 and 30 mol %) catalysts were successfully
synthesized by Glycine-Nitrate-Process (GNP) and tested for soot oxidation activity. For all NDC
catalysts, XRD and Raman spectroscopy analyses showed a fluorite structure of ceria having an
F2gRaman active symmetric breathing mode (O-Ce-O). 1NDC catalyst displayed better T50 temperature
(427◦C) followed by 0NDC (435◦C), and 30NDC showed the highest T50 temperature (460◦C). From
XPS analysis, 1NDC and 0NDC catalysts showed a high amount of Ce3+ concentration and the surface-
active oxygen species than compared to other NDC catalysts and thus, resulted in better soot oxidation
activity indicating that the surface Ce3+ concentration and surface-active oxygen species play a key
descriptor role in tuning the soot oxidation activity of NDC catalysts.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Soot is an impure particulate matter of diesel/ fuel produced
due to partial combustion of hydrocarbons. It is harmful to human
lungs and also deteriorates the exhaust system of vehicles [1].
Hence, recognizing promising catalysts capable of replacing the
existing costly catalysts to assist soot oxidation is essential. De-
veloping catalysts for soot oxidation may primarily involve dis-
covering the materials, which have excellent Oxygen Storage
Capacity (OSC), high surface area, and other parameters, which
can enhance the catalytic activity. Grasselli [2] described the
key descriptors, which may play a vital role in selective oxida-
tion catalysis to understand the catalyst behavior. It has been
reported that seven principles or pillars for oxidation catalysis
comprises the availability of lattice oxygen, desired metal-oxygen
bond strength in appropriate host structure, co-operation of the
phases, redox properties of active sites, site-isolation, lattice oxy-
gen and multi-functionality [2,3]. For ceria-based materials, fixa-
tion of a single descriptor is not possible, and multiple descriptors
control the activity depending on the various reaction conditions.

Rare earth elements like Ceria (CeO2), which exhibits both
the 3+ and 4+ oxidation states have attained significance over
the past few decades due to its unique properties and applica-
tions. CeO2 based materials subsequently induce high OSC [4,5].
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Doping of trivalent lanthanides in cubic structured CeO2 is a
favorable technique which develops Oxygen (O2) vacancies at the
octahedral sites and creates defects which alter the diffusive per-
formance and thus gains interest in the area of research [5]. CeO2
catalysts also encourage diesel particulate filter regeneration by
reducing the required temperature to oxidize soot. In the recent
development, CeO2-based catalysts have improved the contact
between catalyst and soot [6–8].

Researches have evaluated performance of transition metal
oxides and oxides of lanthanides namely CeO2 [9–11], Zirco-
nium (Zr), Manganese (Mn), Praseodymium (Pr), Hafnium (Hf),
Lanthanum (La), Samarium (Sm), Tin (Sn), and Gadolinium (Gd)
for soot oxidation. According to Anantharaman et al. [9], the
T50temperature for single oxide materials reported in the range
of 482∼530 ◦C. Lower T50temperature (445 ◦C–396 ◦C) was ob-
tained for nanostructured CeO2, as nano-shaped catalysts play
a critical role by affecting the active sites and oxygen defect
formation which helps in enhancing the catalytic activity [12,13].
Soot oxidation activity over CeO2-based catalysts (Ce–Pr [8,14,15],
Ce–Zr [10,11,16], Ce–La [10], Ce–Mn [8,17,18], Ce–Sm [6] and
Ce–Gd [7,19] ) were also reported in the literature. T50 tempera-
ture for CeO2-based materials is in the range of 533–409 ◦ C [6–
26]. Vazquez et al. [27] reported more efficient soot combustion
in the presence of 1 wt % Mn-doped SrTiO3.

In the present study, Neodymium (Nd) is selected as a dopant
due to its higher solubility in CeO2 and higher O2 diffusion co-
efficient compared to many other rare earth materials [1]. NDC
is believed to have enhanced catalytic activity in most of the
applications and has already gained popularity in the field of
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Fig. 1. (a) XRD patterns and (b) Enlarged view of the (111) plane from XRD
patterns of NDC catalysts synthesized by GNP calcined at 600 ◦C/2 h.

electrolytes and Solid oxide fuel cells (SOFC) [28–31]. Few exam-
ples were reported for Nd-doped Ce–Zr catalysts or Nd-doped as
co-dopant to Ce based materials for soot oxidation. It was also
reported that Nd improved the catalytic activity for binary Ce
based materials [32–34].

