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Abstract The selectivity and reactivity to converse series nitroaromatic into aminobenzenes are

especially significant, which play a vital role in synthesizing required drugs or other fine chemicals.

Herein, p-nitrophenol (p-NP) has been completely conversed into p-anomiphenol (p-AP) with a

high activity factor k (0.033 s�1�mg�1) and reusability by core-shell Cu2O@CeO2 catalyst. N-

acetyl-para-aminophenol (paracetamal, APAP) as a model drug was further synthesized via a flow

route proceeded in two steps including p-NP reduction and subsequently p-AP acylation with self-

constructing device. The yield of the paracetamal is up to 85% with a highly purity. The mechanism

investigation justifies the rich-electron centers and cation defects generated from the redox coupled

Cu+?Cu0 with Ce3+?Ce4+ will steer selective conversion of p-NP to p-AP, a rate-determining

step in the production of APAP. The present results could visualize a highly selective catalyst

and a new synthesis route for pharmaceuticals such as paracetamal by using nitroaromatic com-
try and
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pounds as the raw materials with environment-friendly, low-cost, easy-manipulation, high-

efficiency and high purity.

� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The key reactive step of fine chemicals synthesis such as drugs,

pesticides, herbicides, and dyes with nitroaromatics as the ini-
tial raw materials by the heterogeneous catalytic route is selec-
tively conversion of nitroaromatics to corresponding aniline
derivatives (Corma and Serna, 2006; Song et al., 2018). It is

consensus that loading active noble metal with strong affinity
for hydrogen on the support is more effective to converse
nitrobenzenes into the aminobenzenes directly and they are

widely used in various pharmaceutical and fine chemical facto-
ries. The typical reported catalysts, such as Pt/CNT (Li et al.,
2018), Pt NPs/carbon nanofibers (CNFs) (Takasaki et al.,

2008), Pt/TiO2 (Macino et al., 2019)NPs/zinc oxide nanorods
(Han et al., 2019), Pd NPs/Fe2O3 (Shokouhimehr et al.,
2018), Pd NPs/activated carbon (Sun et al., 2014), Au/PAN
(Liu et al., 2015), Au NPs/silica (Wang et al., 2014), Fe3O4@-

polyaniline@Au (Xuan et al., 2009)Au NPs/TiO2 or Fe2O3

(Fountoulaki et al., 2014; Ren et al., 2017); graphene oxide/
Ag/CeO2 (Ji et al., 2014), Ag NPs/BCN (Qiu et al., 2016),

Ag NPs/Reduced graphene oxide (Reddy et al., 2018;
Shimizu et al., 2010), and Fe3O4@PPy-MAA/Ag (Das et al.,
2019); all present the accelerated reactive proceeding. Never-

theless, the conversion of nitrobenzene to the corresponding
aniline usually produces more possible byproducts, which orig-
inated from the intermediates of the reduction of –NO2 func-

tional groups and the following coupling, such as
hydroxylamine intermediates, azo and azo, etc (Serna and
Corma, 2015). In such situation, the purity for the further syn-
thesis of the required drug or other fine chemicals is bound to

be significantly limited. Therefore, to develop the catalysts for
highly efficient and regioselective conversion of nitro to amino
groups under mild reaction conditions is actively pursued for

the industrialization application.
Furthermore, taking into consideration of expensive and

rare scarcity of noble metal, the earth rich, stable and well per-

formance non-noble-metal catalysts, such as CuFe2O4

(Zhuang et al., 2017); BiOCl (Formenti et al., 2019), Co3O4

(Chen et al., 2017); NiCo (Bai et al., 2012); ZnO (Wang and

Astruc, 2017), have been well developed. Recently, copper oxi-
des (copper, CuO and Cu2O) taking advantages of nontoxic,
highly abundant and low-cost, have drawn the attention of
researchers due to its prominent optical, electronic, and cat-

alytic properties. It is suggested in several reported references
that copper-based materials are very possible as cheap alter-
nates for noble metals in numerous applications (Christians

