Microwave-assisted synthesis of magnetic carboxymethyl cellulose-embedded Ag-Fe3O4 nanocatalysts for selective carbonyl hydrogenation
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Abstract:
Magnetic nanoparticles enable an effortless catalyst recovery at the end of a chemical reaction, and therefore contribute to more sustainable and greener industrial processes. Herein we report the synthesis of magnetically retrievable Ag NPs for the catalytic hydrogenation and oxidation of aldehydes in water. Upon brief exposure to microwave irradiation, Ag and Fe3O4 NPs formed directly within carboxymethyl cellulose (CMC), an inexpensive, biobased polymer support. The catalyst was tested for the hydrogenation of aldehydes in water, showing a high activity and selectivity to C=O bonds against C=C bonds. Aldehydes can also be oxidized to the corresponding carboxylic acid with the same catalyst, even with substrates that do not self-oxidize under air. The organic matrix and the magnetic support allowed the catalyst to be recycled up to five times with negligible metal leaching in the reaction medium. 







 Metal nanoparticles (NPs) are intensely researched in the field of catalysis, as they combine the recyclability of heterogeneous catalytic systems and the activity and selectivity of homogenous ones.1 Among them, silver nanoparticles (Ag NPs) have proved active for the selective hydrogenation of aldehydes (Scheme 1). Despite the low affinity of silver towards H2 due its filled d-band,2 it is intrinsically selective towards C=O bonds over C=C bonds.3 Alternatives exist for this transformation, relying on platinum group catalysts or inorganic salts (NaBH4, H3NBH34), but they either require acidic promoters or stoichiometric amounts of reductants. 


[bookmark: _Ref433819852]Scheme 1. Strategies for the selective hydrogenation of carbonyls.
Claus et al.3, 5 produced an abundant literature on silica-supported Ag NPs for the selective hydrogenation of C=O bonds over C=C bonds. Similarly, Yadav et al.6 reported manganese oxide-supported AgNP for the selective hydrogenation of acetophenone to 1-phenethyl alcohol. Finally Mertens et al.7 worked on recyclable PVP-stabilized Ag NPs for the selective reduction of α,β-unsaturated aldehydes, including acrolein. 
A Silver(I)-NHC complex was also reported by Liu et al. as an efficient homogeneous catalyst to oxidize aldehydes to the corresponding acids in water,8 using atmospheric O2.	Comment by Alain Li: Other examples of homogeneous silver for aldehyde oxidation exist, however I could not find any Ag NP-catalyzed aldehyde oxidation example. In that case should we develop this aspect ? I feel like adding more references on homogeneous Ag would make the intro too messy	Comment by Audrey Moores: Silver what? Complexes? Salts?
  The appealing reactivity and selectivity of these catalytic material is however hindered by the harsh synthetic conditions required for their synthesis, such as calcination steps or strong acidic conditions. Moreover the recyclability and re-usability of these catalysts were not investigated: the separation and the robustness of Ag NPs still remains an important challenge. 	Comment by Audrey Moores: Could you check for this, because tis is in contradiction with the fact you said above that Mertens had a recyclable system	Comment by Alain Li: In Mertens’ system the yield drops quickly even at the first cycles (85->71->63% they only do 3 cycles), though the selectivity stays stable
  We thus decided to design novel catalytically active Ag NPs, relying on a biosourced polymer, using microwave as an energy efficient power source and tying them to iron-based nanomaterials to afford an overall magnetically recoverable system. 
The synthesis of Ag NPs under milder conditions, with safer chemicals and lower energy input, has been the focus of recent research efforts.9 Environmentally benign and bio-sourced molecules such as sucrose,10 starch,11 sodium citrate,12 alginate,13 or orange peel extract,14 have been successfully used as reducing and capping agents for Ag NPs synthesis. Furthermore, microwave irradiation has been used in several reports as an efficient and fast route to generate Ag NPs in water.15 It provides both a uniform and fast growth environment for the NPs and can assist the digestive ripening of these particles to afford a monodisperse size distribution. In this particular context, Nadagouda,16 Liu,17 and Horikoshi18 reported the synthesis of Ag NPs stabilized by cellulose derivatives under short microwave conditions.
  Beside, magnetic nanoparticles (MNPs) have been explored as a means to conveniently support catalysts, or act as one themselves.19 When used as supports, core-shell structures, silica layer,20 or organic linkers may be used in solid form to anchor organocatalysts,21 metal complexes22 or metal NPs. They are particularly attractive as they allow an easy catalyst separation using a simple external magnetic field, circumventing the need to use filtration or centrifugation.23 Recent reviews and articles have covered, in particular, their use in water24 and for hydrogenation reactions.25 Iron and iron oxides (Fe(0), Fe2O3, Fe3O4) are commonly used MNPs26 and are accessed via several synthetic routes, including co-precipitation, sonolysis, hydrothermal reaction.27  
Specifically, environment-friendly examples of Ag NPs on a magnetic support were reported. Chiou et al. used L-arginine28 as a reductant, capping agent, and base for the synthesis of Ag@Fe3O4 NPs under mild conditions (<80 °C) in water. Duan et al. showed that chitin29 can also be used as a support to anchor Ag-Fe3O4 under basic conditions in water at 90 °C. This recyclable and magnetic catalyst was shown to be active for the NaBH4-mediated reduction of 4-nitrophenol in water. Finally, Han and co-workers used chitosan and silica to bind Ag on a Fe3O4 support.30 To the best of our knowledge, no example of such MNP-supported AgNPs for hydrogenation reactions has been reported so far (Scheme 2). 


