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Abstract Cerium dioxide has a comparatively lower Ce4?/

Ce3? redox pair, which leaves abundant oxygen vacancies

on oxide lattice, also making incorporation of foreign ion

and subsequent applications feasible and convenient. In

this work, a series of cerium–yttrium mixed oxides were

prepared by using polyvinylpyrrolidone as major template

through sol–gel, which were further employed as catalyst

for dehydration of aniline with formic acid into

N-phenylformamide. Characterizations reveal that syn-

thetic samples have a variety of morphologies including

nanoparticle, microflower, and uniform microrods. The

monitoring of particle size, zeta potential, and ultraviolet-

visible (UV–Vis) of preparative solution indicate that self-

assembly of polyvinylpyrrolidone and its subsequent

reaction with metal ion determines sample morphology. In

catalytic dehydration, all samples show high dehydration

efficiencies that are comparable to those from anhydrous

Na2SO4 and combination of dicyclohexylcarbodiimide

with 4-dimethylaminopyridine and dichloromethane shows

better outputs than water. In association with structural

analysis, cerium looks more active than yttrium, while

yttrium mainly plays as a structure-directing and pore-

forming agent. This study may contribute to

micro-/nanofabrication of rare earth composites and their

catalytic applications.

Keywords Cerium–yttrium binary oxide; Microflower;

Morphology; Formation monitoring; Catalytic dehydration

1 Introduction

The chemical property, synthesis and application of

micro-/nanosized cerium dioxide (abbreviated as CeO2 or

ceria) have aroused extensive interests in recent years. First

of all, the Ce4?/Ce3? redox pair has an electrochemical

potential of 1.3–1.8 eV, lower than many other redox pairs,

indicating that cerium ion could be easily oxidized or

reduced without degrading oxide framework [1], which

would leave a lot of oxygen vacancies on oxide lattice,

naturally facilitating some unique applications such as

catalysis [2] and energy storage [3]. Secondly,

micro-/nanosized CeO2 usually shows much better stability

than many other oxides with similar sizes, which is a

critical parameter in promotion of particle activity for

various applications [4]. At last, modulating oxygen

vacancy of CeO2 could be realized by doping of foreign

metal ion into matrix lattice [4]. Overall, there is still a big

room for exploring new CeO2 materials through utilization

of their unique properties.

Nowadays, CeO2 has been shaped into different mor-

phologies through various processes, such as hollow

nanocubes stemming from a template-free method [5],

hollow micro-/nanospheres from a solvothermal Ostwald

ripening procedure [6] and nanoparticles from pulsed laser

ablation in liquid [7], which all bring about updated or

unexpected applications. On the other hand, functional-

ization of CeO2 could be realized by oriented synthesis. For

example, dispersion of cerium into a-aluminum oxide

would not only confine size of CeO2 nanoparticle within
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3 nm, but also show much higher reactivity for oxidation of

CO into CO2 [8]. The hydrothermal treatment of Ce-based

precursor with graphene oxide particle in liquid produces

CeO2/graphene oxide composite, exhibiting much higher

activity than pure CeO2 in photocatalytic degradation of

methylene blue [9]. Obviously, there is a big space to

develop new functional CeO2, which may show unex-

pected catalytic performances.

The property, application and macro-/nanofabrication of

yttrium oxide attract extensive attentions in recent years.

Previously, yttrium oxide was used as sintering material for

preparation of transparent ceramics [10], due to its high

phase and thermal stabilities, along with low thermal

expansion. As a rare earth element with certain alkalinity,

yttrium oxide also shows great catalytic activities for a

variety of reactions, including conversion of ethanol to

propene and ethene [11], reduction of nitrogen oxide [12],

and oxygen reduction and evolution of zinc–air batteries

[13], all proposing a great prospect for developing yttrium

oxide as catalyst.

On the other hand, there have been several efficient

methods that can give various micro-/nanostructured mor-

phologies to yttrium oxide. For example, the nanosheet

could be obtained through solvothermal reaction [14],

while nanoparticle appears over organosilane zeptoliter

container [15]. Overall, use of template plays a key role in

modeling yttrium oxide, also supposing optimization of

template may bring about new morphology or structure.

According to the literature, polyvinylpyrrolidone (PVP)

looks like a powerful stabilizer for producing metal-con-

taining nanoparticle [16] or two-dimensional material [17].

It is supposed that PVP coordinates metal ion in solution,

whose agglomeration limits size of metal-containing

micelle into micro-/nanoscale, eventually leading to solid

with proper morphology [18]. Furthermore,

polyvinylpyrrolidone (PVP) contains both nitrogen and

oxygen as coordinating atoms, making incorporation of

multiple kinds of metal ions available, which would give

binary or multicomponent metal oxide after aging or cal-

cination. And meanwhile, PVP shows much higher solu-

bility in both water and alcohol than in non-protic solvents

[18], indicating that removal or precipitation of PVP tem-

plate from synthetic composite has many options, which

could protect other useful components that attached to

PVP.

The dehydration reaction connects two molecules or

reduces oxygen content of one individual molecule through

releasing water, which has provided a lot of fine chemicals

during the past years [19]. As one of the most useful and

fundamental dehydrations in organic chemistry, amidation

plays a key role in synthesis of pharmaceuticals and fine

chemicals [20, 21], usually meaning addition of amine to

an activated acyl compound like carboxylic acid,

anhydride, ester, or acyl chloride, releasing water or other

small molecules simultaneously [22].

However, traditional amidation uses stoichiometric

amount of coupling agents like p-toluenesulfonic acid or

hydrochloric acid, often exhibiting low functional group

tolerance, efficiency, selectivity, and product purification,

and long reaction time, harsh condition, along with envi-

ronmental burden [23], deserving more concerns and

endeavors. Currently, some new methods are developed in

order to make this process easier and cleaner, like utiliza-

tion of boronic acid [24], n-butyl stannoic acid [25], and

polymer supported copper(II) complex [26] as catalyst, or

employing ruthenium salt as catalyst, along with nitrile as

nitrogen source [27], which all make progresses. However,

in order to further overcome the above drawbacks, explo-

ration of new solid catalysts appears to be a rational and

powerful selection for this transformation.

