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Abstract

:

A new and simple method for preparing confined copper and nickel nanoparticles by thermal treatment of their respective cations inside Mobil Composition of Matter 41 (MCM–41) hydrophobic nanopores is presented here. Surface modified MCM–41 hydrophobic materials were impregnated by using high-pressure treatment with copper II (Cu II) or nickel II (Ni II) aqueous solutions. After pressure release and washing, the remaining metal cations, confined exclusively within the nanopores, were heated, forming metallic nanoparticles. Reduction of the cations by a redox reaction between the hydrophobic organic surface and the confined metal cations is proposed. Transmission electronic microscopy (TEM), selected area electron diffraction (SAED), nitrogen (N2) adsorption at −196 °C (77 K), Fourier transform infrared (FTIR) and thermogravimetric (TGA) analyses evidenced the identification of copper and nickel nanoparticles (NPs).
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1. Introduction


The use of nanoparticles in our everyday life is not a new phenomenon. Precious metal nanoparticles were used even in ancient times in varnishes or other types of coatings, for example, to enhance the colouring and beauty of ceramics [1]. Since these early times, metal nanoparticle use has entered numerous other domains. The potential uses of nanoparticles as sensors [2], as catalysts [3], for environmental clean-up [4,5], as doping agents for hydrogen storage by adsorption [6], in biological and nanotechnological fields [7] and in medicine for cancer activity [8], to name a few examples, have greatly amplified their importance. These metal nanoparticles (NPs) of nanometric size exhibit enhanced thermal, optical, chemical and physical properties compared to their bulk metal counter parts [9] and, for these reasons, have become a target base in both the research and industrial communities. Metal NPs deposited on solid, most often inert surfaces are the base for a wide variety of applications, notably in catalysis [3,4,5]. The bottom-up approach for the synthesis of metal NPs begins at the atomic or molecular level and builds up to form the NP structure. There are three methods of synthesis using the bottom-up approach: (1) physical (chemical vapour deposition, irradiation or photochemical reduction), (2) biological (using plants and microorganisms for reduction reactions and the stabilization of NPs) and (3) chemical reduction (using chemical reducing agents such as sodium borohydride, hydrazine or citrate anions, to name a few) [10,11,12]. Although the biological method pertaining to microorganisms has seen a surge recently in research literature, the serious drawbacks concerning active substance identification and metal NPs recovery from reaction media limit the utilization of this method [13]. Of the three types of synthesis method mentioned above, the most commonly used is the chemical reduction route, especially with respect to metal NPs dispersion on inert surfaces. In this method, a metal cation aqueous solution is reacted with a reducing agent in the presence of an inert surface. Under the conditions used, adherence to the surface can occur while the metal nanoparticles are forming or after formation. This part of the preparation can be very complex. C.T. Campbell explained that the binding strength of metal atoms to a surface is very important [14]. If the binding is too strong, the reactivity towards adsorbates is not expected to be high, yet, if the binding is too weak, the rate of sintering is expected to increase.



To adapt a metal NP to a particular application, it is necessary to control the homogeneity of nanoparticle dispersion, the adherence to the support and the metal loading. These parameters can become even more challenging when the inert support is a porous material. Here, the metal cation must enter into the pores and then, once reduced, adhere to the pore surface. Two processes are used to synthesize silica nanoporous materials. The first is a one-pot synthesis where the metal salt is added to the sol during the nanoporous material synthesis [15], and the second is postgrafting and/or impregnation with a metal salt solution [16]. In both cases, the metal cations must be reduced using reducing agents such as hydrogen, formaldehyde or sodium borohydride, resulting in the presence of the reduced species on the grain surface and inside the pores. This could lead to difficulties depending on the application targeted, as the reactivity of metal nanoparticles on the grain surface and inside the pores can be different. In previous works, we studied the complexation of the Cu II cation in aqueous ammoniacal solution and its reactivity towards surface silanol groups of a mesoporous templated silicate material. We found that surface-bonded Cu II atoms readily formed bonds with water molecules, resulting in an increased amount of adsorbed water compared to that for the original hydrophilic material [17,18,19]. Therefore, to study the interesting relationship between the confined cations and their aqua ligands, it was more convenient to create a hydrophobic environment so that any adsorbed water could be more easily controlled and observed. As silanol groups within the pores contribute to the adsorption and hydrogen bonding of water molecules, replacing the silanol hydrogen by Me3Si groups would mean that the adsorbed water could be attributed to the presence of the Cu II cations. Recently, we developed a high-pressure method for confining Cu II cations exclusively inside Mobil Composition of Matter 41 (MCM–41) hydrophobic nanopores [20]. Using this method, we extended the process to include Ni II cations and developed a specific and simple way to prepare well-dispersed copper and nickel NPs by using thermal treatments, without the use of any reducing agents.