[bookmark: _Ref433822227]Scheme 2. Different systems for aldehyde hydrogenation.
We thus report herein a simple and fast method to afford magnetically recyclable Ag NPs. In this work, Ag NPs grafted on CMC (Ag@CMC) were made under microwave conditions and tested for the catalytic hydrogenation of carbonyls in water. Magnetite NPs were subsequently incorporated within Ag@CMC to afford a magnetically retrievable catalyst (Ag-Fe3O4@CMC) which proved active, stable and recyclable. This system was also shown to be active for the oxidation of aldehydes to carboxylic acids The catalyst characterization was conducted using transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), Powder X-ray Diffraction (PXRD), inductively coupled plasma optical emission spectrometry (ICP-OES) and high-angle annular dark field-TEM (HAADF-TEM).
Results and discussion
Synthesis of Ag@CMC and Fe3O4-Ag@CMC. Before working with CMC, we attempted to produce magnetically retrievable Ag NPs via the galvanic reduction of Ag salts onto reduced Fe microparticles, used as an electron source and support (Figure S2). This scheme, developed by our group and others for Pd31, Ru,32 Cu,33 failed to afford a stable system, with the formation of fragile fern-like silver structures (Figure S1).34 This system was catalytically active for the hydrogenation of benzaldehyde, but activity dropped dramatically upon the first recycle. A detailed discussion on this system is provided in the supporting information. We thus turned to the idea to synthesize both Ag NPs (the nanocatalyst) and magnetite NPs (the nano-anchors) directly within CMC as a supporting matrix, using microwave irradiation. For this work, we attempted to perform the synthesis simultaneously (by adding the Ag and Fe precursors together) or in sequence. In our hands, the most successful strategy was to first access CMC-stabilized Ag NPs (Ag@CMC), before magnetite NPs were grown, with both steps being performed under microwave conditions (Scheme 2). We describe below the latter strategy. 
Ag@CMC was synthesized by heating Ag(NH3)2+ salts in presence of CMC sodium salt in water under microwave irradiation, following a method adapted from previous reports. 17-18 Within 5 minutes a green colloidal suspension was formed, which could be directly used for catalysis.

[bookmark: _Ref421636401]Scheme 3. Ag@CMC and Ag-Fe3O4@CMC microwave-assisted synthesis.
To afford Ag-Fe3O4@CMC, Fe3O4 was directly co-precipitated under alkaline conditions, within Ag@CMC and using microwave irradiation. Notably, CMC has been reported previously to bind and stabilize Fe(0)35 or Fe3O4 NPs,36 hence its role as a common stabilizer for both the catalyst and the magnetic support. This method was adapted from the work of Massart37 and proceeds via the following reaction:
Fe2+ + 2 Fe3+ + 8 HO- → Fe3O4 + 4 H2O
Overall, the synthesis (Scheme 2) consisted of two 5 minutes-long microwave steps, affording a magnetic and stable suspension in water. A pressure/temperature/time profile of a typical microwave reaction is provided in the SI (Figure S4). The material could be retrieved using an external magnet within one minute and washed with water before being tested as a catalyst for the hydrogenation of carbonyls. Notably, CMC made the catalyst easy to disperse in polar solvents, such as water and ethanol, while it adhered to the vial glass wall in less polar solvents, such as ethyl acetate and toluene. 
[bookmark: _Ref423601173]Catalytic tests. Both Ag@CMC and Ag-Fe3O4@CMC were tested towards the selective hydrogenation of aldehydes in water (Scheme 3) and Ag-Fe3O4@CMC was tested for the oxidation of aldehydes. First, reaction conditions for hydrogenation were optimized using benzaldehyde as a model substrate in water with Ag@CMC (Table 1).