In order to integrate structural and activity advantages of

CeO2 and yttrium oxide, this study would prepare cerium–

yttrium binary oxide as catalyst for amidation. The PVP is

used as a stabilizer for fabrication of micro-/nanosized

catalyst, and molar ratio of cerium to yttrium in preparative

solution is also adjusted to affect product morphology or

activity. In the meantime, formation of metal oxide is also

monitored by testing aqueous particle size, f (zeta)

potential, and ultraviolet–visible (UV–Vis) spectroscopy of

preparative sol. Generally speaking, this study may con-

tribute to preparation of micro-/nanosized rare earth oxides,

as well as to their applications for efficient and eco-friendly

organic process.

2 Experimental

2.1 Materials

The cerium(III) nitrate hexahydrate (Ce(NO3)3�6H2O,

99.5%), yttrium(III) nitrate hexahydrate (Y(NO3)3�6H2O,

99.99%), polyvinylpyrrolidone (PVP, average molecular

weight (M.W.) = 58,000), ammonium chloride ([ 99%),

and hexamethylenetetramine (HMT, 99.5%) were pur-

chased from Adamas. The aniline (99.5%), formic acid

([ 88.0%), dicyclohexylcarbodiimide (DCC, 99%), and

4-dimethylaminopyridine (DMAP, 99%) were purchased

form Aladdin. Other inorganic salts and organic solvents

were provided by local supplier, and distilled water is

prepared in our laboratory.

2.2 Instruments

The scanning electron microscopy (SEM, JEOL JSM-

6700F) using 20.0 kV in the absence of Au coating and

transmission electron microscopy (TEM, JEOL JEM-
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200CX) using 120 kV were used for microstructure mea-

surements. The X-ray photoelectron spectroscopy (XPS,

Kratos Axis Ultra DLD) employing monochromatic Al Ka
X-ray (1486.6 eV) as irradiation source was used for

detecting sample compositions and chemicals state of

elements, and the binding energy is calibrated by C 1s peak

at 284.8 eV. The peaks were fitted by using Gaussian–

Lorentz (G/L) product functions with 30% Lorentzian. The

powdered low-angle (2h = 0.5�–10�) and wide-angle

(2h = 10�–70�) X-ray diffractions (XRD) were collected

on Philips X’Pert Pro diffractometer, employing Cu Ka
radiation (k = 0.15418 nm) with interval of 0.05 (�)�s-1.

The Brunauer–Emmett–Teller (BET) surface area, pore

volume, pore radius, and pore size distribution were

detected on Micromeritics ASAP 2020, employing N2

adsorption isotherms at 77.35 K. Samples were degassed at

150 �C in vacuum before testing. Surface area was calcu-

lated by using multi-point BET method based on adsorp-

tion data with relative pressure (p/p0) of 0.06–0.30. Total

pore volume was obtained from N2 adsorbed at p/

p0 = 0.97. Pore volume and pore radius were obtained by

performing Barrett–Joyner–Halenda (BJH) method.

The Fourier transform infrared (FTIR) spectra were

detected in KBr pellets on Bruker Tensor 27, having wave

numbers of 400–4000 cm-1. The thermo-gravimetric

analysis (TGA) was performed on NETZSCH TG 209C

featuring TASC 414/4 controller under nitrogen protection,

with a heating rate of 10 �C�min-1 at 35–800 �C. The

differential scanning calorimetry (DSC) was carried out on

NETZSCH DSC 214 under nitrogen protection, with a

heating rate of 10 �C�min-1 at 50–300 �C. The real-time

monitoring of aqueous particle size and f (zeta) potential

were run over Zetasizer Nano ZS90 spectrometer, Malvern.

ultraviolet-visible (UV–Vis) spectroscopy was measured

on UV 1800, Shimadzu.

The gas chromatography–mass spectrometer (GC–MS)

was performed on GCMS-QP2010 Plus, Shimadzu, with

Rxi-5 ms capillary column, whose length is 30 m and

internal diameter was 0.25 mm. For GC part, column

temperature was 60 �C and injection port temperature was

250 �C, with sampling mode of split flow, split ratio of 26,

and carrier gas of He. For MS part, ion source temperature

was 200 �C, while interface temperature was 250 �C.

2.3 Synthesis of catalysts

As shown in Scheme 1, Ce(NO3)3�6H2O (C1, 4.50 mmol;

C2, 3.00 mmol; C3 2.25 mmol; C4, 2.25 mmol; C5,

1.50 mmol; C6, 0 mmol), Y(NO3)3�6H2O (C1, 0 mmol;

C2, 1.50 mmol; C3, 2.25 mmol; C4, 2.25 mmol; C5,

3.0 mmol; C6, 4.50 mmol), and HMT (C1, 0 mmol; C2,

5.00 mmol; C3, 5.00 mmol; C4, 0 mmol; C5, 5.00 mmol;

C6, 0 mmol) were combined with a solution containing

ethanol (30 ml) and distilled water (15 ml) into a round-

bottom flask (250 ml) under vigorous stirring. Then,

NH4Cl (0.5 g, 9.3 mmol) was added, and resultant was

further stirred at 20 �C for 3 h. The mixture was then aged

in an autoclave at 180 �C for 24 h, and then the solid was

filtered under reduced pressure, washed with distilled water

(3 times, 5 ml) and absolute ethanol (3 times, 5 ml), dried

at 60 �C in air. The products were obtained as gray-white

powders, including C1 (0.11 g), C2 (0.54 g), C3 (0.65 g),

C4 (0.58 g), C5 (0.66 g), and C6 (0.08 g).

2.4 Catalytic dehydration reaction

The aniline (2.0 mmol, 181 ll), formic acid (2.0 mmol,

76 ll), and catalyst (10 mol% Na over substrate for

anhydrous Na2SO4, 2 mol% DCC and catalytic amount of

DMAP; 2 mol% Ce for C1–C5, 2 mol% Y for C6,

according to XPS data, Table 1) were combined with

CH2Cl2 (or water, 10 ml) into a round-bottom flask

(100 ml) under vigorous stirring. This mixture was further

stirred at 20 or 80 �C for 6 h. The solid catalyst was sep-

arated by centrifugation. The filtrate was collected and

tested on GC–MS for identification and quantification of

catalytic product.

