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Abstract

:

Immobilization of nanocatalysts on biochar is receiving unprecedented interest among material and catalysis scientists due to its simplicity, versatility, and high efficiency. Herein, we propose a new direct approach to obtain bimetallic copper/nickel nanoparticles loaded on olive stone biochar. The bimetallic-coated biochar and the reference materials, namely bare biochar, copper rich-loaded biochar, and nickel-loaded biochar, were prepared by pyrolysis from olive pit powder particles impregnated first with citric acid (CA) and then with copper and nickel nitrates at 400 °C under nitrogen flow. We employed citric acid in the process in order to examine its effect on the structural and textural properties of biochar supporting the metallic nanoparticles. Surprisingly, citric acid induced the formation of agglomerated or even raspberry-shaped bimetallic copper/nickel nanoparticles. Large 450–500 nm agglomerates of ~80 nm bimetallic CuNi NPs were noted for B-CA@CuNi. Interestingly, for biochar material prepared with initial Cu/Ni = 10 molar ratio (B-CA@CuNi10/1), the bimetallic NPs formed unusual nanoraspberries (174 ± 8 nm in size), which were agglomerates of individual 10–20 nm CuNi10/1 nanoparticles. The B-CA@CuNi and reference materials were characterized by Raman spectroscopy, scanning electron microscopy (SEM)/energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), and magnetometry. The B-CA@CuNi and B-CA@Ni materials could be efficiently attracted with a magnet but not B-CA@CuNi10/1 due to the low nickel loading. B-CA@CuNi was tested as a catalyst for the degradation of methyl orange (MO). Discoloration was noted within 10 min, much faster than a similar material prepared in the absence of CA. B-CA@CuNi could be recycled at least 3 times while still exhibiting the same fast catalytic discoloration performance. This paper stresses the important role of citric acid in shaping bimetallic nanoparticles loaded in situ on biochar during the slow pyrolysis process and in enabling faster catalytic discoloration of organic dye solution.
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1. Introduction


One way to valorize agro-waste is via pyrolysis into biochar [1] under inert atmosphere or in the presence of very low amount of air [2,3,4]. Biochar is nowadays a very hot research topic because it arises from the trash-to-treasure concept [5,6] and thus falls within the general domain of sustainable development [7]. Much has been said on the preparation of biochar [8] and control of its composition [9], graphitization degree [10], and porosity [11], among other features [2,12,13]. Moreover, biochar could even be employed as a source for obtaining novel graphene or carbon dots [14,15] as well as carbon nanotubes [16]. However, in recent years, it has been realized that biochar could be engineered using additives during its preparation or after the carbonization process. For example, numerous papers have reported on grafting of molecular [17] or macromolecular species [18] to biochar supports or designed biochar decorated with metal oxide [19] and metallic nanoparticles [20,21,22]. Some authors have proposed decorating biochar with bacteria for soil amendment [23]. Its applications [24] encompass hydrogen evolution reaction and water splitting [25], removal of chromium VI [20], catalyzed degradation of dyes [26], soil remediation [27], electrochemical energy storage [28], design of support for N-fertilizers [29], and reducing phosphorous loss [30], to name a few.



Recently, we proposed a simple way to obtain biochar loaded with copper/nickel bimetallic nanoparticles (B@CuNi) [21]. The rationale for fabricating bimetallic CuNi NPs on biochar lies with the interest in this low-cost, magnetic, bimetallic nanomaterial in the catalysis of nitrate reduction [31,32], reduction of Cr(VI) to Cr(III) [33], oxygen evolution and reduction reactions [34], or degradation of nitrophenol and organic dyes [35]. When directly coated on biochar during pyrolysis, CuNi bimetallic NPs were found to be 10–20 nm in size and uniformly dispersed over the biochar surface [21]. The composite material was found to be magnetic and could catalyze the degradation of methyl orange (MO) within 30 min [21].