Synthesis method also plays a vital role in developing uni-
form and stable nanoparticles. Researches also reported the syn-
thesis of Nano-catalysts through Solution Combustion Synthesis
(SCS) [35,36] method using Glycine Nitrate Process (GNP) [37–
43], Sol–gel method [18,33,44], co-precipitation method reverse
co-precipitation-calcination method [44,45], EDTA citrate
method [9] etc. GNP is found to be the most effective method as
it produces fine, homogeneous particles is relatively less costly
and also has higher energy efficiency [37,38]. Apart from the
advantages mentioned above, this method also has fast heating

rates and short reaction time [39]. Generally, in the SCS or GNP,
the formation of the precursor solution is followed by Auto-
Ignition Process (AIP) where the heat of combustion is generated,
and gases are evolved [37,38]. To control the combustion reaction
in this process, the fuel-rich precursor is used, which also results
in giving the phase pure composition [37,38,40,46]. The ratio of
Glycine/Nitrate (G/N) is a vital processing variable, which plays a
crucial role in controlling the combustion flame temperature, the
combustion velocity, and the product morphology.

In the present paper, we report the synthesis of NDC catalysts
(0NDC–30NDC) with Nd concentration varying as 0, 1, 3, 5, 10,
20 and 30 mol% via GNP by employing fuel-rich condition where
Glycine serves as a fuel in GNP for combustion. Glycine gets
oxidized by the nitrate ions and also helps in avoiding selective
precipitation in the precursor solution by complexing with the
metal cations [39]. Furthermore, the synthesis of nanoparticles
using GNP lead to the production of particles with lesser crystal-
lite size as compared to synthesis using other fuels [36,43]. The
synthesized NDC catalysts were characterized and tested for soot
oxidation activity.

2. Experimental details

2.1. Catalyst preparation

NDC samples (Nd = 0∼30 mol %) were successfully synthe-
sized by GNP. The stoichiometric amount of Nitrates [(Ce (NO3)3 ·

6H2O and Nd (NO3)3 · 6H2O)] and glycine were mixed in distilled
water. The ratio of Glycine/Nitrate ratio was fixed at 0.35 [47].
Both nitrates and fuel readily dissolved in distilled water. The
obtained solution was heated and stirred continuously at 70 ◦C,
which then turned into a transparent viscous gel. Subsequently,
the gel was transferred into a pre-heated oven at 250 ◦C where
it auto-ignited to give combustion powder product, which was
further calcined at 600 ◦C for 2 h in the air to get the final catalyst
powder.

2.2. Catalyst characterization

The obtained nanopowder was characterized using X-ray
Diffraction (XRD — Rigaku Miniflex 600), FT-Raman spectroscopy
(BRUKER RFS27) with 785 nm laser beam, surface area analyzer
(SMART SORB-92/93), SEM (SEM- JEOL/JSM 6390LV) and TEM
(TEM-JEOL/JEM 2100) instruments. The multiple oxidation states
and the oxygen vacancies of the NDC samples were analyzed
using the X-ray Photon Spectroscopy (XPS) (Omicron ESCA+) in
an ultrahigh vacuum. The base pressure during the XPS analysis
was 5 × 10−9 torr operated at a power of 300 watts using Al
K α mono source. The peaks were deconvoluted, and the data
was analyzed using Casa-XPS Software (Version No. 2.3.19 PR
1.0). The spectra were calibrated to the standard binding energy
(B.E) value of 284.6 eV of carbon 1s. Photoluminescence Spectra
(PLS) were recorded in [Horiba Fluoromax 4] Spectrofluorometer
(excitation wavelength of 320 nm). Ultraviolet Visible Diffusive
Reflectance and Absorption Spectra (UV-Vis DRS) of the samples
were obtained in (Varian Cary 5000) UV Spectrophotometer.