et al., 2014; Zhang et al., 2019; Ozel et al., 2016). For instance,
Cu2O with suitable band gap energy (2.0–2.2 eV) and more
energetic conduction band (~-1.0 eV) has shown a very effec-

tive function on the process of catalytic reduction of nitroben-
zene (Toe et al., 2018; Lum and Ager, 2018). In addition, in
such industrial application, the long-term stability of the cata-
lysts should also be specially considered. It has been reported

that the embedding small-sized noble metal nanoparticles into
highly stable metal oxides is an effective strategy to improve
stability because the shell of the metal oxides could keep their
original shape and hinder their direct contact with the air (Wu

et al., 2016). In addition, the further investigation indicated
that the electrochemical and catalytic activity can be improved
by assembling a cerium oxide shell (for example, CeO2-

encapsulated Au nanostructures, tunable bimetallic Au-
Pd@CeO2, core–shell Au@CeO2 nanocomposites, Pt/CeO2

hybrid nanostructures, highly catalytic active Au-

CeO2@ZrO2 yolk-shell nanocomposites, modify of Pt on
Cu/Co bimetallic doping CeO2 nanospheres) (Li et al., 2018;
Song et al., 2017; Evangelista et al., 2015; Wang et al., 2016;
Liu et al., 2019; Qi et al., 2012). Inspiring by these researches,

a Cu-based material with CeO2 as an effective protective shell
should be very prospective to catalyze nitrobenzenes to the
corresponding amino series.

Paracetamal (APAP) is an important drug which is used for
the relief of pain and fever. A relative inert p-NP as a starting
reactant via an intermediate p-AP is frequently used to synthe-

size APAP whereas it is also followed with the formation of
organic impurities inevitably, such as hydroxylamine, hydra-
zine, or azoarene (Magadum and Yadav, 2018; Arulraj et al.,
2015). Undoubtedly, as the rate-determining step in the pro-

duction process of APAP the completely selective reduction
of p-NP to p-AP has great significance on a higher purity.
Recently, several research groups reported that alkylated ani-

lines can be synthesized from nitroarenes by using alcohols
as the alkyl-source in the presence of (P ~ N)Ru(CO)2Cl2
(Xu et al., 2009); [ Ru(p-cymene)Cl2]2 (Haniti et al., 2009)

and Ag/Al2O3 (Blaser et al., 2009). However, due to the steric
hindrance of the alkylating agent, primary amines are more
likely to be formed during the alkylation process, so the selec-

tivity is poor. It has also been noted that to prepare APAP by
in-situ hydrogenation of nitrobenzene over Raney-Ni catalyst
followed by an alkylation, the major drawbacks were low effi-
ciency with a large quantity of catalysts (370–440 mol% Raney

Ni with respect to nitrobenzene), harsh reaction conditions
and long reaction time (Rong et al., 2013). Moreover, it needs
special attention in this design that the production process of

APAP is impossible achieved for the reduction of p-NP and
acylation of p-AP simultaneously because the conversion of
p-NP to p-AP is under alkaline environment and the acylation

of p-AP is acidification. In contrast, intermediates’ separation
and purification are followed arduous tasks. Remarkably, a
favorable protocol is very valuable to rapidly synthesize APAP

in a flow approach without purification process and be com-
patible with alkaline reduction and acid acylation to avoid
the high cost, serious pollution, and special catalytic condi-
tions required in traditional preparation process.

In this work, a simple flow procedure was designed to syn-
thesize APAP from an inert p-NP. A core–shell Cu2O@CeO2

catalyst was prepared to highly effectively and selectively con-

verse p-NP into p-AP. Then the followed alkylation process of
p-AP was smoothly performed through a well self-assembly

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1 The experimental device of producing APAP from p-NP.
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device without purifying. Furthermore, the reactant, interme-
diate and product have been well characterized by using IR,
LC-MS, and H-NMR techniques. Eventually, a reactive mech-

anism was proposed.