2. Materials and Methods


MCM–41 metal preparation–Our pressure method, represented in Figure 1, was already used for the confinement of Cu II species in hydrophobic MCM–41 materials of varying pore size [20]. Here we extended this high-pressure synthesis to include Ni II cations to demonstrate that metal cation confinement is not exclusive to Cu II. The MCM–41 materials were prepared and their surfaces modified by replacing surface silanols (OH) by O–Si(CH3)3 groups as described in our previous work [21]. An MCM–41 material, containing O–Si(CH3)3 groups on the surface, with a pore size of 3.82 nm was used for all pressure treatments and is denoted by MCM–Si. In a typical preparation of our hydrophobic–hydrophilic metal cation silica material, we used a 0.5 mol·L−1 aqueous solution of M(NO3)2.xH2O (M = Cu II, Ni II) containing a particular amount of concentrated NH4OH 28% (w/w) to give a pH of 10.5 and 11.5 for the Cu II and the Ni II, respectively. This solution was forced into the pores under a pressure of 4000 bar at room temperature. The pressure setup is shown in Figure 1 and was identical to the setup used in our previous work [20]. The pH of the solution was chosen for each cation to ensure that no precipitation of the respective hydroxide would occur during the pressure treatment. The concentration of the ammoniacal metal nitrate solution was optimized in order to load the maximum amount of M into the pores without the crystallization of the M ammine or M hydroxo complexes inside the pressure line. The addition of the basic solution contributed to maintain the electroneutrality of the metal complex once trapped in the pores. After 1 h, the system was depressurized to atmospheric pressure. The cell containing the silica powder with the ammoniacal metal nitrate solution was rinsed with distilled water onto a ground glass filter, and the excess solution was evacuated by vacuum filtration. Any residual metal solution was removed by washing with distilled water. After drying in an oven at 80 °C for 3 h, MCM–Si–M materials (M = Cu II or Ni II) were obtained as blue and green powders, respectively.



Thermal treatment—Thermal treatment of the MCM–Si–M materials was carried in a tubular furnace under argon at a heating rate of 10 °C per minute to 650 °C. After approximately 1 h, the heating was stopped, and the powder was cooled to ambient temperature under argon. The colour of the powders was transformed to a red-black or black for M = Cu and Ni, respectively. These final samples are denoted MCM–Si–M–HT.



Characterization–Infrared spectra were taken of neat samples on a Bruker Equinox 55 spectrophotometer with an ATR (attenuated total reflectance) accessory in the 4000–600 cm−1 region.



Transmission electron microscopy analyses were performed on a JEOL JEM-100 CX II UHR apparatus operating at 100 kV at the Microscopy Centre of the Institute of Materials Paris Centre, Sorbonne University, Paris. The powder samples were ground and dispersed in 2-propanol, deposited on a copper grid covered with a carbon thin film and dried before analysis.



Elemental analyses of the MCM–Si materials for C, N, Cu and Ni were carried out by the Service Central d’Analyse, Vernaison, France, and the results are summarized in Table 1.



The thermal stabilities of the different samples were investigated by thermogravimetric analysis (TGA, TA Instrument, Q50 model). The MCM–Si materials were heated from 25 to 850 °C at a heating rate of 10 °C·min−1 under argon flow of 60 mL·min−1. The BET surface area, the nitrogen/walls affinity parameter and the pore volume of all the samples were determined in a static volumetric adsorption system (Micromeritics Tristar II 3020) using nitrogen (N2) adsorption–desorption isotherm at −196 °C (77 K). Note here that in order to prepare enough MCM–Si–M–HT powder for characterization, the MCM–Si–M materials were heated in a tubular furnace using the same conditions determined by TGA. As the important mass loss occurred in the 400 to 600 °C temperature region, the formation of the MCM–Si–M–HT materials was considered to be optimized once the temperature of 650 °C was reached.