2.3. Soot oxidation activity

Catalytic activity was performed with soot: catalyst ratio of
1:10 under tight contact condition. The soot (Printex U (Orion
Engineered Carbons)) and catalyst (NDC samples) mixture were
ground using mortar and pestle for 30 min to ensure proper
tight contact condition. TGA (TG/DTA 6300 (Hitachi)) instrument
was used to carry out soot oxidation activity in the air at a flow
rate of 100ml/min with a heating rate of 10 ◦C/min from room
temperature to 600 ◦C. The reproducibility of the catalytic activity
was obtained for all the samples.
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Table 1
Crystallite size (DXRD), lattice strain (ϵ), BET surface area (SA), particle size from BET (DBET ), degree of agglomeration (Φ) and optical band gap value (eV) of NDC
catalysts.
Sample Crystallite size

DXRD (nm)
Lattice strain (ε) BET surface area

SA (m2/g)
Particle size from BET analysis
DBET (nm)

Φ

(DXRD/DBET )
Optical band gap
value (eV)

0NDC 14 0.0104 19 43 0.326 3.01
1NDC 12 0.0122 23 36 0.330 2.99
3NDC 14 0.0105 32 26 0.545 2.98
5NDC 12 0.0128 21 39 0.292 2.97
10NDC 11 0.0137 15 57 0.190 2.91
20NDC 09 0.0161 27 31 0.297 2.87
30NDC 11 0.0139 18 47 0.225 2.86

3. Results and discussion

3.1. XRD analysis

Fig. 1a depicts the XRD patterns of NDC catalysts (Nd = 0
to 30 mol %) synthesized by GNP and calcined at 600 ◦C/2 h in
air. XRD patterns of all the NDC catalysts exhibit similar peaks
corresponding to the planes of a fluorite structure of CeO2 [9,39].
Peaks corresponding to Nd2O3 were not observed, indicating that
the Nd was completely soluble in CeO2 lattice and formed an NDC
solid solution [48]. A slight shift of (111) peak towards lower 2θ
value for NDC samples (Nd = 0 to 10 mol%) was observed and
this may be due to replacement of smaller ionic radius (Ce4+ =

1.01 Å) with larger ionic radius (Nd3+
= 1.12 Å) [49,50]. With

further increase in Nd mol% in the NDC samples (Nd = 20 and 30
mol %) the (111) peak shifted towards higher 2θ values indicating
the saturation of Nd in NDC solid solution as observed in Fig. 1b.
From the XRD data, the crystallite size (DXRD), lattice strain (ε)
of NDC catalysts were calculated and tabulated in Table 1 along
with the BET surface area (SA), particle size obtained from the BET
surface area (DBET) and degree of agglomeration (Φ). Crystallite
size obtained for the synthesized samples was in the range of 9–
14 nm. Lattice Strain was the lowest for 0NDC sample (0.0104)
and the highest for 20NDC sample (0.0161). BET specific surface
area (SA) was found to be lowest (14 m2/g) for a 10NDC sample
and the highest (32 m2/g) for 3NDC sample. The particle size
obtained from BET surface area was in the range of 26 nm to
57 nm, and the degree of agglomeration was lowest for 3NDC
sample compared to all other NDC catalysts.

3.2. UV-Vis DRS analysis

The UV spectra for the NDC catalysts are provided in Fig. 2a,
and it can be seen that for the 0NDC sample, the bands at 255,
274 and 338 nm correspond to the pure CeO2 charge transfer
and inter-band transitions [4,51]. All the NDC catalysts displayed
similar bands at 255, 274 and 338 nm, indicating that there is
not much change in the band position which thereby confirmed
that there is no change in the Ce3+/Ce4+ fraction on the surface of
NDC catalysts [4,51]. For 5NDC–30NDC samples, it is interesting
to observe that additional bands located in between 500∼750 nm
and these other bands correspond to the presence of Nd in the
NDC sample. For 1NDC and 3NDC samples, these other peaks
were not observed, indicating that 1 and 3 mol% of Nd3+ions may
not be well settled in CeO2 lattice [51]. Since the other bands
related to Nd were noticed at 525, 590 and 747 nm in the UV–Vis
DRS spectra, for Raman analysis, a higher wavelength of 785 nm
had been adopted so that complete bulk information of the NDC
samples can be obtained.

From the information obtained from UV–Vis spectra (Fig. 2a),
a Tauc’s plot was generated for all the NDC samples and depicted
in Fig. 2b. From the Tauc’s plot, the optical band gap value of each
NDC sample was calculated and is shown in Table 2. The optical
band gap energy value of all the samples was in the range of 2.80

Fig. 2. (a) UV–Vis DR spectra and (b) Tauc’s plot to determine the optical band
gap of NDC catalysts synthesized by GNP calcined at 600 ◦C/2 h.

to 3.10 eV. 0NDC and 30 NDC displayed highest (3.01 eV) and
lowest (2.86 eV) optical band gap values respectively. It can also
be noticed that, with the increase in Nd concentration in CeO2,
the optical band gap value had reduced.

