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Abstract 

Metal Organic Frameworks (MOFs) receive increasing attention for 4-nitrophenol (4-

NP) reduction; however the existing studies of using MOFs for 4-NP reduction all 

involve with noble metals. Moreover, the reported MOFs are very fine powders which 

are inconvenient for realistic implementation. Thus, the present study proposes to 

develop a MOF foam which exhibits macroscale features of foam and microscale 

functionalities of MOFs. Specifically, a Cu foam is selected as the macroporous 

substrate which serves as a porous support and the metal source for synthesizing Cu-

based MOF, HKUST-1, via an one-step electrochemical method. The resulting HKUST-

1 foam can act as a convenient catalyst for reduction of 4-NP to 4-AP in either batch-

type or flow-thru-type reactions. The corresponding activation energy (Ea) of 4-NP 

reduction (43.3 kJ/mol) is also significantly lower than Ea values of reported catalysts, 

including noble metal catalysts, whereas the corresponding TOF (48.3 min-1) is higher 

than many other catalysts. HKUST-1 foam can also efficiently catalyze reduction of 

methylene blue (MB) to fully decolorize its color. In addition, HKUST-1 foam could 

be reused over multi-cycles and retain its activity for reduction of 4-NP and MB. These 

features validate that HKUST-1 foam is a practical, convenient, and reusable catalyst 

for reduction of 4-NP.  

 

 

 

 

 

 

Keywords: HKUST-1, Cu foam, MOFs, 4-Nitrophenol, Reduction, methylene blue 
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1.Introduction 

Nitro or nitrogen-containing aromatic compounds represent essential pollutants in 

industrial effluents [1]. Among these N-containing aromatic species, 4-nitrophenol (4-

NP) particularly receives great attention as 4-NP can cause damages to human’s central 

nervous and blood systems [2, 3]. Therefore, many approaches have been proposed to 

eliminate 4-NP from water, such as biological degradation [4], adsorption [5], chemical 

oxidation, photocatalytic degradation [6] and catalytic reduction [7]. Out of these 

approaches, catalytic reduction of 4-NP appears as the most promising one because the 

nitro-group of 4-NP can be converted to an amine group, resulting in 4-aminophenol 

(4-AP), which is much less toxic and even valuable for synthesizing other fine 

chemicals [8-10].  

    To reduce 4-NP to 4-AP catalytically, transition metals and reducing agents are 

usually necessitated [3,6,7]. Specifically, many noble metals, including Au, Pd, Ru, and 

Pt, have been adopted for reducing 4-NP to 4-AP by using NaBH4 as a reducing agent 

[8–12]. Nevertheless, high expenses of noble metals pose huge challenges for large-

scale implementation of this technique. Therefore, it is greatly-desired to develop non-

noble-metal catalysts for 4-NP reduction.  

    Recently, a novel class of coordination materials, Metal Organic Frameworks 

(MOFs), is developed and applied extensively because MOFs, comprised of metals and 

organic ligands, can exhibit various porous/hierarchical structures, with miscellaneous 

functions [13]. Metal sites of MOFs have been also proven to catalyze various reactions 

[11-14] and thus MOFs should be a promising alternative for catalyzing 4-NP reduction 

[15, 16]. While several MOFs have been discussed and studied for reduction of 4-NP 

[17-21], these reported MOFs were comprised of noble metals (e.g., Ag) or 

functionalized with noble metal particles (e.g., Ag, Au, Pd). Very few studies have 
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certainly looked into investigating catalytic activities of non-noble-metal MOFs 

themselves. Besides, these reported MOFs are usually very fine powders, making them 

less practical and inconvenient for realistic implementation. Thus, it would be crucial 

to explore the catalytic activities of non-noble metal MOFs without usage of any noble 

metals. Moreover, it would be also critical to immobilize MOFs on substrates, which 

can be macroscale and porous for convenient use and maximization of the loading of 

MOFs and exposure of MOFs to reactants.  