2. Materials and methods

2.1. Materials

All reagents used in this study are all of analytical grade. For
methanol, the chromatographic-grade is used. Hexam-
ethylenetetramine (HMTA) and p-NP were purchased from

Shanghai Aladdin Industrial Corporation. Hydroxylamine
hydrochloride (NH2OH�HCl), sodium hydrogen sulfite
(NaHSO3), and potassium hydroxide (KOH) were obtained

from Macklin. Isopropyl alcohol cupric chloride (CuCl2�6H2-
O) were purchased from Beijing Innochem.

2.2. Method

2.2.1. Fabrication of CeO2

CeO2 NPs were prepared by solid phase grinding at room tem-

perature. 0.01 mol Ce(NO3)3�6H2O was milled together with
12 g KOH to synthesize Ce(OH)4 in a agate mortar at the
ambient pressure for half an hour. Washed with deionized

water and ethanol until Ce(OH)4 showed neutral. Then, the
suspension was dried for 12 h in a petri dish under vacuum
at 373 K. Finally, a grayish yellow powder of CeO2 was

obtained.

2.2.2. Fabrication of core–shell Cu2O@CeO2

The core–shell Cu2O@CeO2 was synthesized by aqueous

phase reduction. 0.025 mol�L-1 NaOH was added into seven
beakers respectively, which contained 10 mL 0.2 mol�L-1

CuCl2�2H2O solution. 1.4 g NH2OH�HCl was dissolved in
10 mL water and then was added to above suspensions drop

by drop. After stirring for half an hour, fresh cuprous oxide
particles are formed. At the same time, the color of the reac-
tion tank turns reddish brown. 0.01 M HMTA was added to
Fig. 2 XRD patterns of CeO2, Cu2O and Cu2O@CeO2 comp
the above suspension with the different ratios of cuprous

oxide. Then, 0.4 mmol, 0.8 mmol, 1.2 mmol, 1.6 mmol,
osites (a), the amplified image of peak (002) of Cu2O (b).



Fig. 3 SEM, TEM and HRTEM images of Cu2O (a1, a2, a3) and 2Cu2O@CeO2(b1, b2, b3) , 3Cu2O@CeO2 (c1, c2,c3) and

4Cu2O@CeO2 (d1, d2, d3).
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2.0 mmol, and 2.4 mmol Ce(NO3)3�6H2O were dissolved in
10 mL water respectively, which were poured into the as-
prepared solution. The obtained suspensions were adjusted

to alkaline by using NaOH solution. The products were
washed with deionized water and ethanol several times until
Na+ and Cl- ions were not detected. Finally, the products were
obtained after drying in vacuum at 373 K. The obtained prod-

ucts were donated as 1Cu2O@CeO2, 2Cu2O@CeO2, 3Cu2-
O@CeO2, 4Cu2O@CeO2, 5Cu2O@CeO2, and
6Cu2O@CeO2, respectively.

2.3. Evaluation the reduction p-NP efficiency

To evaluate the conversion rate of p-NP to p-AP with the as-

prepared nanocomposites, 0.03 mL of p-NP (0.01 mol�L-1) and
0.2 mL NaBH4 (0.5 mol�L-1) were mixed in a 5 mL quartz cuv-
ette reactor. To start the reaction, 5 mg of Cu2O, CeO2, 1Cu2-
O@CeO2, 2Cu2O@CeO2, 3Cu2O@CeO2, 4Cu2O@CeO2,

5Cu2O@CeO2 and 6Cu2O@CeO2 were added to above solu-
tion, respectively. After in the presence of the catalyst, the
obtained solution was tested by UV–vis spectrometer. The
absorption peak at 400 nm is p-NP ion while the one at

300 nm belongs to p-AP (Lum and Ager, 2018). To assess
the reusable stability, 0.03 mL p-NP (0.01 mol�L-1) solution
was added to the reactor for 30 turns.