3 Results and discussion

3.1 Synthesis of binary oxide

As shown in Scheme 1, cerium and yttrium salts were

combined with PVP into a water–ethanol mixed solvent,

where PVP was used as template for stabilizing

micro-/nanosized micelle, and optional addition of HMT

may show influences on metal molar ratio of solid product,

probably due to its coordination effect. On the other hand,

the use of NH4Cl as additive may affect crystallization of

oxide product [28]. Additionally, it seems interesting to

observe whether modulation of metal ratio in preparative

solution affects metal ratio of solid product (Scheme 1),

which means a lot to catalyst design.

3.2 Morphology and internal framework

SEM provides a powerful method to detect morphology of

solid sample, while TEM gives information on internal

framework. At first, C1 is composed of uniform nanoparti-

cles with sizes of 100–120 nm (Fig. 1a, b), probably indi-

cating that PVP plays as a stabilizer in keeping nanosized

appearance of solid sample (C1, Scheme 1). When yttrium

begins to be doped into synthetic solution (C2, Scheme 1),

the resulting sample turns out to be flower-like blocks

consisting of fibers with length of 2–5 lm (Fig. 1c, d).
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When loading amount of yttrium equates to that of cerium

in preparation (C3, Scheme 1), there are a lot of microflowers

on SEM image, which are mainly composed of thin sheets

with area of 0.5–1.5 lm2 (Fig. 1e–h). From another point of

view, the edge of C3 contains a lot of mesopores according to

TEM observation (Fig. 2a–c), probably indicating that PVP

acts not only as stabilizer, but also as pore-forming agent

during preparation (C3, Scheme 1).

It is interesting to observe the effect of HMT on sam-

ple’s morphology. In the absence of HMT (C4, Scheme 1),

microflowers could still be found on SEM (Fig. 1j), but the

edge of C4 looks flatter and denser than that of C3

(Fig. 2a–d). Herein, it is proposed that the presence of

HMT may change sample composition, showing influences

on morphology.

When loading amount of yttrium becomes two times as

high as that of cerium (C5 vs. C3, Scheme 1), the micro-

flower morphology is maintained according to SEM image

(Fig. 1l–n), but petals look thicker (Fig. 1f, g, m, n). In the

light of TEM, it appears that each petal of C5 is actually

piled up with several very thin flakes (Fig. 2e, f). There-

fore, loading more yttrium may not change the whole

microflower appearance, but shows effects on fine structure

of petals.

If yttrium salt is added as only metal precursor, the

flower morphology disappears completely, and bunches of

microrods come into sight (Fig. 1o, p). In association with

nanoparticle appearance of C1 (Fig. 1a, b), it seems that

the microflower appearance represents formation of cer-

ium–yttrium binary oxide under the present synthetic

condition.

3.3 Chemical state of element

XPS appears to be an effective method to determine

chemical state of element on synthetic sample. The binding

energy and atomic composition are summarized in Table 1,

while XPS survey scan is provided in Fig. S1 (Sect. 1,

supplementary material). Firstly, C2 shows higher contents

of cerium, yttrium and oxygen, along with lower content of

carbon than C1 (Table 1). And meanwhile, C4 gives higher

contents of cerium, yttrium, and oxygen, as well as lower

content of carbon than C1 too (Table 1). Now that syn-

thesis of C2 involves HMT, but blank for C1 and C4s

(Scheme 1), it appears that loading of yttrium salt improves

total metal content (cerium plus yttrium) on synthetic

sample, but simultaneously excludes carbon, no matter

whether HMT is used as additional ligand.

Furthermore, when loading of yttrium becomes equal to

that of cerium in preparative solution (C3 vs. C2,

Scheme 1), the resulting C3 shows higher contents of

yttrium, nitrogen, and oxygen, together with lower contents

Scheme 1 Synthesis of cerium–yttrium binary oxides

Table 1 Binding energy and atomic composition of Ce, Y, C, N, and O on sample surface

Samples Ce (3d) Y (3p) C (1s) N (1s) O (1s) Ce(III)/%a Ce/Yb

C1 881.8 (0.1)c –d 284.8 (81.5) – 531.8 (18.4) 24 –

C2 881.8 (0.7) 300.8 (1.8) 284.8 (78.6) – 531.8 (18.9) 35 1/2.57 (2/1)

C3 882.8 (0.4) 301.8 (4.4) 284.8 (69.4) 397.8 (1.4) 531.8 (24.4) 21 1/11 (1/1)

C4 883.8 (1.5) 301.8 (0.2) 286.8 (75.6) – 531.8 (22.7) 16 7.5/1 (1/1)

C5 884.8 (0.2) 301.8 (6.7) 284.8 (65.5) 394.8 (3.1) 531.8 (24.5) 14 1/33.5 (1/2)

C6 – 300.8 (7.3) 284.8 (63.0) 395.8 (5.8) 531.8 (23.6) – –

aRelative content of Ce3? = ACe(III)/[ACe(III) ? ACe(IV)], ACe(III) = Av0 ? Au0, ACe(IV) = Av ? Av0 0 ? Av0 0 0 ? Au ? Au0 0 ? Au0 0 0, where A represents

peak area (Fig. 3a–f) [29]
bMolar ratio of metals on solid product, along with molar ratio of loading metals in sol–gel preparation in parenthesis
cBinding energy (eV), along with elemental content (at%) in parenthesis
dNot detected
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of cerium, carbon, and trivalent cerium than C2 (Table 1).

If yttrium exceeds cerium in preparation (C5 vs. C3,

Scheme 1), the solid contents of yttrium, nitrogen, and

oxygen are also promoted, while cerium, carbon, and

trivalent cerium are depressed accordingly (C5 vs. C3,

Table 1). Moreover, C2, C3, and C5s show continuously

elevated contents of total metal (Table 1). Therefore, when

total metal content of preparative solution is fixed in the

presence of HMT, increasing share of yttrium would

improve yttrium content of solid sample together with

incorporation efficiency of total metal, but decrease triva-

lent cerium content of total cerium.

It would arouse further interests to discuss the role of

HMT in synthesis. C3 contains more yttrium, nitrogen,

oxygen, and trivalent cerium, along with less cerium and

carbon than C4 (Table 1). Then, total metal content of C3

is much higher than that of C4, and the molar ratio of Ce/Y

is sharply conversed between C3 and C4s (Table 1). Thus,

coordination of HMT may prefer yttrium to cerium in

preparative solution, which affects the composition of solid

product.