More critically, such as MOF-immobilized macroscale substrate should be easily 

prepared without complicated procedures and long preparation time to make such a 

MOF-composite more realistic. To this end, the present study proposes to employ a 

metal foam, copper foam specifically, as the substrate which not only serves as a 

macroscale and hierarchically porous support for MOFs but also acts the metal source 

for synthesizing MOFs. The copper (Cu) foam is particularly selected as Cu has been 

validated as a non-noble metal for reducing 4-NP and moreover Cu can be adopted to 

synthesize the most classical MOF, HKUST-1. Via one-step electrochemical method, 

in which the organic ligand of 1,3,5-benzenetricarboxylic acid (H3BTC) would react 

with Cu2+ of Cu foam to grow a layer of HKUST-1 on the surface of foam. This feature 

is very distinct from conventional physical attachment of MOFs on foam-like substrates 

which require complicated multiple steps [22], and have problems of instability [23] 

and disorder growth and aggregation of MOFs on foam-like substrates [24-26]. 

Therefore, such a HKUST-1 foam has many promising advantages of convenient 

macroscale features of foam and microscale functionalities of HKUST-1, and it should 

be a very useful and practical catalyst for 4-NP reduction. Unfortunately, HKUST-1 

foam has never been investigated for its catalytic activity in aqueous catalytic reductive 

applications, and thus the present study would provide valuable information for 
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fabricating such a composite, and important findings and scientific insights into 

catalytic characteristics of HKUST-1 foam.  

 

2. Experimental 

2.1 Materials 

All regents in the study were analytical-regent grade and used without further 

purification. Cu foam was provided by May Chun Company Limited, Taiwan. Copper 

nitrate (Cu(NO3)2) was obtained from Union Chemicals (Taiwan). 1,3,5-

benzenetricarboxylic acid (H3BTC) was purchased from Showa Chemical Co. Ltd 

(Taiwan). Sodium Borohydride (NaBH4) was obtained from Sigma-Aldrich (USA). 

 

2.2 Preparation of HKUST-1 foam catalyst 

The preparation of HKUST-1 foam via the electrochemical synthesis can be illustrated 

in Fig. 1. First, Cu foam(1×1.5 cm) with a thickness of 1 mm, and 95 pores per inch 

(PPI) was washed with 3M HCl solution for 15 min then rinsed with distilled water and 

ethanol for several times. Subsequently, Cu foam and carbon rod were used as anode 

and cathode, respectively, in an electrochemical reactor. The distance between two 

electrodes was kept as 2.5 cm, and 0.1g H3BTC was directly added into 100 ml of 

ethanol/water mixture (1:1) to afford the electrolyte solution. The anodizing growth of 

HKUST-1 on the Cu foam was implemented at 5V for 30 min at room temperature as 

displayed in Fig. 1(b). Next, the resultant HKUST-1 foam was washed by distilled water 

thoroughly and dried at 65oC in oven overnight to afford HKUST-1 foam. 
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Fig. 1. Schematic illustration for preparation of HKUST-1 foam via the one-step 

electrochemical synthesis.  

 

 

 

2.3 Characterization of HKUST-1 foam 

The morphologies of HKUST-1 foam were determined by FE-SEM (JEOL JSM-7800F, 

Japan). The XRD pattern of HKUST-1 foam was measured with an X-ray 

diffractometer (Bruker D8 Discover, USA). X-ray photoelectron spectroscopy (XPS) 

was also adopted to analyze surface chemistry of HKUST-1 foam (PHI 5000, ULVAC-

PHI, Japan). Textural properties of HKUST-1 foam were determined using a volumetric 

gas adsorption analyzer (ANTON PAAR NOVATOUCH LX2, Austria) for obtaining 

(a) (b) 
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N2 adsorption/desorption isotherms.  

 

2.4 Catalytic reduction of 4-nitrophenol and Methylene Blue 

In a typical experiment of 4-NP reduction, an aqueous solution of 4-NP was first 

prepared at the concentration of 3.6× 10-3 M, and NaBH4 was prepared at the 

concentration of 4.2 M. In a 100 ml beaker containing 47.5 ml distilled water, 2.5 ml of 

3.6×10-3 M 4-NP solution was introduced and 0.2 ml NaBH4 of 4.2 M was added at a 

desired temperature, a piece of HKUST-1 foam (3.5 mg) was added subsequently. The 

reaction of 4-NP reduction to 4-AP was implemented in a large excess NaBH4 to ensure 

negligible influence of the donor BH4
− on reaction kinetics in order to assume that the 

reaction rate can therefore be independent on the concentration of NaBH4 [27, 28]. 

