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a b s t r a c t

The morphology and heterojunction engineering are effective ways to boost the performance of Cu-

based catalysts. Herein, we have reported the designed synthesis of two-dimensional Cu-CuO heterojunc-

tion nanosheets (2D Cu-CuO NS) based on 3-aminopropyl-triethoxysilane (APTES, KH550) aided synthetic

strategy. The APTES can act as both the ligand and alkali (-OH) source to guide the large-scale synthesis

of 2D Cu-based precursor, which can transform into 2D Cu-CuO NS by the controllable post-treatment.

The Si species from APTES can protect the particles from the severe aggregation and growth, guaran-

teeing the formation of 2D sheets composed of small-sized Cu-CuO heterojunction (about 20nm). The

heterojunction interfaces can provide plentiful active sites to boost the catalytic ability. The 2D sheets

can provide large accessible surface, being conducive to the contact of the catalyst and reactants. Benefit-

ing from above virtues, the 2D Cu-CuO NS showed the superior catalytic performance for the reduction

of a series of nitro compounds, being superior to most reported non-noble metal-based catalysts. Notably,

it exhibited good re-cycled performance with no obvious performance degradation after 10 consecutive

catalysis. The present study will be promising to promote the application of the Cu-based catalysts, due

to its ability to control the morphology and potential for the large-scale synthesis.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The hydrogenation reaction has played an essential role in the

sustainable development [1–3]. Typically, the hydrogenation of aro-

matic nitro compounds (such as 4-nitrophenol, 4-NP) discarded

in water has received intensive attention [4,5]. Some nitro com-

pounds have been listed as priority pollutants by the U.S. Environ-

mental Protection Agency (USEPA) [6,7]. Among many treatment

methods (adsorption, biological treatment, etc.), the chemical re-

duction by NaBH4 has been promising because it can be carried

out at room temperature and easily detect the conversion process

[8–10]. The cost-effective catalysts with suitable electron structure

is core in the development of this field. The noble metals (Au, Pd,

Pt, etc.) have been state-of-the-art catalysts for the reduction of ni-

tro compounds due to their suitable d electronic structure, but suf-

fered from the high cost and low reserve [11,12]. The development

of low-cost and effective catalysts, therefore, have been the focus

in the field [13,14]. The key to advacing the fields is the adjust-
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ment of the morphology and electronic structure, aiming to im-

prove the adsorption/desorption kinetics of reactants on the cata-

lysts, and the mass transfer during the reaction.

Copper-based materials are of promising in advanced fields

[15,16]. The Cu has same d electronic structure (d10s1) with the

precious metals of Au and Ag, and has a lower price. The virtues

makes it became "noble metal-like" catalyst in many fields (e.g.,

CO2 reduction, oxidation reactions, and catalytic hydrogenation)

[17–19]. The materials with abundant active sites, easy access to

the reaction reagents, and enhanced mass transfer should be de-

sired for realizing the effective catalysis. The small-sized colloidal

Cu particle can expose more surface sites, thus can catalyze the hy-

drogenation of 4-NP effectively [20]. However, the colloids particles

are not easily separated, thus affecting the recycling and reuse. The

performance of the porous copper microspheres (PCMs) decreased

obviously after three cycles [21]. To improve the recycling ability of

the catalysts, the researchers have loaded the Cu particles on the

support [22] or coated the Cu2O by a ZIF-8 shell [23]. However,

the strategy can result in the decrease of the catalytic activity and

make the preparation more complicated. Fortunately, by construct-
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Fig. 1. Schematic illustration of the synthesis process of the 2D Cu-CuO heterojunc-

tion nanosheets.

ing the sphere-like and rod-like assemblies composed of particles

[24,25] the separation and reused ability can be improved, showing

the large potential of the assembly as effective catalysts. It is well

known that 2D materials have large accessible specific surfaces, be-

ing favorable for catalytic application [26,27]. Also, the construc-

tion of the heterojunction interfaces can make more active sites,

thus boosting the catalytic ability [28,29]. The large-scale synthesis

is very important for the practical application [30]. Therefore, it is

desired to design of 2D Cu-based heterojunction with high output

for the effectively catalytic application.