It is also significant to discuss chemical states of metal,

carbon, and oxygen on sample, which provides key infor-

mation on catalyst structure. At first, Ce 3d regions of XPS

of all relevant samples could be fitted into eight peaks,

corresponding to four spin–orbit doublets, as shown in

Fig. 3. Three of them labeled as v–u (3d5/2–3d3/2), v00-u00

and v000-u000 could be ascribed to Ce4? species, while the

left one marked as v0-u0 is derived from Ce3? components

[29]. Therefore, all cerium–containing samples (C1–C5)

cover both Ce4? and Ce3? contributions (Fig. 3a–e), but

content of Ce3? looks highly relevant to sample composi-

tion (Table 1).

Then, yttrium 3d regions of all samples are shown in

Fig. 4. C2 shows binding energies of Y 3d5/2 and 3d3/2

photoelectrons at 156.7 and 158.3 eV, respectively, along

with difference of 1.6 eV (Fig. 4a), characterizing Y3? is

fixed in phase of Y2O3 [30]. Another doublet appearing at

Fig. 1 SEM images of a, b C1, c, d C2, e, f C3, g, h C3, i, j C4, k, l C4, m, n C5 and o, p C6 samples
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157.9 and 160.2 eV could be ascribed to Y3? of cerium–

yttrium mixed oxide phase (Fig. 4a). Herein, higher bind-

ing energies may stem from the newly generated mixed

oxide lattice [31, 32]. The C3, C5, and C6 show similar

yttrium 3d regions as C2 (Fig. 4a, b, d, e), indicating that

the three samples all contain two kinds of yttrium com-

ponents. Additionally, yttrium 3d core-level line of C4

seems difficult to fit, mainly due to the much lower yttrium

content of C4 (Fig. 4c; Table 1).

Next, C 1s region of sample may provide information on

structure of organic species. The peak occurring at

284.7 eV on C1 is representative of saturated hydrocarbons

(sp3 carbon), while the following two contributions at 286.0

and 288.7 eV could be assigned to carbonyl and carboxyl

groups, respectively (Fig. S2, Sect. 2, supplementary

material) [33]. On the other hand, when yttrium is loaded as

only metal, the resulting C6 shows three C 1s peaks at

284.7, 285.1, and 288.7 eV, where the former two peaks

Fig. 2 TEM images of a–c C3, d C4, e C5, and f C5 samples

Fig. 3 XPS spectra of Ce 3d region for a C1, b C2, c C3, d C4, and e C5 samples
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may both indicate saturated hydrocarbons (sp3 carbon), and

the last one could be assigned to carboxyl group [33]. In the

meantime, C4 shows a very similar C 1s core-level line as

C6, where no carbonyl is detected (Fig. S2d, f).

However, the other three samples such as C2, C3, and

C5s show a little different C 1s spectra with C1 and C6s,

because the peaks at 289.7, 290.1, and 289.8 eV on C2, C3

and C5 are all indicative of the ester groups, which could

not be found on spectra of C1 and C6 (Fig. S2a–c, e, f).

Therefore, it can be seen that loading of HMT into

preparative solution plays a key role in formation of ester

group on organic species.

The O 1s region may provide structural information from

another point of view. The C1 shows four contributions on O

1s region, where the first one at 528.8 eV seems to be oxygen

of CeO2 [34], the next at 531.0 eV is probably characteristic

of oxygen of cerium salt, and the following two contributions

at 531.8 and 533.2 eV could be assigned to oxygen of

organic species (Fig. S3a, Sect. 3, supplementary material)

[35]. There are four contributions on O 1s region of C3,

where the first one at 529.6 eV looks like oxygen of yttrium

oxide [31], the following one at 531.3 eV could still be

ascribed to oxygen of cerium salt (Fig. S3c) [34]. The next

one at 532.1 eV could be assigned to the oxygen originated

from cerium–yttrium mixed oxide, probably because doping

of cerium into yttrium oxide would increase the potential of

oxygen compared with that from pure yttrium oxide [32].

The last oxygen contribution at 532.7 eV seems to be oxygen

of organic species (Fig. S3c) [35].

The O 1s regions of C2 and C4s are quite similar.

Herein, the contribution at 528.9 eV on spectrum of C2

could be ascribed to oxygen of cerium oxide (b, Fig. S3b),

which could be also found on C4 (Fig. S3d) [34]. The two

peaks at 531.6 and 531.8 eV on spectrum of C2 appear to

be oxygens of cerium salt and cerium–yttrium mixed oxide

(Fig. S3b), corresponding well to the components at 531.3

and 531.5 eV on spectrum of C4 (Fig. S3f). Therefore, C2

and C4 may have very close structures, particularly in

terms of chemical composition.

C5 shows the first O 1s contribution at 531.1 eV, which

is the highest among the former five samples (Fig. S3a–e),

probably representing oxygen of pure yttrium oxide [31],

because C5 has the lowest molar ratio of cerium to yttrium

and may contain isolated yttrium oxide phase (Table 1).

The following two peaks at 531.7 and 532.0 eV seem to be

oxygens of cerium salt and cerium–yttrium mixed oxide

(Fig. S3e).

In addition, when yttrium is loaded as only metal, there

are three contributions on O 1s region of C6 (Fig. S3f). The

first two peaks at 531.1 and 531.4 eV could be attributed to

yttrium oxide and salt, respectively [31], while the fol-

lowing one with higher binding energy at 531.7 eV may be

attributed to oxygen stemming from oxyanion or organic

component (Fig. S3f) [35].

Based on XPS analysis, it can be seen that modulating

composition of preparative solution would show important

influences on composition of solid sample. The presence of

HMT as active additive prefers incorporation of yttrium to

Fig. 4 XPS spectra of Y 3d region for a C2, b C3, c C4, d C5, and e C6 samples
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that of cerium, while its absence shows the contrary

tendency.

3.4 Crystallinity

It is reasonable to study crystalline nature of solid sample

through using XRD. At first, all samples show no signifi-

cant diffractions on low-angle XRD (Fig. S4a–f, Sect. 4,

supplementary material), indicating that these samples do

not contain macroscopic symmetry. Secondly, powdered

C1 shows two diffraction systems on wide-angle XRD. The

first one could be assigned to cerianite, whose 2h values are

28.54� (111), 33.08� (200), 47.48� (220), 56.34� (311),

59.08� (222), 69.41� (400), 76.70� (331), and 79.07� (420)

(CeO2, PDF No. 34-0394; gray cubes in both Fig. 5a and

Figs. S5a, S6a, Sects. 5, 6, supplementary material).