2.4. Batch experiment and synthesis of APAP

Then, the batch experiment was implemented with a self-

designed experimental device as shown in Fig. 1. Firstly,



Fig. 4 Reduction of p-NP to p-AP with 3Cu2O@CeO2 (a) and the corresponding kinetics plots by using a series of Cu2O@CeO2 (b), the

durability of 3Cu2O@CeO2 for 30 recycle tests (c) and the activity of the used 3Cu2O@CeO2 after 30th cycle (d).
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20 g of p-NP was completely dissolved in 10 L warm water by
mechanical agitation. Then, 1 g catalyst was added to the sys-
tem together with 4 L NaBH4 (0.5 mol�L-1) solution. After-

wards, the p-NP was quickly conversed into p-AP. The
recovered p-AP liquid was collected and acidified in the Teflon
containers with 28 mL concentrated hydrochloric acid,

25.6 mL acetic anhydride and 100 mL solution sodium acetate.
The solution was stirred vigorously in an ice bath. At the same
time, the insoluble APAP particles was formed and washed
with a small amount of distilled water after vacuum filtration.

The crude product was mixed with 100 mL water and then
heated until the suspension boiled and dissolved. After the
solution cool down, 1 g activated carbon was added, and then

heated for 5 min. The filtrate was placed in a �10 �C refriger-
ator for recrystallization and filtration, and the filter precipi-
tate was washed three times with NaHSO3 and dried. The

final APAP quality is 18.49 g.

2.5. Characterization

The crystalline phases of samples was characterized by X-ray

diffraction (XRD) with a scan rate of 2� min�1 in 2h range
from 5� to 80�. The morphology of the samples was obtained
using the scanning electron microscopy (SEM HITACHI S-
4800) and transmission electron microscopy (TEM Tecnai
G2 F20 S-TWIN). Uv–vis absorption spectrum of the powder

samples were measured in the range of 200–800 nm with a dif-
fusive reflectance. During the reaction, UV–visible spectropho-
tometer (SPECORD 50 N) were used to measure the reactive

solution and the spectra value was recorded in the range of
200–800 nm. Measurements were taken with a 0.005 V ampli-
tude in the frequency range of 0.01–105 Hz under ambient
light. In situ Infrared spectroscopy (vertex 70v-Bruker) was

used to judge the surface information of the catalysts during
the reactive procedure. The nuclear magnetic resonance hydro-
gen spectrometer (H-NMR 400-Bruker) was used to detect

molecular structure where the solvent is DMSO and water.
Liquid chromatograph-mass spectrometer (LC-MS 2020-
Shimadzu) provided component analysis and nucleoplasmic

ratio results. Gradient elution was used during the test. The
mobile phase was methanol and water in different proportions,
and the injection volume was 10 lL. The column temperature
of the liquid chromatography is 40 �C and the detection wave-

length of the column is 254 nm. The positive and negative pro-
ton peaks was set in the range of 90–350 q/m in order to
accurately determine the relative molecular mass of products.
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3. Results and discussion

3.1. Catalyst’s structure and morphology

Fig. 2a shows XRD patterns of CeO2, Cu2O and as-prepared
Cu2O@CeO2. The diffraction peaks located at 28.5�, 33.0�,
47.4�, and 56.3� are indexed to lattice planes (111), (002),
(022), and (113) of CeO2, respectively, which corresponds to
JCPDS No. 98-006-3194. For Cu2O@CeO2, no other peaks

were detected except for Cu2O and CeO2 in the XRD patterns.
Meanwhile, CeO2 peaks are broadened while the Cu2O peaks
located at 36.4� are sharp, being attributed to the highly dis-
persity of CeO2 and high crystallinity of Cu2O. Obviously,

with the increasing proportion of CeO2, the peak (002) of
Cu2O shifts to the right and the crystallinity drops significantly
Fig.5 1H NMR spectra of p-NP (a), p-AP (b) and APAP (c).
in Fig. 2b. This result indicates that CeO2 is not only doped
into the cuprous oxide lattice, but also reduces its crystallinity.