In order to increase the porosity of the underlying biochar, one could pyrolyze the initial agro-waste by modifying with carbonates or oxalates but also carboxylic acids, such as citric acid. For example, incorporation of citric acid monohydrate followed by fixation of K+ ions via ion exchange with KOH and then carbonization at elevated temperature resulted in biochar with micropores [36,37]. A study was carried out to understand the effect of various potassium-containing compounds for porous carbons. Mixing of rice husk biomass with these compounds via ball milling followed by heating caused catalytic pyrolysis with the following decreasing order: KOH > K2CO3 > K2C2O4 [38]. Bridging the gap with our ongoing research work, one could expect the tricarboxylic group from citric acid to play a crucial role in bi- and trivalent metal ion complex formation [39].



In our protocol [21], wet impregnation of agro-waste powder prior to pyrolysis ensured remarkable distribution of the dispersed bimetallic nanoparticles. Therefore, we reasoned that it is beneficial to impregnate the biomass with citric acid prior to addition of copper and/or nickel nitrates and thus investigate the effect of citric acid on the properties of the biochar and the supported nanoparticles. Surprisingly, scanning electron microscopy (SEM) imaging revealed the deposition of agglomerated nanoparticles and some were even found to be raspberry-shaped, which is quite unusual and thus worthy of reporting. Indeed, to the very best of our knowledge, no previous study has considered combining carboxylic acid treatment of biomass for the deposition of bimetallic nanoparticles, hence motivating us to carry out this work.



Herein, we report on the preparation of olive pit biochar loaded with copper/nickel bimetallic nanoparticles by slow pyrolysis at 400 °C. The initial agro-waste powder was first impregnated with citric acid (CA) and then loaded with copper and nickel nitrates prior to pyrolysis. The final citric-acid-impregnated OP biochar (B) loaded with bimetallic copper/nickel (B-CA@CuNi) and the reference materials B-CA, B-CA@CuNi10/1, and B-CA@Ni were characterized by scanning electron microscopy (SEM)/energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), and Raman and magnetization measurements employing superconducting quantum interference device (SQUID). The final B-CA@CuNi was tested as a potential catalyst for the degradation of methyl orange (MO) dye, which was taken as a model organic pollutant.




2. Experimental


2.1. Chemicals


Olive pit (OP) powder (grain diameter from 40 to 600 µm [40]) was obtained after extraction of Tunisian olive oil (see details in [21]). Citric acid (CA), metal nitrate salts, Cu(NO3)2·3H2O and Ni(NO3)2·6H2O, sodium hydroborate (NaBH4), and methyl orange (MO) were purchased from Aldrich and used as received. We used distilled water to dissolve citric acid and the metal nitrates prior to pyrolysis and to prepare aqueous solutions for the dye degradation tests.




2.2. Preparation of Bare and Nanocatalyst-Modified Biochar Materials


OP particles were impregnated with an aqueous CA solution in the nominal ratio of 1 mmol CA/1 g OP using a minimal amount of water (see Table 1). The powder was dried at 70 °C and mixed thoroughly with a spatula. The same CA-loaded OP powder was impregnated again with a mixture of Cu(NO3)2·3H2O and/or Ni(NO3)2·6H2O (1 mmol each per 1 g of OP). Additionally, we prepared a biochar loaded with metallic nanoparticles from a 10/1 initial molar ratio of Cu(NO3)2·3H2O/Ni(NO3)2·6H2O. The mixture containing CA-impregnated OP and copper and nickel nitrates was left to dry overnight, then thoroughly mixed, dried again, and ground in agate mortar. It was weighed several times and mixed until the weight was stable.



Visually, the OP powder changed color upon impregnation with CA and further with the metal nitrates (this is detailed below in Section 3). About 0.8 to 1 g of impregnated olive pit particles were pyrolyzed under N2 stream for 2 h at 400 °C in a tubular furnace. The apparatus was stopped for cooling but kept under N2 flow in order to avoid oxidation and ash formation.