3.3. Raman spectroscopy analysis

The Raman spectra of the NDC samples are depicted in Fig. 3.
The Raman frequency at 462 cm−1 confirmed the formation
of NDC solid-solution prepared by GNP. The distinct band at
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Table 2
Reducibility ratio, the ratio of Surface Oxygen species and T50 Temperatures of NDC catalysts.
Sample Reducibility ratio (%) Surface Oxygen species (%) T50 (◦C)

Lattice Oxygen Adsorbed Oxygen

Ce3+

(Ce3++Ce4+)
O2−

(O2−+O−+O−

2 )
O−

(O2−+O−+O−

2 )

O−

2
(O2−+O−+O−

2 )

0NDC 33 64 33 3 435
1NDC 48 48 45 7 427
3NDC 33 67 18 15 440
5NDC 28 67 16 17 450
10NDC 43 65 27 8 456
20NDC 27 43 35 22 460
30NDC 36 47 43 9 461

Fig. 3. Raman spectra of NDC catalysts synthesized by GNP calcined at 600 ◦C/2
h.

462 cm−1 can be associated to the F2g Raman mode (O–Ce–O) [9,
17]. Compared to 0NDC sample, there was a slight shift in F2g
peak position of doped samples towards higher wavenumber and
was due to changes in metal-oxygen coordination [52]. The weak
band at 560 cm−1 could be due to the presence of the oxygen
vacancies created in CeO2 to maintain the charge neutrality [53].
The other peaks at 310, 382, 430 cm−1 may correspond to the
secondary degenerate of the weak band at 560 cm−1. Apart from
that, no additional peaks related to Nd2O3 were detected in the
spectra [52].

3.4. Photoluminescence (PL) studies

Fig. 4 illustrates the PL spectra of NDC samples. The PL inten-
sity of doped samples decreased, and this may be attributed to the
release of excess energy by the transition of electrons from Ce 4f
to O 2p orbitals [54]. The emission peaks observed in the spectral
range of 425 to 680 nm are related to O2 vacancies [51,54,55].
There was no evidence of Nd associated peaks in the obtained
PL spectra, and no changes in the peak positions were observed.
It can be concluded that Nd doping increases the O2 vacancy
concentration corroborating with the results obtained from Ra-
man spectra, and thus, this factor may also affect the catalytic
activity [52].

Fig. 4. Photoluminescence curves of NDC catalysts synthesized by GNP calcined
at 600 ◦C/2 h.

3.5. TEM analysis

Fig. 5a shows the TEM images of the NDC samples (Nd = 0,
1, 5, 20 mol %). Fig. 5a confirms that the samples prepared are of
nano-scale in the range of 8∼23 nm. The obtained nanoparticles
were agglomerated and were almost spherical. The inter-planer
distance was measured and calculated from the lattice fringes
in the HR-TEM image (Fig. 5b) with the insight of SAED pat-
terns, which confirmed that the synthesized samples were poly-
crystalline. The values obtained from HR-TEM correspond to the
planes of fluorite structure of CeO2, which are in good agreement
with XRD analysis.

3.6. Soot oxidation activity

Fig. 6 demonstrates the soot oxidation activity of the NDC
catalysts and the corresponding T50 temperatures are given in
Table 2. The catalytic activity with respect to T50 temperatures
of the NDC catalysts is as follows; 1NDC > 0NDC > 3NDC >
5NDC > 10NDC > 20NDC > 30NDC. The obtained results show
that 1NDC and 0NDC catalysts displayed better soot oxidation
activity than the other NDC samples, and the activity decreased
with the increase of Nd from 3 to 30 mol%. Figs. S2a, and S2b
shows the reproducibility of the soot oxidation activity of 1NDC
and 0NDC catalysts and reconfirms activity. Similar results were
reported in the literature [27,56] in which 1 wt % or 1 mol%
addition of the dopant enhanced the catalytic activity. Vazquez
et al. [27] reported that 1 wt % Mn-doped SrTiO3 displayed better
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Fig. 5. (a)TEM and (b) HR-TEM micrographs with corresponding selected-
area electron diffraction (SAED) patterns of NDC catalysts (0,.1, 5, 20 mol %)
synthesized by GNP calcined at 600 ◦C/2 h.