Morphology of Cu2O and Cu2O@CeO2 viewed by SEM,

TEM, and HRTEM are shown in Fig. 3. It can be observed
that Cu2O presents nonuniform octahedral morphology while
pure CeO2 is the fine rod-like particle with a diameter of ~40–
100 nm (Fig. 3a1, a2, a3 and Fig. S1). Typically, for the com-
posite Cu2O@CeO2, the octahedral Cu2O is uniformly pack-
aged by CeO2 NPs in a closely combination way (Fig. 3b, c,

and d). The measured lattice stripes of 0.302 nm and
0.312 nm in HRTEM images correspond to the (110) plane
of Cu2O and (111) plane of CeO2, respectively. By observing
the TEM images of the light and dark contrast, it is remark-

ably that with the increasing amount of CeO2, the shell of
CeO2 gradually thickens. Moreover, the gradually wrapped
structure by CeO2 on Cu2O could be convinced with an

EDX mapping analysis which shows a little amount of copper
element is exposed to the outside surface of the composite
(Fig. S2). Thus, the catalysts were assembled into a corrugated

sphere with tiny CeO2 NPs coated on the surface of the dodec-
ahedron Cu2O.

3.2. The catalytic activity assessment of the as-prepared
Cu2O@CeO2 for synthesis of APAP

Firstly, the selective reduction of p-NP to p-AP is particularly
significant for its further application because the various inter-

mediates are generally produced during the conversion process
of p-NP to p-AP, which may especially influence the produc-
tivity and purity of the coming product APAP. Thereby, we

estimated the selective reduction of p-NP to p-AP with a series
of Cu2O@CeO2 in NaBH4 aqueous medium. Obviously in our
system, although Cu2O (Fig. S3a) and CeO2 (Fig. S3b) could

not make the reaction proceed smoothly, consistent with the
previous reports (Ji et al., 2014; Huang et al., 2014; Yu
et al., 2010), the conversion of p-NP to p-AP with 3Cu2-

O@CeO2 is achieved within only 0.5 min (Fig. 4a). In
Fig. 4b, the ln(C0/Ct) = kappt plots present a linear relation-
ship against time, where kapp is the apparent rate constant
and C0 and Ct are the initial and actual concentration of p-

NP at time t0 and t, respectively. It clearly indicates that the
reaction follows a pseudo-first-order kinetic at excess initial
concentration of NaBH4. Then, the activity factor of Cu2-

O@CeO2 is calculated by the formula k = kapp/m, ratio of kapp
to the total mass m of the catalyst which listed in Table S1.
One can see the activity factor k range from 0.013 to 0.033 s�1-

�mg�1 for Cu2O@CeO2 composites in this investigation, obvi-
ously larger than that of Cu2O (0.0083 s�1�mg�1).
Furthermore, a reusable possibility of Cu2O@CeO2 was care-
fully estimated in the reduction of p-NP with NaBH4. The emi-

nent durability is easily confirmed by 10 turns of Cu2O@CeO2

(Fig. 4c) and even 30 recyclable turns (Fig. S4). More impor-
tantly, the sole peak at 300 nm is observed both before and

after the 30th reaction (Fig. 4a and d), inferring that the clean
conversion without any byproducts always is maintained dur-
ing the reductive process.

In the subsequently reactive step, APAP was prepared by
acylation reaction under low temperature conditions. For the
best productivity and purity of APAP, the absolutely selective

conversion of p-NP to p-AP and to avoid the further coupled
occurrence of p-AP is especially necessary. In our designed
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reactive routes, the generated p-AP was directly transported to
the connected Teflon vessel without recrystallization and then
promptly acidified with a mixed solution of hydrochloric acid,

acetic anhydride and solution sodium acetate. Finally, in terms
of its weak solubility, the final product of APAP is well sepa-
rated from the solution with a negative pressure method in ice

bath reactor. 1HNMR spectrum was further used to identify
the productivity and purity and the measured results are
shown in Figs. 5 and 6. The phenolic proton appears at

d = 10.77 ppm for initial p-NP and it is disappeared after
reduction process due to the formation of hydrogen bond with
one nitrogen atom of phenol (Fig. 5a). The chemical shifts in
the 1HNMR spectrum of the reduced intermediate p-AP corre-
Fig. 6 LC-MS results of
spond to d = 4.31, d = 6.41, and d = 8.33 which are similar
with that of p-NP (Fig. 5b), except for the doublets located at
d = 6.85 ppm and d = 8.08 ppm, respectively. For the final