The experimental conditions for preparing the impregnated biomass and pyrolysis are reported in Table 1.




2.3. Characterization


X-ray diffraction (XRD) patterns of the biochar samples were acquired with an X’Pert-Pro Panalytical diffractometer fitted with a Cobalt X-ray source (λ = 1.7889 Å) and operating in the Bragg–Brentano reflexion geometry (tube current = 40 mA and operating voltage = 40 kV).



Raman spectra of the biochar specimens were recorded using a Horiba HR 800 instrument, with the wavelength of the He−Ne laser beam set to 633 nm.



SEM observations and EDX spectral acquisition were performed on a Gemini SEM 360.



The magnetic properties of the produced catalysts were measured by a Quantum Design physical property measurement system (PPMS). Typically, the dc-magnetization M was measured by cycling the magnetic field µ0H between +7 and −7 T at room temperature (300 K). The diamagnetic contribution of the biochar was then subtracted from the recorded M(µ0H) data before being plotted for the Ni-based catalysts and expressed per gram of catalyst.




2.4. Catalytic Degradation of Methyl Orange


Here, 1 mg of catalyst was added to a beaker containing 4 mL of 20 ppm aqueous dye solution. The beaker was sonicated for 2 min, and 30 mg of NaBH4 was then poured in the beaker in order to trigger catalysis. A strong magnet was placed near the beaker to attract the biochar and sample sufficient MO solution for UV–vis analysis. Typically, the decrease in MO concentration was monitored using a Perkin Elmer-Lambda 1050 spectrophotometer operating in the transmission mode (optical length of 1 cm). The optical absorption spectra of the reaction solution containing MO were recorded in the 200–800 nm range.





3. Results and Discussion


Figure 1 displays the main steps in the preparation of biochar materials from the biomass (Figure 1a) and the digital photographs of the materials (Figure 1b). Wet impregnation by citric acid and by the nitrates ensured uniform impregnation prior to pyrolysis, as can be noted from the digital picture. All metallic nanoparticle-coated biochar looked the same, so only B-CA@CuNi is shown for the sake of simplicity.



3.1. Physicochemical Properties of Biochar Nanocomposites


3.1.1. Structural Analysis Studies by XRD and Raman Spectroscopy


Figure 2 displays the XRD patterns of B-CA-based catalysts, B-CA, and B@CuNi prepared without any CA. The diffraction peak positions were compared to those tabulated for Cu and Ni and their oxides. The (111) and (200) planes of the metallic phases are indicated by dashed (Cu) or solid (Ni) black vertical lines.



The amorphous nature of the underlying carbon substrate is evidenced by the featureless pattern of the metal-free B-CA sample. In contrast, the Cu- and/or Ni-loaded samples exhibited broadened peaks at 2θ. For some of them, the position matched those tabulated for bulk Cu (ICDD n°98-005-2256) and/or Ni (ICDD n°98-004-1508). This means that the produced metallic particles were very small in size and partially oxidized. Additionally, the presence of organic acid during material processing seemed to lead to the formation of metallic crystals that were smaller in size than those prepared from the same metal nitrates but without any CA [21]. In particular, the most nickel-rich particles were much smaller and thus much more sensitive to oxidation upon air exposure (see Table 2).



The peak broadening did not show evidence of a net shift of the peak position to confirm the formation of Cu1−xNix solid solution. However, NiO and Cu2O phases being identified in the recorded patterns for all produced B-CA-based catalysts was in disagreement with the hypothesis. The use of CA clearly induced cation complexation over the whole OP surface, possibly for the nickel cations much more than the copper ones, which led to increased metal nucleation sites during pyrolysis and therefore generated very small metal crystals. The differences in affinities between each type of cation and citric acid contributed to the segregation of their related metallic phases. This feature was not at all relevant when catalyst synthesis proceeded without CA. Indeed, the XRD pattern of B@CuNi was much more similar to the signature large-sized Cu- and Ni-rich Cu1-xNix solid solution crystals, with peak positions slightly comparable to those tabulated for pure Cu and pure Ni, respectively [21].