Fig. 6. Soot conversion (%) versus reaction temperature (◦C) of Soot and NDC
catalysts synthesized by GNP calcined at 600 ◦C/2 h.

catalytic activity for soot oxidation activity due to lower activa-
tion energy and enhanced mobility of the bulk O2 to the surface.
Pengpanich et al. [56] reported that 1 wt% Nb-doped in Ce–Zr
enhanced that catalytic activity for methane oxidation due to high
reducibility (Ce3+ / (Ce3+ + Ce4+)) of CeO2. Andrew Getsoian
et al. [57] showed the bandgap energy as a descriptor for propene
oxidation activity over mixed metal oxide catalysts. Grasselli
et al. [2], postulated the principle seven descriptors (redox, phase
cooperation, host structure, lattice oxygen, metal-oxygen bond,
multi-functionality of the active sites and site isolation) to define
the activity for oxidation reactions and it is difficult to map to a
specific descriptor as a key player directly.

3.7. XPS analysis

Surface analysis of the NDC catalysts was carried out and
is depicted in Fig. 7a. The corresponding eight peaks related
to Ce3+ and Ce4+oxidation states were analyzed [58,59]. From
XPS analysis, as shown in Table 2, the relative amount of Ce3+
concentration (Ce3+/(Ce3+ + Ce 4+)) is high for 1NDC catalyst
as compared to other NDC catalysts indicating a higher con-
centration of surface oxygen vacancies [60]. Fig. 7b depicts the
O1s spectra of NDC samples. The O1s spectra provide the in-
formation of the three different O2 species corresponding to
the lattice oxygen species (O2−) and the chemisorbed oxygen
species (O− and O−

2 ) located at 529, 530 and 532 eV, respec-
tively [61]. From Table 2, the highest surface-active O2 species
ratio [O−/(O2−

+ O−
+ O−

2 )] is obtained for 1NDC catalysts
than the other NDC catalysts, which agrees well with the Ce 3d
spectra results. It can be inferred that the Nd3+ doping favors
the formation of surface-active O2 species (O−) only for 1NDC
and further addition of Nd3+ decreased the amount of surface-
active O2 species (O−) which is confirmed from XPS analysis.
High surface active oxygen species ratio favors 1NDC catalyst
to have better soot oxidation activity than compared to other
NDC catalysts and is consistent with the literature where the
surface active oxygen species (O−) is essential for low temper-
atures soot oxidation activity [61]. As the temperature increases,
both surface-active O2 species (O−) and lattice O2 species (O2−)
promote the soot oxidation activity [61]. From the XPS analysis
and soot oxidation activity results of NDC catalysts, 1NDC and
0NDC showed higher amounts of surface-active O2 species (O−)
and displayed better soot oxidation activity at low temperatures.
The current study also suggests that the type and dopant concen-
tration in CeO2 plays an essential role in fine-tuning of the redox
potential and surface-active O2 species (O−) that can affect the
activity at low temperatures and can act as a key descriptor.

4. Conclusion

Using Glycine-Nitrate-Process (GNP), Neodymium doped Ceria
(NDC) catalyst nanoparticles were successfully synthesized and
tested for soot oxidation activity. It was found that the Nd doping
affects the physicochemical properties of the NDC catalysts. XRD
and Raman spectroscopy provided evidence of phase cooperation
(no secondary phase of Nd was noticed in the NDC samples). TEM
analysis revealed a similar surface morphology and the particle
size was in the range of 6∼15 nm for the NDC catalysts. The
soot oxidation activity enhancement for 1NDC and 0NDC catalysts
could be related to the enhancement of redox potential and
surface-active O2 (O−) species (as detected by XPS technique).
The type and dopant concentration in CeO2 play an important
role in fine-tuning of the redox potential and surface-active O2
species (O−) that can affect the soot oxidation activity at low
temperatures and can act as a key descriptor.
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Fig. 7. (a) Ce 3d XP spectra and (b) O 1s XP spectra of NDC catalysts synthesized by GNP calcined at 600 ◦C/2 h.

Appendix A. Supplementary data

Supplementary material related to this article can be found
online at https://doi.org/10.1016/j.nanoso.2019.100388.
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