The reaction of Cu salts with the alkaline (NH3·H2O, NaOH, etc.)

in the presence of additives (surfactant, etc.) are general ways to

prepare the Cu-based materials with well-defined morphology and

size [31,32]. The 3-aminopropyl-triethoxysilane (APTES, KH550)

containing the amino groups (can combine with metal ions) and

Si species is a kind of excellent coupling agent [33,34]. Herein,

the synthesis of the 2D Cu-CuO heterojunction nanosheets (2D Cu-

CuO NS) were shown based on APTES-aided synthetic strategy. The

APTES can act as both the ligand and alkali source (-OH) to guide

the large-scale synthesis of 2D precursor sheets (above 10g for one

time of the synthesis), which can transform into 2D Cu-CuO NS

by the controllable treatment. The Si species from APTES can pro-

tect the particles from severe aggregation and growth during the

synthesis, guaranteeing the formation of the 2D sheets composed

of small-sized Cu-CuO heterojunction. Benefiting from the spe-

cial structure, the 2D Cu-CuO NS showed superior catalytic perfor-

mance for the reduction of various aromatic nitro-compounds, be-

ing superior to the most reported non-noble metal-based catalysts.

Moreover, it exhibited good re-cycled performance with no obvi-

ous performance degradation after 10 consecutive catalytic bene-

fited from the 2D assembled structure.

The synthesis of 2D Cu-CuO heterojunction nanosheets was

schematically illustrated in Fig. 1. The silane coupling agent

(KH550), which can act as the coordination agent and alkaline

source, was selected for the reaction with Cu ion to form the pre-

cursor nanosheets. The reaction of Cu(NO3)2·3H2O and KH550 so-

lution can give the 2D Cu-based precursor sheets with high yield

(reaching 10g for each time synthesis and can be easily scaled-up)

(Fig. S1 in Supporting information). The 2D Cu-based precursor can

transform into 2D CuO NS by the controllable post-treatment. Fi-

nally, the 2D Cu-CuO heterojunction was formed by reduction of

CuO NS with NaBH4.

Fig. 2. (a) typical SEM image, (b, c) TEM images (Inset is HRTEM image) of 2D Cu-

based precursor; (d) XRD pattern, (e) SEM, (f-h) TEM images, (i) STEM image and

(j-l) EDS elemental mapping images of 2D CuO nanosheets.

The morphology and composition of the Cu-based precursors

were characterized by XRD, SEM and TEM. In the XRD pattern

of Cu-based precursors (Fig. S2 in Supporting information), the

diffraction peaks at 13.3°, 26.9° and 35.9° can be indexed to the

(001), (002) and (201) planes of orthorhombic Cu(OH)2 (PDF #42–

0638) [35]. The -OH should be from the hydrolysis of KH550 in

the synthesis. The SEM image (Fig. 2a) shows the uniform sheets.

An enlarged image shows that the diameter of the sheets is about

200nm with thickness below 10nm. The TEM images (Figs. 2b

and c) further verify the formation of thin nanosheets. The plane

distance of 0.25nm corresponds to the (201) plane of Cu(OH)2.

The sheet-like Cu-based materials provided ideal precursors for

the preparation of 2D Cu-based catalysts. The energy-dispersive

X-ray spectroscopy (EDS) element mapping images reveal the ho-

mogeneous distribution of Cu, O and Si elements in the precursor

sheet (Fig. S3 in Supporting information), in which the Si elements

(about 5% in mass) should be come from KH550 coordinated with

Cu2+. The formation of 2D Cu-based precursor sheets can be re-

lated to the specificity of KH550. The KH550 can combine with the

Cu2+ ions based on the coordination of -NH2 with metal ions [36].

Also, the KH550 can hydrolyze slowly in the Cu(NO3)2·3H2O so-

lution to release the -OH (pH ∼9). The formed -OH can combine

with Cu2+ to generate Cu(OH)2. The coordination of KH550 with

the Cu2+ can induce the formation of sheet-like structure [34]. The

synergistic coordination of -OH and KH550 with Cu2+ can produce

the 2D Cu-based precursor sheets. The synthesis process is very

simple and the yield is high (above 10g for each time synthesis).

The theoretical yield is about 4.9 g if all the Cu2+ (0.05mol) was

transformed into Cu(OH)2, while the theoretical yield is about 20 g

if all Cu2+ (0.05mol) was combined with KH550 (KH550-Cu). The

yield of Cu-based precursor (10 g) is much higher than 4.9 g, so the

2D precursor is formed by the combination of Cu2+ with -OH and

KH550.