APAP, the chemical shifts correspond to d = 1.96,
d = 6.67, d = 7.31, d = 9.13, and d = 9.64 (Fig. 5c). Conse-
quently, all the proton quality ratio of intermediates and prod-

ucts correspond to the framework of the p-AP and APAP,
indicating that there no impurities in the purified APAP
(Tsuji et al., 2017; Zhao et al., 2019). HLPC-MS analysis

shows the appearance of APAP with retention times
Rt = 0.65 min (Fig. 6a). The identity of APAP are distinctly
ascertained by the occurrence of characteristic protonated
pseudo molecular ions with (m/z + H + ) values of 150.10
APAP (a), (b) and (c).



Fig. 7 The IR results of the initial p-NP, the reduced interme-

diate p-AP and the final product APAP.
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and 152.10 (Fig. 6b and c), respectively (Golizeh et al., 2015).
Eventually, an excellent conversion about 85% productivity of

APAP from p-NP is achieved.
The FT-IR spectrum was also tested for the intermediate

and product (Fig. 7). Two peaks in the range of 3400.00–

3200.00 cm�1 correspond to –NH2 stretching vibrations of ns
(NH2), as well as the d(NH2) at 1650.00 cm�1 for p-AP
(Reddy et al., 2018; Shimizu et al., 2010). No peaks corre-
sponded to –NO2 in the spectra indicates the utterly reduction

of p-NP. The IR peak of APAP displayed at 3161.00 cm�1

(one O-H stretching) is originated from the hydrogen bonding
of phenol, and other characteristic IR peaks are C=C ring

stretch bands (1650.00, 1563.00, 1507.00 and 1438.00 cm�1),
overtone combination bands (1851.33 cm�1 and
2115.53 cm�1) and out of plane C-H bending (802.24 cm�1),

respectively (Gao et al., 2017). In addition, the peak of the
nas (NH2) at 3447.00 cm�1 is markedly shifted negative
(Ding et al., 2010). The amide functional group is evidenced

by a sharp N-H stretch at 3323.00 cm�1; a strong C=O stretch
of amide I band at 1653.66 cm�1, and an amide II band at
1563.00 cm�1 due to a combination of N-H bending and C-
N stretching (Ding et al., 2010). Thus all of the peaks in IR

ensure the generation of APAP. These results show that in
view points of availability, efficiency, and reusability of the
catalyst, the present protocol is comparable efficient.

3.3. Investigation on the mechanism of p-NP conversion and

APAP synthesis

Obviously, the quickly selective conversion of p-NP to p-AP is
vital rate-determining step in our designed synthesized route of
APAP for the required productivity and purity. As identifica-

tion above (Figs. 5 and 6), Cu2O@CeO2 nanocomposites give
a very excellent selective conversion for p-NP to sole product
of p-AP. To understand such mechanism, the structural evolu-
tion for initial and final catalyst was recognized by the wide-
scan XPS spectra (Fig. 8). It is noted that although the elemen-
tal species are not at all various during the reactive proceeding
(Fig. 8a and b), the valence states of Cu and Ce species are sub-

stantially diverse. The peak of Cu element is fitted into three
peaks of Cu+ 2p3/2 with the binding energies at 932.5, 933.2
and 934.5 eV, for the initial samples (Fig. 8c). Furthermore,

the small peaks at binding energies 933.8 eV , 953.7 eV in
Cu 2p spectra, together with two shakeup peaks, are all
assigned to Cu2+, confirming the presence of small amount

of CuO on the surface of the catalyst (Espinos et al., 2002).
However, after the reaction, CuO disappears while pure Cu0

appears at 952.5 eV (Fig. 8d). Obviously, the electron-
enriched Cu0 is formed via gradually reducing Cu2+?
Cu+?Cu0 during the reaction proceeding, which may easily
extract hydrogen from NaBH4 to form Cu-H species and then
to promote the reduced reaction. Actually, several researches