Another one appears to be hydroxylbastnasite, with 2h
values at 17.72� (002), 24.59� (300), 30.47� (302), 35.89�
(004), 43.28� (330), 43.99� (304), 50.41� (600), 53.86�
(602), and 61.17� (306) (CeCO3OH, PDF No. 52-0352;

circles in both Fig. 5a and Figs. S5a, S6a). Alternatively, O

1s region of XPS of C1 may approve the presence of these

two cerium components (Fig. S3a).

Next, in addition to the known phase of hydroxylbast-

nasite (CeCO3OH, PDF No. 52-0352; circles in both C1 of

Fig. 5 and Figs. S5a, S6b), there are still two systems on

wide-angle XRD of C2. The first one seems to be cerium

oxide carbonate hydrate (Ce2O(CO3)2H2O, PDF No.

43-0602; white cubes in both C2 of Fig. 5 and Figs. S5b,

S6b), and the left one turns out to be cerium–yttrium mixed

oxide (Y0.50Ce0.50O1.75, PDF No. 75-0178; dots in both C2

of Fig. 5 and Figs. S5b, S6b). Based on comparison of

wide-angle XRD of C2 and C1 (C1 and C2, Fig. 5), it

appears that the binary metal oxide is formed during the

present synthetic condition (C2 vs. C1, Scheme 1).

However, C2 contains more yttrium than cerium (Ce/Y

item for C2, Table 1), and the residual yttrium may be

accommodated in amorphous oxide.

When loading amounts of cerium and yttrium are the

same under HMT in preparation (Scheme 1), the resulting

C3 still contains hydroxylbastnasite (circles in both C3 of

Fig. 5 and Figs. S5c, S6c) and cerium–yttrium mixed oxide

(dots in both C3 of Fig. 5 and Figs. S5c, S6c), but original

phase of cerium oxide carbonate hydrate on C2 disappears

(C2 and C3, Fig. 5), probably because cerium content of

solid sample is sharply decreased (C3 vs. C2 in Ce item,

Table 1), when loading amount of yttrium is improved (C3

vs. C2, Scheme 1).

But interestingly, the wide-XRD pattern of C4 is chan-

ged back to that of C2 more than C3 (C2–C4, Fig. 5),

where the phase of cerium oxide carbonate hydrate comes

back (Ce2O(CO3)2H2O, PDF No. 43-0602; white cubes in

both C4 of Fig. 5 and Figs. S5d, S6d). Herein, the use of

HMT as additive in preparation reverses molar ratio of Ce/

Y on solid product (C4 vs. C3, in Scheme 1 and Ce/Y item

of Table 1), leaving excessive cerium, which gives cerium

oxide carbonate hydrate with good crystallinity.

Then, when loading amount of yttrium exceeds that of

cerium in preparation, the resulting C5 shows a little more

complex wide-XRD than C3. In addition to the known

phases of cerium oxide carbonate hydrate (Ce2O(-

CO3)2H2O, PDF No. 43-0602; white cubes in both C5 of

Fig. 5 and Figs. S5e, S6e) as well as hydroxylbastnasite

(CeCO3OH, PDF No. 52-0352; circles in both C5 of Fig. 5

and Figs. S5e, S6e), there are another two phases on wide-

XRD of C5, such as yttrium oxide (Y2O3, PDF No.

44-0399; dot lines in both C5 of Fig. 5 and Figs. S5e, S6e),

and ammonium chloride ammonia (NH4Cl(NH3)3, PDF

No. 73-1565; arrows both C5 of Fig. 5 and Figs. S5e, S6e).

Herein, C5 shows a Ce/Y molar ratio of 1/33.5, which is

much lower than 1/11 of C3 (Table 1), proposing that

yttrium is excessive, which may appear as yttrium oxide

has detectable crystallinity.

Lastly, C6 shows only one diffraction system on wide-

angle XRD, which could be attributed to tetrayttrium oxide

nonahydroxide nitrate, whose 2h values are 11.02� (110),

18.88� (130), 21.68� (040), 27.33� (021), 29.09� (300),

29.97� (031), 32.78� (060), 38.55� (231), and 50.32�
(-102) (Y4O(OH)9NO3, PDF No. 79-1352; dark cubes in

both C6 of Fig. 5 and Figs. S5f, S6f), indicating that the

present synthetic condition provides a hydroxynitric oxide

rather than a pure yttrium oxide (C6, Scheme 1).

3.5 Textural property

Nitrogen physisorption provides a powerful method to

study porosity of synthetic sample. First of all, C1 shows a

Type III isotherm without hysteresis loop, along with a
Fig. 5 Wide-angle XRD patterns of powdered C1, C2, C3, C4, C5,

and C6
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pore size distribution whose highest point arrives at 1.0 nm

(Fig. 6a) [36]. In association with morphology (Fig. 1a, b)

and BET surface area (C1, Table 2, [37, 38]), C1 looks like

a non-porous material [36]. When yttrium is doped into

CeO2 matrix (Scheme 1), the resulting C2 not only pro-

vides a Type H3 hysteresis loop (Fig. 6b) [36], along with

a wide pore size distribution with the highest point at

1.1 nm (inset in Fig. 6b), but also exhibits a much higher

BET surface area than C1 (Table 2), indicating C2 contains

a lot of silt-shaped pores [36], which might be supported by

the morphology of C2 obtained through SEM (Fig. 1c, d).

As efficiency of yttrium incorporation is increased

continuously (C3 vs. C2, Table 1), the resulting C3 shows

higher BET surface area and pore volume, as well as lower

bulk density than C2 (Table 2), supposing that yttrium

oxide is probably more porous than CeO2, and meanwhile

sample compositions have certain similarities (C2 and C3,

Fig. 5). However, C5 contains more yttrium than C3 (Y

and Ce/Y items, Table 2), chemical compositions of C5

and C3 become more different (C3 and C5, Fig. 5), giving

poorer porosity to C5 (C5 vs. C3, Table 2). Obviously,

there should be a phase transition, when loading of yttrium

reaches a certain level in preparation (C5 vs. C3 vs. C2, in

Scheme 1 and Table 2).