The CuO is a useful catalyst for many catalytic reactions such

as methanol oxidation [37] and reduction [38], but the CuO pre-

viously reported still has disadvantages such as large particle size,

and low yields. The Cu-based sheet-like precursors provide a plat-

form for the synthesis of CuO. To this, the precursor is heated
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in air to obtain CuO. In the pyrolysis process, the CuO can be

formed by the reaction of oxygen with Cu2+ in the air and de-

hydration of Cu(OH)2 in the precursor. The dehydration and de-

composition of organic components can make the formation of

porous structures. The crystal structure of the CuO NS was de-

termined with XRD, as shown in Fig. 2d. The peaks located at

35.55°, 38.67° and 48.84° are assigned to the (002), (111) and (2̄02)

planes of monoclinic CuO (PDF #45–0937). The broad diffraction

peaks imply the small crystalline size of CuO. The SEM image re-

veals the recombination of the nanosheet precursors during py-

rolysis and form CuO nanosheets with larger sizes than the 2D

Cu-based precursor (Fig. 2e). Furthermore, TEM images (Figs. 2f

and g) clearly indicate the thin CuO nanosheet composed uniform

nanoparticles with a diameter of about 10nm. There are abundant

pores between the particles that make up the nanosheet. The high-

resolution TEM (HRTEM) image (Fig. 2h) clearly shows the lat-

tice fringes of 0.25nm, which can be indexed to the (002) crystal

plane of CuO. The Si species from KH550 can protect the particles

from severe growth and agglomeration, thus forming the sheets

composed of small CuO particles. The elemental mapping confirms

the uniform distribution of Cu, O and Si elements throughout the

sheet (Figs. 2i-l). In summary, porous CuO nanosheets composed

of small nanoparticles were obtained by pyrolysis of the Cu-based

nanosheet precursors in air atmosphere.

There are some reports about the use of CuO as the catalysts for

the catalytic reduction of aromatic nitro compounds. In view of the

advantage of the 2D porous structure, the catalytic performance of

the 2D porous CuO nanosheets was first evaluated by using the

reduction of 4-NP into 4-AP in the presence of NaBH4. The test

shows that the reaction can be completed within about 390 s (Fig.

S4a in Supporting information). Surprisingly, during the reused

cycle, the catalyst showed significantly improved performance. It

takes only about 155 s to completely reduce 4-NP at the same con-

centration (Figs. S4b and c in Supporting information). We specu-

late that CuO is partially reduced to Cu due to the reduced ability

of NaBH4, thus forming Cu-CuO heterojunction. It can be demon-

strated by the XRD pattern (Fig. S5 in Supporting information). The

heterojunction catalysts can accelerate the charge transfer and pro-

duce an interface favorable to the adsorption/activation of active

species, being favorable for the catalytic reaction [39,40]. There-

fore, we have purposefully treated the CuO sheets with NaBH4 to

obtain Cu-CuO heterojunction. The XRD of the samples after be-

ing treated with NaBH4 shows the peaks belonging to CuO and

Cu (Fig. 3a). The crystalline peaks located at 43.29°, 50.43° and

74.17° are corresponded to (111), (200) and (220) planes of cubic

copper (PDF #04–0836). The SEM image in Fig. 3b shows that the

Cu-CuO sample shows still a sheet-like structure. Furthermore, the

TEM images (Figs. 3c and d) clearly indicates the porous structure

of Cu-CuO sheets composed of small particles with a diameter of

about 10nm. The HRTEM (Fig. 3e) image discloses the two adjacent

lattice spacing of 0.21 and 0.23nm, which are indexed to (111) and

(111) plane of the Cu and CuO, respectively. The interfaces between

Cu and CuO can be observed. The STEM image and elemental map-

ping (Figs. 3f-i) show the homogeneous distribution of Cu, O and

Si throughout the nanosheet. All characterization indicates the for-

mation of 2D Cu-CuO porous sheets.