To summarize, citric acid is most probably prone to provide ultrafine metallic NPs, which get oxidized upon air exposure. This oxidation is not so critical as the metallic phase can be easily recovered by adding sodium borohydride (NaBH4) during catalysis assays.



To complete the copper/nickel structural investigations, the Raman spectra of all the produced composites were recorded to characterize the biochar support (Figure 3).



Interestingly, all spectra exhibited doublet characteristic of carbon-based materials. Indeed, two peaks, coined D and G, were centered at 1351 ± 1 and 1576 ± 5 cm−1, respectively (Figure 3) [41]. The D band accounted for defects in the biochar chemical structure, for example, C–C bonds between aromatic rings [42] and C–O defects [41]. The G band was assigned to aromatic ring breathing and C=C bonds. The D/G intensity ratio (peak height ratio) was in the 0.79–0.89 range, which was higher than the 0.67 obtained for the same biochar prepared under slightly different conditions at 400 °C under N2/H2 mixture [21] and also higher than the 0.58 obtained for Spanish olive stones carbonized at 600 °C [41]. The slightly higher D/G ratio indicated increased defects. Herein, D/G ratio remained similar, but one could note that the doublets were less resolved in the case of supported nanocatalysts. This suggests possible interactions between the biochar support and the immobilized nanocatalysts or possible metal-induced defects during pyrolysis. Indeed, the spectral region between D and G bands coincided with V bands assigned to sp² and sp3 amorphous carbonaceous structures [43]. Convolution of the V, D, and G bands yielded less resolution and a decrease in the peak position difference (G−D) from 228 cm−1 for B-CA to 213 (B-CA@CuNi) and 208 (B-CA@CuNi10/1) cm−1.




3.1.2. Surface Morphology and Elemental Composition (SEM/EDX)


Figure 4 shows the SEM pictures of B-CA, B-CA@Ni, B-CA@CuNi, and B-CA@CuNi10/1. Besides a few pores at the surface of B-CA (~400 nm diameter), the CA-treated biomass yielded a biochar with wax-like surface (Figure 4a), similar to the OP biochar prepared at 400 °C for 15 min (see for example [21]). For B-CA@Ni (Figure 4b), about 100 nm size, spherical Ni NPs were visible. The NPs were dispersed all over the biochar surface but showed substantial agglomeration. Figure 4c–e displays SEM images of B-CA@CuNi at various magnifications. As can be seen, the biochar showed particles with undefined shapes (Figure 4c) with good dispersion of CuNi NPs (Figure 4d). Higher magnification showed localized 400 nm spherical agglomerates (Figure 4e). Similar good dispersion of bimetallic NPs was noted for B-CA@CuNi10/1 (Figure 4f). Further zooming in showed raspberry-shaped CuNi10/1 NPs of 174 ± 8 nm size (Figure 4g).



EDX spectra are displayed in Figure 5. Only C, O, and Ni peaks were noted for B-CA@Ni (Figure 5a), but both Cu and Ni were visible at similar relative peak intensity for B-CA@CuNi (Figure 5b). In the case of 10-fold higher initial copper nitrate impregnation compared to nickel nitrate, the final B-CA@CuNi10/1 exhibited very small Ni peak compared to Cu (Figure 5c).



The Cu/Ni atomic ratio was found to be 1.18 ± 0.08 and 6.61 ± 0.72 for B-CA@CuNi and B-CA@CuNi10/1 composites, respectively. For equal molar impregnation, while the Cu/Ni atomic ratio was close to 1 for B-CA@CuNi, the value was about 30% lower for the B-CA@CuNi10/1 composite, possibly due to the existence of the most nickel-rich NPs, as judged from the XRD studies (Section 3.1.1).