Before adsorption measurement, the samples were degassed by heating up to 100 °C under vacuum for 12 h. We expressed the specific surface ABET and the nitrogen/walls affinity parameter C by using the BET (Brunauer, Emmett and Teller) [22] model, as well as the pore volume Vp as shown in Table 2 and Table 3. To determine the pore diameter (d), several models such as the KJS (Kruk, Jaroniec and Sayari) [23], improved KJS (iKJS) [24] and BJH (Barrett, Joyner and Halenda) [25] are available. The improved iKJS method was finally used, as it was better adapted to the roughness of the pore surface in our materials.




3. Results and Discussion


3.1. Fourier Transform Infrared (FTIR) Analysis


In this work, we describe a novel method to form copper and nickel NPs by confinement in hydrophobic pores. For the success of this method, the retention of the hydrophobic surface after pressure synthesis with the Cu II and Ni II cations is important. A comparison of IR spectra corresponding to the newly prepared MCM–Si–M materials and the original MCM–Si material is shown in Figure 2A. Although the intense peak in the 1000 cm−1 region was broadened, likely due to slight distortion of the silica network during pressure treatment, the retention of the organic surface (O–Si(CH3)3) was clearly demonstrated. The form and position of peaks in the 2900 and 800 cm−1 regions corresponding to the υ(C–H) stretching and δ(–CH3) bending modes, respectively, remained intact for both MCM–Si–M materials. However, additional peaks at 1620 cm−1 and in the region of 3400 cm−1 appeared, indicating that adsorbed water [20] was present. Although the drying step was identical in both cases, the intensity of these two peaks was more important for the MCM–Si–Ni II material, indicating that more adsorbed water was present. This point is discussed later on. After thermal treatment, the IR spectra of the MCM–Si–HT and both MCM–Si–M–HT (M = Cu and Ni) materials, shown in Figure 2B, were very similar. The peaks corresponding to adsorbed water almost disappeared, but were still present, as after heat treatment, the exposed silica surface adsorbed atmospheric water very quickly. The peaks at 2900 and 800 cm−1, on the other hand, totally disappeared, and the absence of these peaks for all three materials clearly demonstrated the loss of the organic surface.




3.2. Thermogravimetric Analysis (TGA)


To take a closer look at when and in what proportion the hydrophobic surface was lost through heating, TGA was carried out for the MCM–Si and the MCM–Si–M materials (see Figure 3A). As expected for the grafted hydrophobic surface, MCM–Si, very little mass loss was recorded until 300 °C was reached. For mesoporous silica materials in general, the mass loss occurring under 300 °C was attributed to adsorbed water present through interaction of surface silanol groups [26]. Here, very little adsorbed water was present for the MCM–Si material, demonstrating that most of the silanol groups were replaced by O–Si(CH3)3 groups, creating a very hydrophobic surface. This was not the case for the two MCM–Si–M materials, as they both exhibited important mass loss up to 300 °C. However, the hydrophobic surface was still intact at this point, but water is present. The only difference between MCM–Si and MCM–Si–M (M = Cu II and Ni II) was the presence of the cations in the nanopores, and thus we can conclude that the cations were confined in an aqueous state. Due to the use of ammoniacal solutions at relatively high pH values for the confinement process, it was important to investigate if the metal cations retained ammonia as well as water in their confined state. Only residual amounts of nitrogen compared to the percentage of confined metal cations were present in the MCM–Si–M materials (see Table 1), confirming that the cations retained only water after confinement by pressure.