have reported Cu+, Cu2+, and Cu0 are all active substances
in the borohydride mediated reduction of nitroarenes (Wang
et al., 2016; Zhang et al., 2017). Furthermore, by inspecting

the characteristic peak positions associated with cerium ele-
ment (Fig. 8e and f, Table S2), four peaks at 916.3, 907.3,
902.2, and 900.4 eV observed in Ce 3d3/2 profile are corre-

sponding to the a1, a2, a3, and a4 components. Meanwhile
the peaks of Ce 3d5/2 profile at 898.0, 888.5, 883.5, and
881.9 eV are assigned to the b1, b2, b3, and b4 constituents,
respectively (Gao et al., 2017; Wang et al., 2014). As it known,

the signals a3 and b3 are characteristics of Ce3+, quite dis-
tinctly demonstrating the existence of Ce3+ in 3Cu2O@CeO2.

Fig. 9 shows the X-band EPR signal of CeO2 and 3Cu2-

O@CeO2 which could also provide a direct evidence for the
existence of Ce3+. Two signals at 3125.0 G and 3125.3 G were
observed for CeO2. Two peaks show the g-value spectra of the

CeO2 nanostructure, which indicates the presence of a narrow
signal at g = 1.96 and a strong signal at g ¼ 2.00. It has
reported CeO2 will release lattice oxygen to form the oxygen

vacancies in the case of Ce4+ becoming Ce3+ (Damyanova
et al., 2018). In the present investigation, there obviously are
higher concentrations of Ce3+ ions and corresponding oxygen
vacancies in the prepared composite samples. As it is known,

the rate determining step of the present reaction is the reduc-
tion of adsorbed p-nitrophenolate by active hydrogen species
(Ji et al., 2014). Thus a rapid and directed pre-adsorption of

p-NP on the surface of catalyst play a vital role to accelerate
reaction process and achieve high selectivity. In view of this,
the presence of Ce3+ ions and oxygen vacancies in the pre-

pared sample have significant advantages in the oriented
adsorption and selective reduction. The adsorption of p-NP
was tested with the same condition of p-NP reduction only
without NaBH4. Obviously, the smooth cuprous oxide can

never absorbed p-NP which is assigned to the large particles
with the flat surfaces (Fig. 10a). The oxygen-deficient CeO2

surface preferentially provides the promising active site for

the adsorption of nitroarene by capturing the oxygen atom
of –NO2 (Fig. 10b). The high selectivity is finally dedicated
by Cu2O/CeO2 interface of catalyst that could regulate the

adsorption to preferentially activate –NO2 group (Fig. 10c).
Furthermore, when nitro groups are reduced to amino, it will
be released from the catalytic surface as a neutral compound

(Fig. 10d). The IR spectrum of the as-prepared 3Cu2O@CeO2

before and after adsorption of p-NP listed in Fig. S5 also indi-
cates that core–shell nanocomposite could effectively absorb p-
NP. In addition, as it tested, CeO2 in aqueous medium



Fig. 8 The XPS spectrum (a, b), single element scan spectra of Ce3d (c, d), and Cu2p (e, f) of the initial and the used 3Cu2O@CeO2.
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(PH = 7) exhibits negative zeta potential values (Fig. S6).
Thus, the constituents Cu2O and Cu (in situ generated) may

contribute to adsorb BH4
- anions but CeO2 does not in terms

of the electrostatic repulsion.
Furthermore, the electrochemical impedance spectroscopy

(EIS) and photoluminescence spectra (PL) of CeO2, Cu2O

and 3Cu2O@CeO2 (Fig. 11) were used to measure electron
transmission due to their important role in the quick reduction
proceeding. The curve radius of 3Cu2O@CeO2 is much lower

than that of cuprous oxide, indicating that the electron trans-
port capability is greatly improved (Fig. 11a). In addition, the
PL emission intensity and peak width of CeO2 is stronger than
both Cu2O and Cu2O@CeO2 (Fig. 11b). It means larger
amount of valence electrons can be excited to the defect states

(oxygen vacancies) and thus the larger emission signal will be
received (Zhang et al., 2014). Remarkably, component CeO2

responses electronic transport and Cu2O contributes to inhibit
electronic recombination with the remained hole. On the other

hand, the electrons tend to leave CeO2 to Cu2O and Cu0 when
assembly them to form the composite in considering of the fact
that the Femi energy level of CeO2 (0–1.9 eV) is lower than

that of Cu2O (2.7 eV) and even Cu0 (2.0 eV). Due to the elec-
tron transfer, an electron-enriched Cu0 is produced which ben-
eficial to the extract H species form BH4

- to form M-H. It



Fig. 9 EPR spectra of CeO2 and 3Cu2O@CeO2.