After pre-set intervals, UV-vis spectra of reactants were recorded over the scanning 

region of 200-500 nm. The quantitative determination of 4-NP was performed by 

recording the absorbance at different time intervals at 400 nm. Catalytic reduction of 

MB experiments followed similar step as in 4-NP reduction. However, UV-vis spectra 

of MB were recorded over the scanning region of 450-750 nm with its quantitative 

determination after different intervals at 664 nm. 

 

3. Results and discussion 

3.1 Characterization of Cu foam and HKUST-1 foam 

Fig. 2(a) shows photographs of pristine Cu foam and HKUST-1 foam. The pristine Cu 

foam exhibited the typical reddish brown color of Cu. After the anodic synthesis with 

H3BTC, the Cu foam’s color changed from reddish brown to blue, which is the typical 

color of HKUST-1. The variation of color suggested that the surface of the foam had 

been deposited with HKUST-1, and the fraction of HKUST-1 accounted for ca. 7 wt% 



8 
 

of the entire HKUST-1 foam based on gravimetric measurements.  

 

Fig. 2. (a) Photographs of Cu foam and HKUST-1 foam, (b-c) SEM images of the 

pristine Cu foam, (d-f) SEM images of HKUST-1 foam under different magnifications,  

 

 To further realize the variation on the surface of foam, the surficial morphologies 

of Cu foam and HKUST-1 foam were examined by SEM. Fig. 2 (b-c) shows the SEM 

image of pristine Cu foam, which exhibited the typical micro-structures of foam with 

smooth surfaces. On the other hand, the SEM image of HKUST-1 foam (Fig. 2(d)) still 

maintained the micro-structure of foam but its surface had been deposited with a layer 

of fine particles. The closer view (Fig. 2 (e-f)) reveals that these fine particles exhibited 

polyhedral morphologies (e.g., octahedrons) with sizes of 0.5 ~ 3 μm, which were 

similar to the reported sizes of HKUST-1 [29-31]. The corresponding elemental 

mapping results also suggested that Cu and O were homogenous distributed over Cu 

foam (Fig. S1). To further verify species of these polyhedral particles, the crystalline 

structures of the pristine and modified foam were determined in Fig. 3(a). As the 

pristine Cu foam exhibited very typically few peaks at 43.2 and 50.4°, corresponding 

to (111) and (200) planes of Cu, respectively [32, 33], the modified foam showed a 

(k) 
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series of additional peaks in the range of 8 - 50°, and these peaks can be well-indexed 

to the simulated XRD pattern of HKUST-1 [30, 34, 35], confirming that the layer of 

polyhedral fine particles deposited on the foam was HKUST-1, and the modified foam 

was validated as HKUST-1 foam.  
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Fig. 3. (a) XRD patterns (b)FTIR spectra of Cu foam and HKUST-1 foam. 

 

Moreover, IR spectra of HKUST-1 foam and the pristine Cu foam were also 

measured to realize chemical variation of foam before and after the electrochemical 

modification in Fig. 3(b). In the case of pristine Cu foam, the broad peak located at 

3440 cm-1 corresponded to the stretching vibration absorption of –OH groups at Cu 

foam surfaces [32]. After the growth of HKUST-1 on the Cu foam, the resulting 

HKUST-1 foam exhibited a series of significant peaks in the range of 1000~2000 cm-1. 

The band in the range of 500-1600 cm-1 region can be attributed to HKUST-1 consisting 

of H3BTC and –OH group at >3000 cm-1 [36]. Hence, the band at 770 cm-1 was 

attributed to Cu-O stretching vibration [37] and the band at 1370cm-1 was assigned to 

the symmetric vibrations center [36]. The bands at 1450-1560cm-1 were attributed to 

carboxylic group of H3BTC [38]. The band at 1646 cm-1 resulted from aromatic C=C 

and 1718cm-1 from COO− of H3BTC [18, 35, 39]. These peaks further confirmed the 

(a) 

(b) 
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successful formation of HKUST-1 on the Cu foam.  