X-ray photoelectron spectroscopy (XPS) is performed to deter-

mine the elementary composition and valence states of the sam-

ples. The survey spectra show (Fig. 4a and Fig. S6 in Supporting

information) the existence of C, Si, O and Cu elements in the three

samples. In the Cu 2p of Cu-based precursor (Fig. S7a in Supporting

information), the two characteristic peaks at 954.4 and 934.4 eV

are assigned to Cu 2p1/2 and Cu 2p3/2, which are consistent with

the characteristics of Cu2+ in Cu(OH)2 [41]. The remaining two

peaks at 942.6 and 962.3 eV are satellite peaks of Cu2+. The Si 2p

Fig. 3. (a) XRD pattern, (b) typical SEM image, (c, d) TEM images, (e) HRTEM image,

(f) STEM and (g-i) EDS elemental mapping images of 2D Cu-CuO heterojunction.

Fig. 4. XPS spectra of Cu-CuO NS in the (a) survey spectra (b) Cu 2p, (c) Si 2p and

(d) O 1s, respectively.

XPS spectrum in Fig. S8 shows typical Si-O peak at 101.6 eV, which

is attributed to the O-Si bond from Si species [42]. The XPS results

are consistent with those obtained by XRD and TEM. The combina-

tion of XPS with TEM and XRD further supports the formation of

Cu(OH)2 nanosheet containing Si species. For the CuO nanosheet,

the peaks at 934.3 and 954.3 eV are ascribed to Cu 2p3/2 and Cu

2p1/2 for CuO (Fig. S7b in Supporting information) [43]. In the Cu

2p high-resolution XPS spectrum (Fig. 4b) of Cu-CuO samples, the

characteristic peaks at 934.1 eV and 954.1 eV of Cu2+ are indexed

to CuO, and the characteristic peak at 932.2 and 952.0 eV are as-

signed to Cu0 from Cu [44]. The result further demonstrates the

formation of Cu-CuO heterojunction. The Si 2p spectrum in Fig. 4c

exhibits the fitting peak at 102.5 eV, which is attributed to the O–
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Fig. 5. (a) The photo shows the well dispersion of Cu-CuO-400 sheets in aqueous solution. (b) UV–vis spectra of 4-NP solution before and after addition of NaBH4. Time-

dependent UV–vis spectra of 4-NP reduction over (c) Cu-CuO-400 heterojunction, (d) Cu-CuO-375 and (e) Cu-CuO-425; (f) Plot of ln(C/C0) versus reaction time for the

reduction of 4-NP over different catalysts at 25 °C. (g) Variation of C/C0 versus reaction time and (h) plot of ln(C/C0) versus reaction time for the reduction of 4-NP by

Cu-CuO-400 sheets at different temperatures. (i) Repeated catalytic tests of Cu-CuO-400 catalyst.

Si bond from Si species [42]. The formation of this Si-O species

has a good protective effect on the sheet during the pyrolysis and

reduction, so that the porous sheets composed of small particles

can be formed [45]. From Fig. 4d, the O 1s XPS spectrum of Cu-

CuO heterojunction shows three peaks at 529.9, 531.5 and 532.6 eV

arising from metal-O, chemically adsorbed hydroxyl oxygen, and

adsorbed water molecules [46]. Compared with CuO samples, the

shift of Cu2+ peak position (0.2 eV) to low binding energy in Cu-

CuO samples proves that the existence of strong electronic interac-

tion between Cu and CuO, which is favorable to improve the cat-

alytic performance [47]. The results of XRD, TEM and XPS convinc-

ingly suggest that the porous Cu-CuO heterojunction nanosheets

are successfully synthesized.

As a refractory organic contaminant discharged into the aquatic

system by pesticide and petrochemical industry, p-NP has given

rise to significant public health and environmental risk in humans

and aquatic organisms. However, the reduction product p-AP is less

toxic than p-NP. It is a primary raw material for many analgesic

and antipyretic drugs. Thus, the reduction of p-NP to p-AP can not

only eliminate pollutants to protect the environment, but also re-

alize waste utilization in industrial production. In this regard, the

reduction of 4-NP into 4-AP is used as a model for evaluating the

catalytic efficiency of the Cu-based catalysts. The reduction pro-

cess was monitored by UV–vis spectroscopy. The well-dispersion

is conducive to the contact of the catalyst and the reactant, which

can promote the catalytic reaction of the catalyst. As shown in Fig.