Fig. 10 The absorption of (a) p-AP with Cu2O, (b) p-NP with CeO2
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indicates that the valence variation Cu+?Cu0 coupled with
Ce3+?Ce4+ is expected to be beneficial for the sustained
selective reduction of p-NP.

In summary, a possible mechanism for the selective conver-
sion of p-NP to p-AP with Cu2O@CeO2 was obtained
(Fig. 12). It is postulated that highly electron-enriched Cu0

was generated in situ from Cu2O through Ce4+-Ce3+?Cu+-
Cu0 coupled redox. The generated Cu0 extracts hydrogen spe-
cies from hydrogen-donor and then transfers H species to con-

verse p-NP into p-AP. Oxygen deficiency on the surface of
cerium oxide captures directionally the oxygen atom of -NO2

from p-NP and preferentially provides an electron transfer site
from BH4

- to a recipient p-NP, resulting in the selective conver-

sion of the nitroaromatic compounds. At the same time, the
close contact between CeO2 shell and Cu2O core also play a
key role in quickly electron transformation from BH4

- to p-

nitrophenolate ions. Meanwhile, Cu2+/Cu+ and Ce4+/Ce3+

redox was maintained through the interaction of Cu and Ce
to continuously furnish p-AP. The neutrally charged interme-

diate product (p-AP) is released from cerium oxide hence the
active sites of the surface of the materials are again exposed,
, (c) p-NP with 3CeO2@Cu2O, and (d) p-AP with 3CeO2@Cu2O.



Fig. 11 (a) the EIS spectrum and (b) the PL spectrum of 3Cu2O@CeO2, CeO2 and Cu2O.

Fig. 12 Mechanism of conversation p-NP to P-AP and then APAP.
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leading to the next cycle reaction of precursors (p-NP and
BH4

- ) smoothly proceeds. The highly selective generation of
p-AP effectively inhibits the by-products. The subsequently
quick acylation of intermediate p-AP and quick separation

of final products by negative pressure methods maximize the
yield and purity of APAP. Eventually, APAP was prepared
by catalytic hydrogenation and acetylation using p-NP as a

starting material.

4. Conclusion

In this study, a simple and efficient protocol has been devel-
oped to synthesize APAP by using p-NP as the initial reactant
with a core–shell Cu2O@CeO2 as catalyst. A one-pot reactive

route with two sections included the selectively hydrogenation
of p-NP and alkylation of generated p-AP was meticulously
designed and went smoothly with a self-constructing device.

The key intermediate p-AP could be continually formed by
the prepared Cu2O@CeO2 which has been confirmed with
an extended sustainable usability during 30 experimental turns.
The excellent productivity (about 85%) of APAP with a high
purity are obtained by the quick acylation of the intermediate
p-AP to effectively avoid the coupling byproducts occurrence
with the designed reactive device. The structure of the interme-
diates and final products were characterized by IR, HNMR,

and LC-MS. The proposed mechanism is that CeO2 shell
coated on Cu2O is used as a stabilizer and adsorptive centers,
owing to the existence of Ce3+ ions and oxygen vacancies. The

valence variation Cu+?Cu0 coupled with Ce3+?Ce4+ is
expected to be beneficial for the sustained selective conversion
of p-NP to p-AP, a rate-determining step in the present synthe-

sized reaction. Compared to the traditional methods by using
nitroaromatic compounds as the raw materials, the current
proposed synthesis route of APAP presents the merits with

low-cost, easy-operation, high-efficiency and high purity.
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