Moreover, as HKUST-1 foam was a composite consisting micro-scale HKUST-1 

and the macro-scale foam, its textural properties would be interesting and then 

investigated. Fig. 4(a) shows the N2 sorption isotherms of the pristine Cu foam and 

HKUST-1 foam. N2 sorption isotherm is employed to determine surface areas and pore 

volumes of porous materials by measuring amounts of N2 adsorbed onto porous media 

[40]. The higher volume adsorbed indicates that the tested substrate exhibits a larger 

surface area and pore volume, whereas the lower volume adsorbed suggests a lower 

surface area and pore volume. While the N2 sorption amount of Cu foam was very low, 

leading to a low surface area of 20 m2/g, HKUST-1 foam exhibited a tremendously 

higher N2 sorption and thus showed a substantially higher surface area of 209 m2/g 

owing to the growth of HKUST-1 on the Cu foam. The pore volume of HKUST-1 was 

0.184 cm3/g (Fig. 4(b)), which was also significantly higher than that of the pristine Cu 

foam as 0.017 cm3/g, showing that the textural properties of Cu foam was considerably 

enhanced because of growth of HKUST-1. 

 

Fig. 4. (a) N2 sorption isotherms and (b) pore size distributions of the pristine Cu 

foam and HKUST-1 foam. 
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3.2 Catalytic reduction of 4-nitrophenol by HKUST-1 foam  

Prior to examining catalytic activities of HKUST-1 foam for 4-NP reduction, it was 

necessary to verify whether 4-NP would be removed simply via adsorption to HKUST-

1. Fig. 5(a) shows that UV-Vis spectrum of 4-NP in the presence of HKUST-1 foam 

was very close to that of the pristine 4-NP solution, indicating that HKUST-1 foam itself 

could not eliminate or reduce 4-NP even after 300 min. However, the peak area and 

height of 4-NP slightly decreased in the presence of HKUST-1 foam, indicating that a 

small fraction of 4-NP was absorbed into HKUST-1foam. When the reducing agent, 

NaBH4, was introduced to 4-NP solution, the color of 4-NP solution changed from light 

yellow to bright yellow due to the deprotonation of 4-NP [41], and correspondingly, the 

maximum peak shifted from 316 nm to 400 nm. Subsequently, a piece of HKUST-1 

foam was added, the peak of 4-NP at 400 nm decreased rapidly and almost vanished 

within 15 min as shown in Fig. 5(b). Meanwhile, one can notice that the peak of 4-AP 

grew notably, demonstrating that the conversion of 4-NP to 4-AP was accomplished 

within a short time and no by-product was observed in view of the isosbestic point.  

    In addition to the batch-type demonstration of using HKUST-1 foam to reduce 4-

NP to 4-AP, HKUST-1 foam could be also employed as a membrane catalyst for flow-

thru-type reactions. Fig. 5(c) shows a syringe containing a yellowish solution of 4-NP. 

Once the syringe was pushed to pass the yellowish 4-NP solution through HKUST-1 

foam, the yellowish solution readily became transparent. The filtrate was also analyzed 

and only 4-AP was detected without any 4-NP remained (Fig. 5(e)). This successfully 

revealed that HKSUT-1 foam is an effective, versatile and convenient catalyst for 4-NP 

reduction.   
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Fig. 5. (a) UV-vis absorption spectra of 4-NP solution with and without HKUST-1; (b) 

time-dependent (15 min) UV-vis absorption spectra during 4-NP (400 nm) reduction to 

4-AP (304 nm) using HKUST-1 foam with NaBH4 at 25℃ (4-NP (1.8 mM), NaBH4 (2.5 

mM) and 3.5 mg of HKUST-1 foam); (c-d) flow-thru-type 4-NP reduction by HKUST-

1 foam; and (e) UV-vis adsorption spectra of 4-NP reduction by HKUST-1 foam via the 

flow-thru process. 

 

 

 

(c) (d) 

4-NP + 

NaBH4 

4-NP + 

NaBH4 

4-AP  

(e) 

HKUST-1  

foam 
HKUST-1  

foam 
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The influence of amount of HKUST-1 for 4NP reduction was also investigated as 

shown in Fig. S2. Firstly, 7 mg of HKUST-1 foam was evaluated for 4-NP reduction as 

displayed in Fig. 2(a). Nevertheless, the corresponding 4-NP reduction to 4-AP was too 

fast to quantify the variation as a function of time. When 3.5 mg of HKUST-1 foam was 

used, a full set of spectral variation of 4-NP reduction could be collected. While 4-NP 

reduction by a relatively low amount of HKUST-1 foam of 1.75 HKUST-1 foam can be 

also quantified, the reaction was much slower than that by 3.5 mg of HKUST-1. The 

amount of 3.5 mg was particularly selected over the course of this study.  