5a, the Cu-CuO sheet can be uniformly dispersed in aqueous solu-

tions and shows an obvious Tyndall effect, which is conducive to

developing its performance. As shown in Fig. 5b, the solution of

4-NP exhibits a strong absorption peak at 319nm, which was red-

shifted to 400nm with the addition of NaBH4 due to the deproto-

nation of 4-NP. Correspondingly, a color change from pale yellow

to bright yellow was observed. After standing 30min, no further

change was observed, implying that the hydrogenation reaction

could not happen in the sole presence of NaBH4. Fig. 5c shows the

time-dependent UV–vis absorption spectra recorded during the 4-

NP reduction catalyzed by Cu-CuO heterojunction, in which the ab-

sorption peak at 400nm significantly decreases within 105 s. How-

ever, it takes 30min and 390 s over Cu-based precursor (Fig. S9 in

Supporting information) and CuO catalyst, respectively. The results

show that the construction of Cu and CuO heterogeneous interfaces

can significantly improve the catalytic activity.

The catalytic activity of the other two catalysts (Cu-CuO-375

and Cu-CuO-425) for 4-NP reduction were also evaluated as illus-

trated in Figs. 5d and e. It takes 160 s and 180 s for Cu-CuO-375 and

Cu-CuO-425 catalysts to almost completely convert 4-NP to 4-AP,

respectively. Combined with the XRD spectra (Fig. S10 in Support-

ing information) and SEM images (Fig. S11 in Supporting informa-

tion), it can be shown that the samples from low pyrolysis tem-

perature have low crystallinity, which can result in low catalytic

activity. However, the high pyrolysis temperature is not conducive

to the preservation of sheet morphology in the calcination process,

so the catalytic performance also decreases. The amount of NaBH4

obviously exceeds that of 4-NP, and the reduction rate can be con-

sidered to be roughly independen of the concentration of NaBH4.

The reaction kinetic was considered as a quasi-first-order kinetic

reaction only of 4-NP. The linear relationships of C/C0 and ln(C/C0)

versus reaction time are obtained over the three catalysts (Fig. S12

in Supporting information and Fig. 5f). Correspondingly, the ap-

parent rate constant kapp of Cu-CuO-400 (0.0315 s-1) was higher
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Table 1

Catalytic reduction of several nitro compounds over Cu-CuO heterojunction.

Substrate Product Time (s) Substrate Product Time (s)

105 45

7 90

36 42

10 240

Reaction conditions: substrate (0.2mmol/L), V (30mL), NaBH4 (10mg), catalyst (5mg). The solvent is distilled water or a mixed solution of distilled water and ethanol.

Determined by UV–vis spectrum.

than that of Cu-CuO-375 (0.0206 s-1) and Cu-CuO-425 (0.0165 s-1),

further validating the highest catalytic efficiency of Cu-CuO-400.

The optimum activity (Fig. S13 in Supporting information) was ob-

tained when the mass ratio of sodium borohydride to CuO was 2:1.

In particular, the catalytic reduction activity of Cu-CuO heterojunc-

tion is also higher than that of some reported Cu-based catalysts,

and even higher than that of some noble metal-based catalysts (Ta-

ble S2 in Supporting information).

The dependence of the catalytic activity of Cu-CuO heterojunc-

tion on reaction temperature was also investigated, and the UV–

vis spectra are shown in Fig. S14 (Supporting information). Figs. 5g

and h show the Ct/C0 and ln(Ct/C0) versus reaction time of the Cu-

CuO heterojunction catalysts at different reaction temperatures (15,

25, 30 and 40 °C). The results show that in the presence of Cu-CuO

heterojunction catalyst, the reduction rate of 4-NP by NaBH4 in-

creases with the increase of reaction temperature. This observation

can be explained by collision theory [48]. The particles may react

during the collision. As the temperature of the system increases,

the violent motion of the particles will increase the chance of col-

lisions, which results in the faster reactions rate. The apparent ac-

tivation energy of the catalytic reaction was calculated according

to the Arrhenius equations (Eqs. 1 and 2):

k = Ae−( Ea
RT ) (1)

ln k = lnA − Ea

RT
(2)

where k is the rate constant, A is the pre-exponential factor, Ea
is the activation energy, R is the gas constant (8.314 J mol−1 K-1),

and T is the temperature. The apparent activation energy of the

catalytic reaction calculated according to the Arrhenius equation is

51.15 kJ/mol.