[bookmark: _Ref421636421]
[bookmark: _Ref423612715][bookmark: _Ref423688840]Scheme 4. Ag@CMC and Ag-Fe3O4@CMC-catalyzed benzaldehyde hydrogenation in water. 
[bookmark: _Ref417986498][bookmark: _Ref423612776]Table 1. Ag@CMC-catalyzed benzaldehyde hydrogenation optimization.
	Entry
	Temperature (°C)
	Loading (mol %)
	H2 pressure (bar)
	Crude NMR yield (%)

	1
	100
	10
	40 
	94% 

	2
	100
	10
	30
	95% 

	3
	100
	10
	20
	33% 

	4
	100
	5
	40
	97% 

	5
	100
	3
	40
	60% 

	6
	100
	1
	40
	50% 

	7
	100
	5
	30
	72%

	8
	80
	10
	40
	51%

	9b
	100
	10
	40
	80%

	10c
	100
	10
	40
	94%

	aStandard reaction conditions: 0.33 mmol benzaldehyde, 9 mL H2O, 24 h, catalyst: Ag@CMC
bAgNO3 was used as a precursor instead of Ag(NH3)2+
c The Ag@CMC catalyst was prepared in air



The Ag@CMC catalyst proved to be active under conditions similar to the ones used with the homogeneous Ag complexes,38 with the significant difference that, in the present work, neither base, nor ligands were needed. Remarkably, lower temperatures and safer solvents were needed here compared to the conditions used in other Ag NP-catalyzed aldehyde hydrogenations.5e, 39 Pressure could be dropped to 30 bar without affecting the yield, while it decreased dramatically at 20 bar (Table 1, entries 2 and 3). Likewise, loadings of 10 or 5 mol % proved equally efficient, but lowering the loading any further decreased the activity (Table 1, entries 4-6). Combining 30 bar of hydrogen pressure with 5 mol % loading afforded 72% yield (Table 1, entry 7). The reaction temperature was identified to be crucial for catalytic activity as a decrease to 80 °C led to a sharp yield decrease (Table 1, entry 8). The catalyst could be prepared by using AgNO3 salts directly instead of Ag(NH3)2+ as a precursor, although with a lower activity (Table 1, entry 9). It could also be prepared under an atmosphere of air with no effect on the activity (Table 1, entry 10).
Following these encouraging results with Ag@CMC, we turned to their magnetically retrievable version, Ag-Fe3O4@CMC, and tested them for the hydrogenation of various carbonyls in water. The catalyst was directly usable as a water suspension after its preparation. (Table 2).

[bookmark: _Ref421107099][bookmark: _Ref421023179]Table 2. Substrate scope for the Ag-Fe3O4@CMC-catalyzed hydrogenation of carbonyls in water.
	Entry
	Reagent
	Product
	Crude NMR yield (%)

	1
	

	

	95%

	2
	

	

	>99%

	3
	

	

	>99%

	4
	

	

	>99%

	5
	

	

	>99%

	6
	

	

	0%

	7
	

	

	15%

	8
	

	

	95%

	9
	

	

	90%

	10
	

	

	35%

	11
	

	

	63%a

	12
	

	

	>99%

	Reaction conditions: 0.33 mmol benzaldehyde, 6.5 mol % Ag-Fe3O4@CMC catalyst, 9 mL H2O, 40 bars H2, 100 °C, 24 h
aNo C=C reduction product was observed (result confirmed by GC-MS)