 

3.3 Kinetic of 4-NP Reduction by HKUST-1 foam 

As 4-NP was rapidly reduced to 4-AP by HKUST-1 foam, the reduction kinetics was 

further quantified using the pseudo-first rate low as follows [42-44]: 

Ln (Ct/C0) = -kt          (1) 

Where Ct is the concentration of 4-NP at a reaction time ‘t’, C0 is the initial 

concentration of 4-NP and ‘k’ is the first-order rate constant of 4-NP reduction over 

HKUST-1 foam in the presence of NaBH4. The corresponding 1st-order rate constant 

was then calculated as 0.204 min-1 at 25 °C.  

    To further compare the catalytic activity of HKUST-1 foam with other reported 

catalysts, activity factors (AF) and turn over frequencies (TOF) of relevant reported 

catalysts are calculated using the following equations and summarized in Table 2 [45-

51].  

      AF = K = k/mHKUST-1                   (2) 

TOF = n4-NP/(tn of Cu@HKUST-1-foam)     (3) 

where n4-NP is the mole of 4-NP converted, n of Cu@HKUST-1-foam is the mole of Cu 

within HKUST-1 foam, t is conversion time (15 min), mHKUST-1 is amount of catalyst (g), 
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and k is the first-order rate constant of reaction. Based on gravimetric measurements, 

the amount of HKUST-1 on HKUST-1 foam accounted for 7 wt% of entire HKUST-1 

foam. The amount of Cu within HKUST-1 foam was determined according to the 

molecular formula of HKUST-1 as Cu3(BTC)2 [52]. As the molecular weight of 

HKUST-1 is 604.87 g/mole, the amount of Cu within HKUST-1 foam could be 

estimated as 10.5 mol% of HKUST-1. Interestingly, in comparison with the many 

reported catalysts, HKUST-1 foam had certainly exhibited noticeably higher TOF and 

AF than many reported Cu-based and other catalysts [45-50], validating that HKUST-

1 foam was a promising catalyst for 4-NP reduction. 

 

Table 1. Comparison of rate constant(k), turnover frequency (TOF) and activity factor 

(K) of HKUST-1 foam and different reported Cu-based and other catalysts for the 

reduction of 4-NP. 

Catalysts 
k(s-1) at room 

temperature 
TOF (min-1) AF,K(s-1g-1) Ref. 

HKUST-1 foam 0.0034 48.3 136 This work 

Prussian Blue (Fe) 0.0002 0.58 114 [45] 

Cu1.00–CeO2–Pt 0.451 15.59  

[46] 

Cu0.66Co0.34–CeO2–Pt 0.995 14.7  

Cu0.50Co0.50–CeO2–Pt 0.633 8  

Cu0.34Co0.66–CeO2–Pt 0.614 7.65  

Cu1.00–CeO2–Pt 0.555 2.6  

CeO2–Pt 0.285 1.55  

Cu NPs 0.0016 4.8 - [47] 

Cu hydrosol 2.01 nm 0.0037 

nd 

63 

[48] 

Cu hydrosol 5.21 nm 0.0016 28 

Cu hydrosol 9.42 nm 0.0011 19 

Cu hydrosol 17.36 nm 0.0007 12 

Cu hydrosol 26.26 nm 0.0004 6 

Porous Cu microsphere 0.0041 - 82 

Oh Cu2O 0.0123 - 124 

[49] DHP Cu2O 0.0056 - 5.59 

EHP Cu2O 0.0033 - 3.28 

Cu nanoplate 0.0095 - 136 [50] 

Cu 9.5 nm cubes 0.0101 - 105 

[51] Cu 18.0 nm cubes 0.0057 - 60 

Cu 21.5 nm cubes 0.0041 - 43 
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    To probe in the mechanism of 4-NP reduction to 4-AP by HKUST-1 foam, the 

chemical compositions and the elemental status of HKUST-1 foam and even the pristine 

Cu foam were further investigated by XPS in Fig. 6. In the case of the pristine Cu foam 