In addition to the performance, the cycle stability of the cata-

lyst is also a very important factor for the application. As shown

in Fig. 5i, Cu-CuO catalyst still maintains a catalytic efficiency of

more than 99% after 10 times of cycles, which is superior to many

reported catalysts. The Cu-CuO samples after catalytic reduction of

4-NP were also characterized. As shown in Fig. S15 (Supporting in-

formation), the diffraction peaks of the sample after catalytic hy-

drogenation of 4-NP is similar to that of the original Cu-CuO het-

erojunction catalysts, implying the good stability of the catalyst.

Moreover, the TEM and STEM image (Fig. S16 in Supporting infor-

mation) shows that there is no obvious change in the morphology

of the Cu-CuO heterojunction catalysts after the catalytic reaction,

suggesting good structural stability of the catalysts. Above results

verify the good catalytic activity and stability of Cu-CuO catalyst,

which is very favorable for practical application.

Besides 4-NP, there are many aromatic amines, which are

important intermediates in the preparation of several nitrogen-

containing biologically active compounds, agrochemicals, pharma-

ceuticals, etc. Therefore, it is particularly important to prepare non-

noble metal catalysts with high efficiency for the reduction of var-

ious aromatic nitro compounds. As shown in Table 1, Figs. S17

and S18 (Supporting information), Cu-CuO heterojunction catalyst

only needs 36 and 7 s to reduce o-nitrophenol and m-nitrophenol

to form corresponding aminobenzene. Some complex nitrobenzene

containing more functional groups can also be reduced to cor-

responding aminobenzene within a short time. So, the prepared

porous Cu-CuO heterojunction catalysts have excellent catalytic hy-

drogenation activity for many aromatic compounds, which is ben-

eficial to their practical application.

The possible catalytic mechanism for the reduction of 4-NP

to 4-AP by the Cu-CuO heterojunction catalyst is shown in Fig.

6. First of all, 4-NP ions and BH4
− ions are reversibly adsorbed

on the surface of Cu-CuO catalysts [49]. BH4
− ion reacts with

H2O to form BO2
− and H while the resulting H will immediately

combine with the catalyst to form the adsorbed metal-H species

[50,51]. Afterwards, these dissociative hydrogen species react with

4-NP molecules to form nitroso-compound and hydroxyamino-

compound. Finally, the hydroxyamino compound is reduced to the

final product 4-AP. Finally, the formed 4-AP molecule is desorbed

spontaneously from the surface of the Cu-CuO catalyst. The cat-

alytic activity of Cu-CuO heterojunction nanosheets is better than

that of pure CuO, which indicates that the construction of het-

erogeneous can provide more active interfaces for active BH4
− to

form H atoms and transfer electrons rapidly. By combining a se-

ries of experimental and characterization results, the excellent per-

formance of Cu-CuO catalysts should be ascribed to synergy be-

tween Cu and CuO for adjusting the electronic structure and fa-

cilitating the adsorption/desorption of intermediates on the cata-

lyst. In addition, the large reachable surface provided by the 2D

sheet and abundant pore structures on the sheet facilitate mass

5
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Fig. 6. Illustrative catalytic mechanism for 4-NP reduction to 4-AP by heterojunction.

transfer promotes the contact of the catalyst and reactants. Bene-

fiting from above virtues, the 2D Cu-CuO NS showed the superior

catalytic performance for the reduction of a series of nitro com-

pounds, being superior to most reported non-noble metal-based

catalysts. Notably, it exhibited good re-cycled performance with no

obvious performance degradation after 10 consecutive catalysis. In

addition, the Si species from APTES can protect the particles from

severe aggregation and growth during the synthesis, but also con-

tribute to the stability of catalyst during the catalytic transforma-

tion process.

In summary, we have demonstrated a new method for the syn-

thesis of high-effective 2D porous Cu-CuO heterojunction catalyst.

The key for the designed synthesis is the use of the KH550 that can

act as alkaline ligands and coordination agents to induce the for-

mation of the 2D Cu-based precursor with high yields, which can

be subsequently converted into the 2D porous Cu-CuO heterojunc-

tion. The 2D heterojunction exhibits an excellent catalytic activity

and stability for the reduction of the aromatic nitro-compounds,

being at the forefront of reported non-noble metal catalysts. The

good performance is related to the 2D sheets for providing large

accessible surfaces, the abundant pores beneficial for mass trans-

fer, and the heterogeneous interface for providing more active sites.

This work would be promising for the practical application of the

Cu-based catalysts benefited from the easy, high-yielded synthesis

and special 2D, porous heterojuction structure for effective cataly-

sis.
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