3.1.3. Magnetic Properties of Biochar Materials


The variation of the magnetization as a function of the magnetic field at RT is plotted for the three nickel-based biochar catalysts B-CA@CuNi, B-CA@CuNi10/1, and B-CA@Ni in Figure 6. A typical soft ferromagnetic behavior could be noted with a high-field magnetization, which decreased when the Ni content decreased, explaining why the most nickel-rich biochar was more easily attracted by an external magnetic field during the catalysis assays.



Interestingly, when expressed as per gram of nickel, the obtained high-field magnetization values were significantly lower than the expected 50 emu/g of bulk Ni, even for the copper-free, Ni-based catalyst (B-CA@Ni). This means that the major part of the involved nickel species corresponded to Ni2+ instead of Ni0, without degradation of catalytic performance. This result is in agreement with that inferred from XRD and SEM/EDX analyses, which clearly showed that nickel was oxidized on the biochar surface, most probably upon exposure to air, following the pyrolysis process. It seems that the operating catalysis conditions, which required the introduction of NaBH4 reducing agent into the reaction medium, allowed the Ni2+ cations to be reduced into Ni0 in situ, leading to the amount of available metal nickel surfaces being high enough to conduct the desired catalytic reaction.



Nonetheless, as noted in the video (see Supplementary Materials), B-CA@CuNi was attracted by the magnet to the sidewall of the beaker and returned to the center of the beaker upon withdrawal of the magnet. In contrast, B-CA@CuNi10/1 was not attracted due to the low nickel loading on the biochar.





3.2. Potential Application: Degradation of Methyl Orange


The catalytic performance of B-AC@CuNi was tested, with the degradation of methyl orange (MO) chosen as a model reaction (Figure 7). As a first yes/no test, Figure 7a displays the MO UV–vis spectrum before and after catalytic discoloration resulting from the degradation of the dye. Discoloration was achieved in less than 10 min, which was much faster than the 30 min reported for the same type of composite but prepared in the absence of any citric acid [21]. This yes/no test was done with excess NaBH4.



In order to establish the kinetic study and be able to monitor the variation of organic molecule concentration versus time, measurements were carried out with the following steps. First, 1 mg of the catalyst was dispersed in 10 mL of MO solution (20 mg.L−1 or 20 ppm) before adding 50 µL of sodium borohydride solution (2M), which corresponded to the time t0. The final mass of NaBH4 introduced to the reaction medium was 3.8 mg. However, herein, 3.8 mg was introduced in 10 mL instead of 30 mg in 4 mL for the fast yes/no test (about 8-fold less mass or 20-fold lower concentration of sodium borohydride).



As one can see in Figure 7b, as the orange color vanished, the intensity of the absorption peak at 463 nm decreased. In contrast, the intensity increase of the peaks centered at 247 and ~280 nm. These two last peaks could be assigned to the two catalyzed degradation products of the dye.



It was practically difficult to collect 1 mg of the catalyst despite its high magnetic properties. To ensure reusability of 1 mg of B-AC@CuNi, 10 mL of the MO solution and 50 µL of the NaBH4 2M solution were added each time after total disappearance of the initial orange color until three successive cycles were reached. This clearly indicated the robust immobilization of the bimetallic nanocatalyst on biochar without any significant leaching.



The final solution turned colorless and transparent, accompanied by total degradation of the azo dye (see dashed black line in Figure 7b). Figure 7c compares the performance of the biochar-based catalysts (NB: the control spectrum corresponds to the absence of any catalyst). The B-AC@Ni and B-CA@CuNi had comparable performance, whereas the B-CA@CuNi10/1 induced faster reaction that was completed within 1 min. Note, however, that B-CA@CuNi10/1 was not magnetic and could not be recovered by an external magnet. As far as the price is concerned, nickel nitrate is almost twice as more expensive than copper nitrate, regardless of the supplier.