(Fig. 6(a)), the core-level Cu 2p spectrum displayed two major peaks at 932.4 and 952.3 

eV which were attributed to Cu 2p3/2 and Cu 2p1/2, respectively [33]. On the other hand, 

when the pristine Cu foam was converted to HKUST-1 foam (Fig. 6(b)), the Cu 2p3/2 

and Cu 2p1/2 peaks of HKUST-1 foam shifted to the higher binding energies of 933.5 

and 953.4 eV, respectively, revealing the occurrence of Cu2+ [16]. Besides, additional 

four peaks can be also detected at 939.5, 943.2, 959.3, and 962.8 eV which were derived 

from the Cu2+ satellite peaks [33, 53]. However, once HKUST-1 foam participated in 

4-NP reduction, the used HKUST-1 (Fig. 6(c)) not only exhibited Cu2+ at 932.4 and 

952.2 eV but also showed Cu+ species at 934.4 and 954.3 eV [54]. 

 

Fig. 6. XPS spectra of Cu foam and HKUST-1 foam before and after 4-NP reduction: 

(a) Cu 2p of Cu foam, (b) Cu 2p (before) of HKUST-1 foam, (c) Cu 2p (after) of 

HKUST-1 foam. 

 

Based on the XPS results, the possible mechanism of reduction of 4-NP to 4-AP 

by HKUST-1 foam would be depicted in Fig. 7. Firstly, HKUST-1 foam reacted with 
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NaBH4 to release H2 gas [55, 56] which would further reduce Cu2+ to Cu+. After 4-NP 

was adsorbed to HKUST-1 foam, and its nitro-group would receive electrons from Cu+ 

together with H+ from the solution to be hydrogenated, forming 4-AP [57, 58], while 

Cu+ was transferred back to Cu2+. Finally, 4-AP was desorbed from the surface of 

HKUST-1 foam and went back to the solution.  

 

 

 

Fig. 7. Schematic illustration of plausible mechanism of 4-NP reduction by HKUST-1 

foam in the presence of NaBH4. 

 

3.4 Activation energy (Ea) of 4-NP reduction by HKUST-1 foam  

As activation energy (Ea) represents an important index for evaluating catalytic 

activities of catalysts for 4-NP reduction, the corresponding Ea by HKUST-1 foam was 

then obtained from kinetics of 4-NP reduction at different temperatures as exhibited in 

Table S1. Fig. S3 showed the Arrhenius plots (ln k vs 1/T), and the corresponding Ea 

(the activation energy) was obtained as 43.3 kJ/mol. Compared to other catalysts (Table 

3), the Ea value by HKUST-1 foam was noticeably lower than many reported catalysts, 

especially noble catalysts [59-63]. This indicates the promising advantage of HKUST-
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1 foam for reduction of 4-NP possibly because Cu has been a widely-recognized 

effective metal for 4-NP reduction [45, 51, 64], and HKUST-1 is the most classical and 

well-known Cu-based MOFs [65]. As HKUST-1 exhibits a relatively high surface area 

and a relatively large pore volume in comparison to reported Cu catalysts, more active 

site of Cu 2+ from HKUST-1 would be available and exposing to reactants (e.g., 4-NP 

and NaBH4), facilitating 4-NP reduction.  

 

Table 2. Comparison of activation energies (Ea) of HKUST-1 foam and different 

reported catalysts for the reduction of 4-NP. 

Catalyst Ea (kJ/mol) Ref. 

HKUST-1 foam 43.3 This work 

NiY 105 

[59] 

PtY 136 

CoY 60 

PtNiY 119 

PtCoY 55 

Pt NPs 40 [60] 

Magnetic Au-NP 51 [61] 

PS-PEGMA-Ag 62 [62] 

Cu2+ 74 

[63] 

Ag+ 173.1 

AuCl4- 32.6 

Co2+ 34.7 

Ni2+ 216.4 

 

3.5 Reusability of HKUST-1 foam for 4-NP reduction 

As HKUST-1 foam was proposed to be an easy-to-use and practical catalyst for 4-NP, 

HKUST-1 should be reusable for long-term 4-NP reduction. Thus, the reusability of 

HKUST-1 foam was investigated by reusing HKUST-1 foam for multi-cycle 4-NP 

reduction without any regeneration. Fig. 8 shows results of 4-NP reduction of 5 cycle 

by the used HKUST-1 foam, which still exhibited very comparable catalytic activities 

for reducing 4-NP to 4-AP without significant loss of reactivities. Even though the 

reduction kinetics seemed slightly decreased (0.204 to 0.202 min-1), this phenomenon 
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might be attributed to the fact that by-products from NaBH4 would remain in the 

solution or adsorb to HKUST-1 foam, interfering with contacts between 4-NP, HKUST-

1 and BH4
- ion, and altered the kinetics.   