On the other hand, C3 shows higher BET surface area

and pore volume, together with lower bulk density than C4

(Table 2), indicating that the presence of HMT in prepa-

ration not only improves yttrium incorporation on solid

product (C3 vs. C4, in Scheme 1 and Table 1), but also

plays as pore-forming agent in synthesis. Additionally, C6

shows a Tpe IV isotherm along with Type H3 loop

(Fig. 6f), whose pore size distribution is broad and centered

at 5.8 nm (inset in Fig. 6f), characterizing a mesoporous

material with silt-like mesopores [36], corresponding well

to a new phase of tetrayttrium oxide nonahydroxide nitrate

that is on wide-angle XRD (C6, Fig. 5).

With XRD and textural data obtained so far, it is sig-

nificant to discuss particle sizes of synthetic sample stem-

ming from different sources. Above all, the particle size of

C1 originated from BET surface area is about six times as

large as that from SEM (dS of C1, Table 2 vs. Figure 1a,

b), while that from SEM appears to be four times as broad

as that from XRD (Fig. 1a, b vs. dXRD of C1, Table 2).

Herein, the size of BET surface area (dS, Table 2) should

represent scale of the smallest non-porous unit of C1, and

meanwhile C1 is proved to be a non-porous material

(7 m2�g-1, Table 1), so it appears that six or seven particles

(Fig. 1a, b) make up one non-porous unit during nitrogen

physisorption experiment. Furthermore, the size stemming

from XRD describes bulk phase of CeO2 on C1, while the

other part of C1 consists of other cerium components and

organic species.

Based on above analysis, the comparisons of various

particle sizes for other samples including C2–C6 become

accessible (Fig. 1 and Table 2). In particular, there are

basically uniform microflowers on SEM images of C5,

Fig. 6 Nitrogen adsorption–desorption isotherms and pore size distributions of a C1, b C2, c C3, d C4, e C5, and f C6 samples (STP: standard

status)
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where the scale of petals is ranged from 1.0 to 2.0 lm

(Fig. 1l–n). And meanwhile, the size coming from BET

surface area of C5 is 1538 nm (Table 2). Therefore, the

petals of C5 seem non-porous, and the microflower is

composed of several non-porous petals (Fig. 1l–n).

It is interesting to discuss the effect of preparative sol

composition on acidity of sample. C6 shows a higher acid

amount than C1 (Table 2), indicating the pure yttrium-

containing sample has more acidic reactive centers than

pure cerium-containing one. However, C1 shows a higher

acid amount than all bimetallic samples including C2–C5

(Table 2), probably because doping yttrium to CeO2 matrix

provides various species (C1–C5, Fig. 5), exhibiting dif-

ferent distributions of acidic centers.

3.6 Functional group and thermal stability

It is significant to detect functional group of sample by

using FTIR spectroscopy. First of all, C1 shows a small and

a wide peak centering at 3735 and 3483 cm-1 (Fig. S7a,

Sect. 8, supplementary material), probably corresponding

to O–H stretching vibrations of hydroxyl groups coming

from CeCO3OH (C1, Fig. 5) and organic carboxyl residues

(Fig. S2a), respectively. The sharp peak at 1644 cm-1

represents C=O stretching of carbonyl group (Fig. S7a),

which has been approved by C 1s region of C1 (Fig. S2a).

Then, C1 also shows a peak with moderate intensity at

1445 cm-1 (Fig. S7a), probably approving asymmetric

carbon–oxygen stretching of carboxyl group [39], while

another small one at 1043 cm-1 may be ascribed to car-

bon–oxygen stretching of epoxy group (Fig. S7a) [40].

Lastly, C1 shows another three peaks at 676, 570 and

485 cm-1, where the former one could be ascribed to Ce–O

stretching vibration coming from CeCO3OH, and the later

two peaks both seem to be that from CeO2.

When yttrium begins to be loaded, the original peaks at

3735 and 3483 cm-1 on C1 are both degraded on C2

(Fig. S7a, b), reflecting that composition of solid sample is

changed (C1 and C2, Fig. 5). C2 also shows two peaks

with much higher intensities at 1500 and 1413 cm-1

(Fig. S7b), corresponding to carbon–carbon asymmetric

stretching [41] and carbon–oxygen stretching of carboxyl

group [40], respectively. Furthermore, the peaks at 844 and

722 cm-1 could be assigned to out-of-plane deformation

and in-plane oscillation of methylene-containing alkyl

chains [42]. Then, the small peaks appearing at 575 and

485 cm-1 may reflect the influences of both Ce–O and Y–

O bonds.

Additionally, with the increase in loading amount of

yttrium in preparation (Scheme 1), several other samples

including C3–C5 show similar FTIR patterns as C2

(Fig. S7b–e), proposing their close structures in terms of

functional group. However, C6 shows a more sophisticated

FTIR spectrum than other samples, where the peaks at

3615 and 3511 cm-1 could be ascribed to O–H stretching

vibrations of hydroxyl groups on Y4O(OH)9NO3 and

organic species, respectively, while another one at

3398 cm-1 seems to be that on adsorbed water [43]

(Fig. S7f).

The following two peaks that occurring at 2924 and

2867 cm-1 appear to be antisymmetric and symmetric

stretching vibrations of C–H bond on methylene group

(Fig. S7f) [43], probably stemming from organic residues

of sample. There are still several peaks with lower

Table 2 Textural properties of synthetic samples

Samples SBET/(m2�g-1)a PV/(cm3�g-1)b PVmicro/(cm3�g-1)c PR/nmd q/(g�cm-3)e dS/nmf dXRD/nmg Acid amount/(mmol�g-1)h

C1 7 4.5 9 10-2 0 10.9 1.3 659 24 1.24

C2 14 3.9 9 10-2 0 4.4 1.2 357 15 0.65

C3 20 1.3 9 10-1 0 11.8 1.1 272 11 0.97

C4 12 7.4 9 10-2 0 11.3 1.2 416 20 1.02

C5 3 2.2 9 10-2 0 11.4 1.3 1538 31 0.63

C6 84 3.6 9 10-1 0 6.2 1.6 44 25 1.68

aSurface area determined by BET method based on N2 adsorption
bPore volume, BJH adsorption cumulative volume of pores with radius of 0.85–150.00 nm
ct-plot micropore volume
dPore radius, BJH method on N2 adsorption
eBulk density
fCrystallite size based on BET surface area: dS = 6/(SBET �q), q bulk density [37]
gParticle diameter originated from XRD according to Scherrer’s equation [38]: using 111 diffraction of CeO2 for C1 (Fig. S5a), 111 of

Y0.5Ce0.5O1.75 for C2, C3 and C4 (b–d, Fig. S5), 200 of CeCO3OH for C5 (Fig. S5e), and 110 of Y4O(OH)9NO3 (Fig. S5f)
hDetermined by n-butylamine titration (Sect. 7 in Supplementary material)
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wavenumbers, which are basically similar to those found

on FTIR of C2–C5 (Fig. S7b–f). Nevertheless, the peak at

1360 cm-1 could also be assigned to carbon–oxygen

stretching of carboxyl group (Fig. S7f) [40].