We return to the earlier point concerning the water adsorption capacity of the MCM–Si–Ni II materials. The MCM–Si–Ni II mass loss between 25 °C and 100 °C, corresponding to loosely bound surface water, was more than three times higher than that of the Cu II material. Note that although the amount of Ni II cations compared to Cu II cations in the MCM–Si–M materials is 1.3 times higher (see Table 1), this cannot alone explain the much higher amount of adsorbed water in the case of the MCM–Si–Ni II. It is possible that some degradation of the MCM–Si–Ni II hydrophobic surface has occurred during the pressure confinement step as a higher pH was used.



To illustrate the important differences in mass loss between the MCM–Si and MCM–Si–M (M = Cu II and Ni II) materials, the results of the TGA were expressed using a bar graph (see Figure 3B). In the 100–200 °C and 200–300 °C ranges, the mass loss for the MCM–Si–M materials was much more important than that of the pristine material, MCM–Si (~1%). As discussed earlier, the important mass losses up to 300 °C were related to water loss. On the other hand, the mass loss recorded for the MCM–Si–M materials in the temperature range from 300 to 600 °C was much lower than that recorded for the pristine material. In this temperature range, surface organic groups were lost by calcination, and, as evidenced by IR analysis recorded after thermal treatment, this was the case for all three materials. However, the MCM–Si–M materials experienced much less mass loss during thermal decomposition of the organic groups, indicating that some mass was retained during this process. The blackish colour of the MCM–Si–M–HT residues and the results from elementary analysis (Table 1) clearly demonstrate that the mass retained corresponded to carbon. It is also important to note here that the MCM–Si–HT powder retained its white colour as expected for the removal of all organic material. Thus, the carbon remaining was a direct consequence of the metal cation presence in the porous silica. This is an interesting point, as metal NPs encapsulated by carbon have potential uses in applications such as cathode materials for rechargeable batteries [27].




3.3. Redox Chemistry


In order to find a reasonable explanation for this phenomenon, we explored the redox chemistry that might be involved in the formation of the residual carbon. The carbon in the surface organic materials was in an oxidation state of −4, and thus, to form carbon, there must be an oxidant, or at least a substance to accept electrons. The metal cations in the MCM–Si–M materials were in a +2 oxidation state. Considering that the metal cations were in close proximity with the organic material during thermal treatment, electron exchange can be considered. The redox reaction between the carbon from the trimethyl silyl surface and the metal cations during heating corresponds to Equation (1):


2M2+ + C4− → M + C (graphite)



(1)







The theoretical amount of carbon necessary to reduce the Cu II to Cu 0 in the MCM–Si–Cu–HT material can be calculated using Equation (1). The calculated amount of carbon is very close to what would be expected if this redox reaction actually occurred (see Table 1). Similarly as in the MCM–Si material, the other organic materials not accounted for would be lost, possibly in the form of low molecular gases such as carbon dioxide and methane.



The carbon atoms used in the redox reaction were deposited on the silica surface, giving the black colour to the MCM–Si–Cu–HT material. Similarly, the MCM–Si–Ni–HT material is black, and thus, the same scenario may occur in that case. However, the amount of carbon remaining in the MCM–Si–Ni–HT material was approximately 60% higher than theoretically expected. Considering that some alteration of the MCM–Si–Ni–HT nanoporous surface occurred during Ni II cation confinement, as evidenced by the higher amount of water adsorption, we can consider that this surface change could also have contributed to the formation of excess carbon during the heating process.




3.4. Micoscopy Analysis


In order to further investigate the colour change of the powders after heating and the presence of residual carbon, TEM images of the heated materials were obtained. For the MCM–Si–Cu–HT (Figure 4b,c), spherical NPs can be observed. However, the NP size was larger than the pores, suggesting that the NPs pushed through the pore wall. The selected area electron diffraction (SAED) pattern (Figure 4a) confirmed the formation of Cu nanoparticles. Indeed the 2.088, 1.787, 1.280 and 1.081 Å distances measured on the main diffraction rings are consistent with the (111), (200), (220), (311) and (440) indices of the structure fcc of copper, respectively. For the MCM–Si–Ni–HT (Figure 5a), the SAED pattern confirmed the formation of Ni nanoparticles. The Ni metallic particles were detected by the lattice planes of 2.036, 1.755, 1.230 and 1.053 Å, corresponding, respectively, to the (111), (200), (220) and (311) planes of the structure fcc of nickel. However, here, there was an important degradation of the porosity of the support (Figure 5b,c). The particularly high pH of the nickel cation solution, although necessary to avoid precipitation leading to a blockage of the pressure line, participated in the deterioration of deteriorated the silica porosity. Despite the deterioration of the support, the Ni NPs were quite homogeneous in size and in morphology. The homogeneity in morphology observed for both Cu and Ni NPs is very interesting. As a comparison, gold NPs can exhibit different types of morphology such as circular, triangular, hexagonal or rectangular [28].