 

Fig. 8. Reusability of HKUST-1 foam for multiple-cycle 4-NP reduction 

 

3.6 Catalytic performance of HKUST-1 for Methylene Blue  

In addition to 4-NP reduction, the catalytic hydrogenation would be also employed for 

decolorizing dye-containing wastewater [66-68]. Specifically, Methylene blue (MB) 

represents an extensively-used dye and it could be decolorized by hydrogenate its 

nitrogen group of phenothiazine in MB [66-68]. Firstly, Fig. S4 shows a MB aqueous 

solution (curve a) and a MB solution in the presence of HKUST-1 foam after 300 min 

(curve b), indicating that adsorption of MB adsorbed to HKUST-1 was negligible. 

Subsequently, after NaBH4 was added to MB solution in the presence of HKUST-1 

foam (Fig. 9(a)), the blue color of MB rapidly decreased within 3 min and no by-product 

was present based on Fig. 9 (b). The corresponding pseudo-first order rate constant was 

1.67 min-1, which was significantly higher than many reported values of MB 

hydrogenation [69-74] (Table 3), indicating its superior catalytic activities for aqueous 
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hydrogenation of MB. 

 

 

 Fig. 9. (a) Time-dependents UV-vis absorption spectra of MB during reduction 

using HKUST-1 foam in the presence of NaBH4 and (b) reusability of HKUST-1 foam 

for multiple-cycle reduction of MB. 

 

Additionally, we also examined reusability of HKUST-1 foam in MB reduction as 

exhibited in Fig. 9(b). A fresh MB aqueous solution was prepared after completing 

every cycle. HKUST-1 foam exhibited almost identical catalytic performance of every 

cycle without regeneration. According to these results, HKUST-1 foam had high 

effective catalytic performance not only for 4-NP but also for MB. This result 

demonstrated that HKUST-1 foam is a stable and favorable catalyst for catalytic 

reduction. 

 

 

 

(a) (b) 
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Table 3. Comparison of rate constant (k) of HKUST-1 foam and different reported 

catalysts for the reduction of MB. 

 

4. Conclusion 

In conclusion, a 3D-structured hierarchical composite of HKUST-1 foam was 

developed via one-step electrochemical growth of HKUST-1 on Cu-foam. The Cu-foam 

served not only as the support for HKUST-1 but also a source of Cu for synthesizing 

HKUST-1. Thus, HKUST-1 formed on the surface of foam could still exhibit polyhedral 

shapes and maintained its porous features. More importantly, the resulting HKUST-1 

foam can further act as an easy-to-use heterogeneous catalyst for reduction of 4-NP to 

4-AP. The corresponding Ea of 4-NP reduction was also significantly lower than Ea  

values of reported catalysts, including noble metal catalysts, whereas the corresponding 

TOF was higher than many other catalysts, revealing its promising advantage. In 

addition, HKUST-1 foam could be reused over multi-cycles and retained its crystalline 

structure and catalytic activity for 4-NP reduction. Through XPS analysis, the 

mechanism of 4-NP reduction catalyzed by HKUST-1 foam could then be attributed to 

the reduction of Cu site of HKUST-1 by NaBH4 and then electrons transferred from 

Cu+ together with H+ to hydrogenate 4-NP to 4-AP. These features validate that 

Catalyst k at room temperature (min-1) Ref. 

HKUST-1 foam 1.6658 This work 

Pd/Si 1.436 [69] 

pNAC7 0.7959 [70] 

C-Pt NPs 0.03 [71] 

MgAl-LDH@Au 0.84 [72] 

MgAlCe-LDH@Au 1.8 

MgAlCe-LDH 0.3 

AgNPs 0.199 [73] 

cotton@Ag NPs 0.478 [74] 
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HKUST-1 foam is certainly a practical, convenient, effective and reusable catalyst for 

reduction of 4-NP and MB.  
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