Thermal analysis such as TGA and DSC would provide

information on sample composition from another point of

view. At the beginning, C1 shows a small weight loss of

1.3% at 30–150 �C (black line in Fig. 7), which could be

ascribed to departure of adsorbed water or other volatile

solvents under heating. However, this process does not

involve significant heat effect at 30–300 �C, probably due

to low content of volatiles, where the small sharp peak

forming at 35–40 �C only represents instrumental noise

(black line in Fig. S8, Sect. 9, Supplementary material).

As temperature rises, there is a large weight loss of

12.7% at 150–450 �C (black line in Fig. 7), indicating

removal of organic components (Scheme 1). This process,

however, does not mean a simultaneous endothermic effect

below 300 �C (black line in Fig. S8), indicating some

organic species are attached to metal-containing frame-

work of C1 through physical adsorption more than chem-

ical bond. C1 further shows a much smaller weight loss of

1.4% at 450–650 �C (black line in Fig. 7), which may be

attributed to phase transition of metal components of C1

such as CeO2 and CeCO3OH (Fig. 5a).

Several other samples involving C2–C5 all show similar

TGA and DSC patterns as C1 (Fig. 7 and Fig. S8), suc-

cessively representing removals of adsorbed water, physi-

cally adsorbed organic species, chemically bonded organic

species, along with phase transition of metal component.

On the other hand, the weight loss processes below 300 �C
have nothing to do with thermal effects at all (Fig. 7 and

Fig. S8).

But in particular, C6 shows a different TGA curve than

the former five samples. There are four weight losses at

30–800 �C. The first one staying at 30–150 �C accounts for

8.7% of total mass (brown line in Fig. 7), corresponding to

a broad endothermic band at 50–150 �C (brown line in

Fig. S8), proposing departure of adsorbed water or volatiles

under heating. The following one of 8.4% occurs at

150–275 �C (brown line in Fig. 7), which is accompanied

by another endothermic band at 175–300 �C (brown line in

Fig. S8). Furthermore, C6 shows a sharp weight loss of

14.21% at 275–450 �C (brown line in Fig. 7). The second

and third weight losses may suppose removal of organic

species. C6 shows the last weight loss of 6.2% at

450–700 �C (brown line in Fig. 7), probably indicating the

phase transition of metal component.

3.7 Monitoring of sample formation

It is significant to monitor sample formation through

measurement of various parameters of preparative sol. At

first, based on detection of aqueous particle size of C1

precursor (Fig. 8a), it can be seen that the micelle size is

changed from big to small, then back to big again (Fig. 8a;

circles in Fig. 8b), and meanwhile zeta potential is varied

accordingly (triangles in Fig. 8b), indicating that formation

of C1 precursor in sol–gel undergoes a process that varied

from stable to unstable, then back to stable, mainly because

a higher and balanced zeta potential is beneficial to sta-

bility of solvated particle [44].

Next, it seems interesting to study whether size variation

of C1 precursor means alteration of chemical bond, so UV–

Vis spectroscopy was measured. In practice, the adsorption

of C1 precursor appearing at 297 nm continues to rise

(black, blue, to other colors in Fig. 8c), which could be

ascribed to charge transfer transition of organic species

[45], obviously indicating that there are chemical reactions

during formation and stabilization of C1 precursor.

Lastly, based on above observations, a formation

mechanism of sample morphology is proposed in Fig. 9.

First of all, it was reported previously that the self-

assembly of PVP with silica precursor would produce silica

nanoparticles, which are further agglomerated into porous

silica microspheres [46]. Obviously, PVP may be also self-

assembled into micelles in the present system, which are

further agglomerated to larger colloids (Fig. 9). This pro-

cedure might proceed too fast to incorporate any metals.

But as reaction continues, the colloids obtained so far

would be merged with cerium component through chemi-

cal reaction, according to UV–Vis monitoring (297 nm in

Fig. 8c), probably leading to ball composite, and the uni-

form cube-like nanoparticles of C1 would be formed and

collected after aging of gel (Fig. 9).

On the other hand, formation of C4 shows a similar

pattern as that of C1 (Fig. 8a, b, d, e), while the most

significant difference is that UV–Vis adsorption of C4

shows very limited improvements at 297 nm (Fig. 8f). And

meanwhile, the adsorption at 297 nm of C6 almost remains

unchanged (Fig. 8i). Therefore, taking into account that C1Fig. 7 TGA curves of synthetic samples
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only contains cerium, C4 has both cerium and yttrium, and

C6 only owns yttrium (Scheme 1, Table 1), it is cerium

instead of yttrium that brings about chemical changes of

PVP colloid during sample formation (Fig. 9). Further-

more, perhaps due to interaction of PVP colloid with var-

ious metal component (C1, C4, C6, Scheme 1), three kinds

of solvated composite may be obtained (Fig. 9), leading to

a variety of sample morphologies (Fig. 1a, b, i, j, k, o, p).

3.8 Catalytic dehydration property

First of all, it is necessary to test effect of solvent during

catalysis. When dehydration was carried out at 20 �C,

dichloromethane shows better conversion of aniline than

water for both C1 (Entries 3 vs. 5 in Table 3) and C4

(Entries 9 vs. 11 in Table 3). Herein, aniline is probably

more soluble in dichloromethane than in water [47], which

affects dispersion of substrate into catalytic center. Taking

into account that C1 and C4 show different metal compo-

sitions (Table 1), this result might also indicate that both

pure cerium and cerium–yttrium mixed components prefer

dichloromethane to water during catalytic dispersion.