Thus, for the Ni and Cu metals, our method of pressure and then thermal treatment formed confined metal nanoparticles. Considering that the metal cation solution was forced into the pores at 4000 bar, one would expect well-distributed metal cations within the nanopores. It follows, then, that the metal nanoparticles formed would also be homogeneously dispersed. This homogeneous dispersion of NPs was observed in the TEM images presented in Figure 4 and Figure 5 for MCM–Si–Cu–HT and MCM–Si–Ni–HT, respectively. However, in some cases, extrusion of the reduced metal forming NPs at the pore openings seems to have occurred, especially in the case of the MCM–Si–Cu–HT materials (see Figure 4c). In this case, the Cu NPs appeared at the surface of the nanoporous material. However, as evidenced by the nitrogen adsorption experiments, the pores were not totally blocked, but the adsorption isotherm was clearly modified as compared to the unheated material.




3.5. Porosity Analysis


The nitrogen adsorption–desorption isotherms of the three synthesized materials are shown in Figure 6. The experimental parameters relevant for the characterization of our materials, such as specific surface area ABET, pore volume Vp, pore diameter diKJS and nitrogen/walls affinity parameter C are listed in Table 2 and Table 3 for the materials before and after heat treatment, respectively. According to the classification of Thommes et al. [29], the isotherm corresponding to the pristine material (MCM–Si) (see Table 2) is of type IVb, which is related to adsorbents that have cylindrical mesopores. Type IVb typically characterizes the hydrophobic MCM–41 material [30]. The isotherm associated to the copper-confined material is of type IV, albeit considerably modified. Type IV characterizes a mesoporous adsorbent that shows a hysteresis loop associated to capillary condensation and evaporation taking place in mesopores with a much larger pore distribution compared to the pristine material (see Table 3). The isotherm corresponding to the material with confined nickel nanoparticles is of type II with a likely H3 hysteresis (see Table 3). This characterizes a macroporous adsorbent, approaching a nonporous material, in which the macropores are not completely filled by pore condensate. These results, for both the MCM–Si–Cu–HT and MCM–Si–Ni–HT powders, were justified by the microscopy images, which revealed that the size of the metallic nanoparticles was bigger than the pore sizes, and that their confinement, because of the high-pressure method, probably modified the porous structure. Moreover, NPs were observed at the pore openings due to the extrusion of the metal, once reduced and particularly in the case of copper (see Figure 4c).



However, the modification of the porous structure did not hinder the formation of the metal NPs.



The abrupt change in the C values for both heated materials, from under 50 to 129, indicates that the interactions between the adsorbate and the surface became much stronger. The loss of the methyl groups from the organic surface with a partial transformation to carbon would expose areas of the bare silica surface. The nitrogen adsorbate has a higher affinity for a silica surface in comparison to a hydrophobic surface and thus the rise in the C value is expected.





4. Conclusions


In this paper, we developed and described a new method for synthesizing copper and nickel nanoparticles (NPs) confined in hydrophobic nanopores in situ using only thermal treatment without the use of chemical reducing agents. Moreover, the NPs were homogeneously dispersed within the hydrophobic materials because of the use of a specific high-pressure confinement method for Cu II and Ni II metal cations. The reduction of the cations can be explained by a redox reaction between the hydrophobic organic surface and the confined metal cations. This work also demonstrated that the intimate proximity of metal cations to an organic surface is not innocent and that the consequence upon heating is metal reduction. This original method for preparing metal NPs, forming carbon as a consequence of the redox reaction, could be an interesting route to explore for carbon encapsulation of metal NPs.
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Abbreviations