The evolution of the ratio C/C0 versus t, shown in Figure 7d (and deduced from the processed peaks in Figure 7b), was characterized by three main phases: (i) fast degradation rate in the first 20 min, with almost 45% of MO being degraded; (ii) a slowdown in the degradation rate until 60 min, with degradation efficiency reaching 70%; and (iii) very slow turning during the last 90 min (the final degradation yield was 75%).



The fitting of the experimental data to the first, the pseudo-first, and the pseudo-second-order rate laws showed that the data did not fit the expected first-order or the pseudo-first-order model but excellently fit the pseudo-second-order model, which assumed that the adsorption mechanism was chemisorption. It may be recalled that the linearized equations of the three models are given as follows:


  ln  C   C 0    = − K   t    



(1)






  ln    q e  −  q t    = ln  q e  −    K 1    2.303     t    



(2)






   1   q t    =  1   K 2     q e    2    +  1   q e      t  



(3)







For the pseudo-first-order model (Equation (1)), K (min−1) is the apparent rate constant, C0 (mg L−1) is the initial concentration of MO, and C (mg L−1) is the concentration of the dye at time t. For the pseudo-first-order model (Equation (2)), K1 (min−1) is the equilibrium constant rate (the adsorption of MO over B-AC@CuNi), and qt (mg g−1) and qe (mg g−1) are the adsorbed amount at time t and at the equilibrium time, respectively. For the pseudo-second-order model (Equation (3)), K2 (g mg−1 min−1) is the equilibrium constant rate, and qt and qe are expressed in mg L−1 and mg g−1, respectively.



The analyses of the experimental data according to the rate laws are displayed in Figure 7e–g.



A proposed degradation mechanism of MO in the presence of NaBH4 is illustrated in Figure 8. It is a two-step mechanism where the antibonding orbital of H2 generated after the reaction of sodium borohydride and water reacts with the unfilled d-bond of the metal to form dative bonding (between H2 and the metallic nanostructure) [44].





4. Conclusions


Olive pit (OP) grains loaded with bimetallic CuNi nanoparticles were prepared by slow pyrolysis at 400 °C under dinitrogen stream for 2 h. In this follow-up to our previous work [21], we investigated the effect of preimpregnation of OP grains with citric acid (CA) on the structural and morphological properties of the final B-CA@CuNi biochar. Contrary to the previous findings, herein, CA induced the formation of agglomerated metallic nanoparticles of nickel or its copper alloys. In particular, unusual raspberry-shaped nickel NPs were obtained in the case of B-CA@Ni. Moreover, more defects were noted for B-CA compared to the biochar prepared without CA as judged by the higher corresponding D/G ratio determined by Raman spectroscopy. From the crystallographic viewpoint, small bimetallic NPs were formed, some with a nickel-rich phase. Small size readily induced metal oxidation of the supported NPs upon air exposure. B-CA@CuNi remained attracted by a magnet and was also able to catalyze the degradation of methyl orange in the presence of NaBH4. This compound could help reduce the formed metal oxides while participating in the catalyzed reaction. Discoloration of the dye was achieved with 1 mg of B-CA@CuNi and in the presence of a low amount of NaBH4. It was monitored by UV–vis spectrometry and, unexpectedly, was not found to fit a pseudo-first-order kinetics model.



This work conclusively shows that citric acid not only alters the properties of the biochar but also induces unusual structures of metallic or bimetallic copper/nickel or pure nickel nanocatalysts. These promising results encourage us to further investigate the effect of citric acid concentration on the shape and dispersion of (bi)metallic catalysts on biochar. This is valid for any other carboxylic acid.
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Figure 1. (a) General pathway for the design of biochar materials and (b) digital photographs of OP grains before and after impregnation with citric acid and copper/nickel nitrates (in three proportions) leading to black biochar composite powder. 
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Figure 2. XRD patterns of B-CA@CuNi, B-CA@CuNi10/1, and B-CA@Ni compared to those of metal-free B-CA and CA-free B@CuNi1/1 samples. 