Next, discussion of temperature may provide informa-

tion on energy conversion. In practice, a higher tempera-

ture (80 �C) shows better substrate conversions than a

lower one (20 �C) for the reactions catalyzed by C4 and C6

(Entries 10 vs. 9, 15 vs. 14 in Table 3), but a conversed

tendency is found for that by C5 (Entries 13 vs. in 12,

Table 3). Herein, C5 has a different crystalline structure

from C4 and C6 (Fig. 5d–f), particularly regarding

NH4Cl(NH3)3, an inorganic salt on C5 (Fig. 5e). In view of

a poor BET surface area of C5 (3 m2�g-1, Table 2), this

Fig. 8 Real-time monitoring of a, d, g aqueous particle size, b, e, h zeta potential and c, f, i UV–Vis spectroscopy for C1, C4, and C6 samples,

accordingly
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salt may be activated under heating and then saturates

metal centers, or blocks dispersion path of substrate onto

active centers of C5.

Then, it is important to compare catalysts under various

conditions. In general, all reactions proceed smoothly,

where dehydrated compound is usually the only product,

Fig. 9 Proposed process for sample formation

Table 3 Catalytic dehydration for preparation of N-phenylformamide

Entrya Catalyst Cat. loading/mol%a Solvent T/�C Conversion/%b Yield of amide/%c

1 Na2SO4 10 CH2Cl2 20 0 0

2 DCC/DMAP 2 CH2Cl2 20 45 45

3 C1 2 CH2Cl2 20 68 68

4 – 6 CH2Cl2 20 66 66

5 – 2 H2O 20 43 43

6 C2 2 CH2Cl2 20 67 67

7 C3 2 CH2Cl2 20 68 68

8 – 6 CH2Cl2 20 37 37

9 C4 2 CH2Cl2 20 58 58

10 – 2 CH2Cl2 80 71 71

11 – 2 H2O 20 38 38

12 C5 2 CH2Cl2 20 70 70

13 – 2 CH2Cl2 80 64 64

14 C6 2 CH2Cl2 20 29 29

15 – 2 CH2Cl2 80 69 69

Formula

aDetails as in Sect. 2.4, Cat. means catalyst
bConversion of aniline to all possible dehydrated products, determined by GC–MS (Sect. 11 in Supplementary material)
cYield of N-phenylformamide based on aniline, determined by GC–MS (Sect. 11 in Supplementary material)
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and no by-products are detected (Table 3). When dehy-

dration is performed in dichloromethane at 20 �C, anhy-

drous Na2SO4 could not give any products, while DCC/

DMAP provides conversion of 45% (Entries 1, 2 in

Table 3). In spite of C6, however, most synthetic catalysts

including C1-C5 show higher substrate conversions than

DCC/DMAP (Entries 3, 6, 7, 9, 12 vs. 2 in Table 3),

approving the unique dehydration property of present

system.

On the other hand, C1, C2, C3, and C5 show almost

equal substrate conversions (Entries 3, 6, 7, 12 in Table 3),

but performance of C4 seems less effective (Entry 9 in

Table 3), and C6 shows the lowest output (Entry 14 in

Table 3). Herein, the former five catalysts including C1-C5

all contain cerium components such as oxide and salt, but

no cerium is found on C6 (Fig. 5a–f), leading to difference

of activity.

Furthermore, preparations of C3 and C4 are almost

identical except for the use of HMT as additive

(Scheme 1), which gives different Ce/Y molar ratios on

solid product (Table 1), also affecting catalytic output

(Entries 7 vs. 9 in Table 3). Improving catalyst loading

amount would not show higher substrate conversions for

both C1 and C3 (Entries 4 vs. 3, 8 vs. 7 in Table 3), which

probably means a higher catalyst content in solution may

adsorb or fix substrates or products, leading to poorer

conversion.

At last, it is also interesting to study kinetic aspect of

this system. Based on UV–Vis monitoring of catalytic

solution (Fig. S9a–c, Sect. 10, supplementary material), it

can be seen that C1 shows the best conversion efficiency

within the former fifty minutes (green columns in

Fig. S9d), C4 the second (red), and C6 the last (blue). In

association with the fact that C6 is much less efficient than

C1–C5 (Entries 14 vs. 3, 6, 7, 9, 12 in Table 3), cerium

turns out to be catalytic center beyond yttrium. Alterna-

tively, the present catalytic system provides an efficient

and clean process for synthesis of N-phenylformamide,

which is comparable to many known systems in respects of

reaction complexity [20], catalyst cost [21], and benign and

clean manipulation [48].

On the other hand, a mechanism of catalytic amidation

is proposed in Scheme 2 on the basis of both characteri-

zation and catalytic results. Probably, the adsorption and

activation of formic acid over cerium center of catalyst

may trigger the catalytic cascade [25], and the subsequent

nucleophilic attack of aniline would accomplish this

transformation (Scheme 2). Herein, yttrium of catalyst may

play as structural component more than catalytic center

(Scheme 2).

4 Conclusion

A series of cerium–yttrium mixed oxides were prepared by

using polyvinylpyrrolidone as structure-directing agent

through a sol–gel process. Characterizations reveal that

composition of preparative solution plays a key role in

determination of sample morphology, while use of hex-

amethylenetetramine as additive could reverse metal ratio

of solid product. Then, based on the monitoring of aqueous

particle size, zeta potential, and UV–Vis during formation

of sol, it is proposed that self-assembly of

polyvinylpyrrolidone and its subsequent reaction with

metal ion would determine final sample morphology.

In catalytic amidation, all synthetic catalysts show high

conversions, which are comparable to those derived from

anhydrous Na2SO4 and DCC/DMAP combination, showing

Scheme 2 A proposed mechanism for catalytic amidation
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prospects for large-scale application. The dichloromethane

shows better outputs than water, but increasing catalyst

loading could not improve conversion. Introduction of

hexamethylenetetramine to catalyst improves activity,

cerium looks more active than yttrium for catalytic ami-

dation, while yttrium mainly plays as an both structure-

directing and pore-forming agent. In general, this work not

only provides an interesting and significant series of cer-

ium–yttrium binary oxides with particular morphologies,

but also shows their attractive application for catalytic

amidation, which means a lot to deep utilization of rare

metals as well as efficient and eco-friendly organic

processes.
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