	MCM–41
	Mobil Composition of Matter 41



	TEM
	Transmission electron microscopy



	SAED
	Selected area electron diffraction



	FTIR
	Fourier transform infrared



	TGA
	Thermogravimetric analysis



	NP
	Nanoparticle



	MCM–Si
	MCM–41 material, containing O–Si(CH3)3 groups on the surface, with a pore size of 3.82 nm, used for all pressure treatments



	MCM–Si–M (M = Cu II or Ni II)
	MCM–Si material, containing copper II or nickel II, before thermal treatment



	MCM–Si–M–HT (M = Cu II or Ni II)
	MCM–Si–M material, containing copper or nickel NP, after thermal treatment



	ATR
	Attenuated Total Reflectance



	BET
	Brunauer, Emmett and Teller



	KJS Kruk
	Jaroniec and Sayari



	iKJS
	improved KJS



	BJH
	Barrett, Joyner and Halenda
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Figure 1. Pressure setup used for the metal confinement (left: at atmospheric pressure; right: under pressure). 






Figure 1. Pressure setup used for the metal confinement (left: at atmospheric pressure; right: under pressure).



[image: Applnano 02 00020 g001]







[image: Applnano 02 00020 g002 550] 





Figure 2. FTIR spectra of MCM–Si–M materials (M = Cu II, Ni II). Before (A) and after thermal treatment (B). 
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Figure 3. Thermogravimetric analysis (TGA) of MCM–Si and MCM–Si–M materials (M = Cu II, Ni II) plotted as a function of temperature versus % mass loss. Graphic representation with total analysis (A). Bar graph of temperature groups to illustrate mass loss trends (B). 
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Figure 4. (a) SAED pattern; (b,c) TEM micrograph of MCM–Si–Cu–HT. The white arrows indicate NPs at the pore openings due to the extrusion of the metal, once reduced. 
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Figure 5. (a) SAED pattern; (b,c) TEM micrograph of MCM–Si–Ni–HT. (b,c) illustrate clearly the homogeneity in size and in morphology of the Ni NPs despite the degradation of the support observed. 
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Figure 6. Nitrogen adsorption isotherms at −196 °C (77 K) for the different prepared materials. (a) MCM–Si and MCM–Si–M materials (M = Cu II, Ni II); (b) MCM–Si–Cu and MCM–Si–Cu–HT materials; (c) MCM–Si–Ni and MCM–Si–Ni–HT materials. 
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Table 1. Elementary analysis and % weight loss in 400–600 °C region for the MCM–Si–M materials (M = Cu II, Ni II).
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	MCM–Si–M
	% C per Weight
	% Weight Loss
	% N per Weight
	% M per Weight





	MCM–Si
	11.28
	10.5
	–
	–



	MCM–Si–Cu II
	
	4.11
	0.52
	7.5



	MCM–Si–Ni II
	–
	4.40
	0.32
	10.0



	MCM–Si–Cu–HT
	0.71 (0.70) a
	–
	–
	–



	MCM–Si–Ni–HT
	1.49 (1.0) a
	–
	–
	–







a Amount of carbon expected if stoichiometry of redox reaction was respected.
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Table 2. Characteristics of the MCM–Si materials determined by nitrogen adsorption analysis at −196 °C (77 K) before heat treatment.






Table 2. Characteristics of the MCM–Si materials determined by nitrogen adsorption analysis at −196 °C (77 K) before heat treatment.





	Materials
	ABET/(m2·g−1)
	Vp/(cm3·g−1)
	d iKJS/nm
	C





	MCM–Si
	658.1
	0.600
	3.82
	24



	MCM–Si–Cu II
	474.8
	0.495
	2.12
	9



	MCM–Si–Ni II
	456.1
	0.321
	2.10
	47
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Table 3. Characteristics of the MCM–Si materials determined by nitrogen adsorption analysis at −196 °C (77 K) after heat treatment.
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	Materials
	ABET/(m2·g−1)
	Vp/(cm3·g−1)
	d iKJS/nm
	C





	MCM–Si–Cu–HT
	234.2
	0.278
	1.86
	129



	MCM–Si–Ni–HT
	157.4
	0.369
	1.82
	129
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