Figure 2. XRD patterns of B-CA@CuNi, B-CA@CuNi10/1, and B-CA@Ni compared to those of metal-free B-CA and CA-free B@CuNi1/1 samples.



[image: Colloids 06 00018 g002]







[image: Colloids 06 00018 g003 550] 





Figure 3. Raman spectra of B-CA, B-CA@CuNi, and B-CA@CuNi10/1. 
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Figure 4. SEM images of (a) B-CA, (b) B-CA@Ni, (c–e) B-CA@CuNi, and (f,g) B-CA@CuNi10/1. 
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Figure 5. EDX spectra of (a) B-CA@Ni, (b) B-CA@CuNi, and (c) B-CA@CuNi10/1. 
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Figure 6. Magnetization of metallic nanoparticle-coated biochar versus the magnetic field at RT. 
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Figure 7. Kinetic study of MO degradation: (a) fast test using excess NaBH4 (7.5 mg·mL−1), (b) stacked UV–vis spectra recorded using low NaBH4 concentration (0.38 mg÷mL−1), (c) comparison of the performance of various biochar-based catalysts, (d) C/C0 vs. time plot for MO degradation, (e) first-order kinetics, (f) pseudo-first-order kinetics, and (g) pseudo-second-order kinetics. “Control” in (c) means test without any catalyst. 
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Figure 8. Proposed mechanism of degradation of MO using B-CA@CuNi in the presence of NaBH4. 
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Table 1. Experimental conditions for the preparation of impregnated biomass and the corresponding biochar.
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	Materials
	OP Mass

± 0.0001 (g)
	OP MassAfter

Impregnation

± 0.0001 (g)
	CA Mass

± 0.0001 (g)
	Cu(NO₃)₂.3H₂O Mass (g)/mmol
	Ni(NO₃)₂.6H₂O Mass

(g)/mmol
	Pyrolyzed OP

Impregnated with

Metal Ions (g)
	Biochar Mass (g) and Yield (%)
	Final Metal/

Biochar

Ratio (mmol/g)





	OP + CA
	3.0000
	3.5762
	0.5762
	-
	-
	0.7750
	0.220 (28.4%)
	-



	OP + CA + CuNi
	3.0010
	5.1750
	0.5760
	0.7250/3.000
	0.8730/3.002
	0.8010
	0.246 (30.7%)
	3.776 mmol/g



	OP + CA + CuNi (10/1)
	3.0060
	4.4045
	0.5775
	0.7245/2.999
	0.0965/0.332
	0.7960
	0.254 (31.9%)
	2.37 mmol/g



	OP + CA + Ni +
	3.0093
	4.4586
	0.5760
	-
	0.8733/3.003
	0.8010
	0.269 (33.6%)
	2.30 mmol/g







Water volume for impregnation of citric acid = 20 mL and for impregnation of nitrates = 20 mL. Pyrolysis conditions = 30 °C/min; Tmax = 400 °C; time at Tmax = 2 h.
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Table 2. Metal and metal oxide weight ratio and crystal size inferred from diffraction peak intensity and broadening a.
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Catalyst

	
Crystal Phase

	
Phase Content (wt.%)

	
Crystal Size (Å)

	
Ref.






	
B-CA@Ni

	
Ni

	
30

	
30

	
This work




	
NiO

	
70

	
60

	




	
B-CA@CuNi

	
Cu

	
48

	
130

	




	
Cu2O

	
12

	
125

	




	
Ni

	
10

	
40

	




	
NiO

	
30

	
75

	




	
B-CA@CuNi10/1

	
Cu

	
67

	
120

	




	
Cu2O

	
21

	
110

	




	
Ni

	
10

	
40

	




	
NiO

	
2

	
60

	




	
B@CuNi

	
Cu

	
70

	
190

	
[21]




	

	
Ni

	
30

	
40

	








a Hypothesis: isotropic shapes are expected for all catalysts prepared in the presence of CA but not for B@CuNi1/1 catalyst produced without any pre-impregnation of OP with CA.
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