Benzaldehyde hydrogenation (Table 2, entry 1) proceeded smoothly with Ag-Fe3O4@CMC, although with a slightly higher catalytic loading of 6.5 mol% compared to Ag@CMC (Table 1, entry 4). This is probably due to some Ag NP aggregation during the Fe3O4 grafting step, as Cl-, SO42-, and HO- anions are added during that step. Benzaldehyde derivatives with electron-donating groups performed well (Table 2, entries 2-5). However, 2-trifluoromethylbenzaldehyde and 4-carboxybenzaldehyde had almost no conversion (Table 2, entries 6 and 7), presumably because of the electron-withdrawing groups and the hydrophobicity of the former one. Aliphatic aldehydes and methyl ketones such as nonanaldehyde and 2-methoxyacetophenone (Table 2, entries 8 and 9) worked as well, though α-tetralone (Table 2, entry 10) gave a lower performance, pointing towards the importance of steric hindrance for ketones. The selectivity of the catalyst was investigated with citral, an important substrate in the fine chemical industry.40 Under the standard conditions, citral and α-methyl-trans-cinnamaldehyde were reduced to the corresponding alcohol with no trace of the C=C reduction products (Table 2, entry 11 and 12). Remarkably, no Lewis acid additive was needed to achieve the selectivity.39 The combination of water and CMC as a polar environment for the catalyst could also explain the selectivity, as it would promote the coordination of the C=O bond on the surface.  	Comment by Audrey Moores: Correct?
After the reaction, the catalysts could be retrieved magnetically, washed with water and ethyl acetate, and then recycled in a new reaction. For 5 cycles (Chart 1, Table S2), the catalyst demonstrated high activity. At the 6th cycle, the catalytic activity dropped, presumably due to NPs growth, as it will be further explained below.  To test catalyst storage capacity, Ag-Fe3O4@CMC was freeze-dried, re-suspended in water and tested again. A yield of 94 % was then measured showing the robustness of this catalytic system. 

[bookmark: _Ref421631276]Chart 1. Recyclability tests for Ag-Fe3O4@CMC-catalyzed benzaldehyde hydrogenation under the conditions in Table 2.
[bookmark: _Ref421107057]Table 3. Control experiments.
	Entry
	Conditions
	Crude NMR yield (%)

	1
	No catalyst
	0% yield

	2
	Fe3O4@CMC (30 mol % Fe)
	0% yield

	3
	AgNO3 (15 mol % Ag)
	0% yield

	4
	AgNO3 and CMC (15 mol % Ag, 8 mg CMC)
	>99% yield

	5
	CMC only
	0% yield

	Reaction: 0.33 mmol benzaldehyde, 9 mL H2O, 40 bars H2, 100 °C, 24 h


Control experiments helped identifying the active species for the reaction. No activity was detected in the absence of any catalyst (Table 3, entry 1) or if silver was absent (Table 3, entry 2). However AgNO3 salts alone were not effective, proving that activity in the homogeneous form requires the use of specific ligands, as we previously established.38 Interestingly, an active hydrogenation catalyst could be generated in situ by adding AgNO3 to CMC in the reaction solution (Table 3, entries 3 and 4). Indeed, under reducing condition, it is expected that Ag NPs can form directly into CMC and behave in a similar fashion to the ones made under microwave irradiation. TEM images of the NPs generated form this reaction are available in the SI, showing highy polydisperse and aggregated Ag NPs. At last, the organic matrix alone (CMC) could not reduce aldehyde on its own (Table 3, entry 5). Overall, this information strongly suggests that Ag NPs are the active species in the reaction.
The oxidation of aldehydes was also tried using the same catalyst. Using directly our system for the reaction afforded excellent yields under mild conditions for benzaldehyde and 4-hydroxybenzaldehyde (Scheme 4 and Table 4). 


[bookmark: _Ref428285012]Scheme 5. Ag-Fe3O4@CMC-catalyzed benzaldehyde oxidation in water.
[bookmark: _Ref428285073][bookmark: _Ref428285020]Table 4. Ag-Fe3O4@CMC-catalyzed benzaldehyde oxidation in water.
	Entry
	Reagent
	Product
	Crude NMR yield (%) (yield without the catalyst in parentheses)

	1
	

	

	>99 % (80%)

	2
	

	

	>99 % (0%)

	Reaction conditions: 0.33 mmol benzaldehyde, 6.5 mol% Ag-Fe3O4@CMC catalyst, 2 mL H2O, 40 bar H2, 55 °C, 24 h



Nanoparticle characterization. The Ag@CMC catalyst was first characterized by TEM (Figure 1a). Small monodisperse Ag NPs (2.3 ± 0.3 nm) were observed similar to what was reported previously on related systems.18 TEM images of Ag-Fe3O4@CMC revealed two kinds of inorganic NPs with distinct electronic densities, and thus different shades on the tomograph (Figure 1 b and c). Fe3O4 NPs appeared as moderately polydisperse, light gray NPs of diameter 15.3 ± 3.5 nm and aggregated in large clusters. Ag NPs were found in two different forms: dark, large, and polydisperse NPs (37.7 ± 9.5 nm), as seen in Figure 1b and 1c, and small aggregated NPs (2.3 ± 0.3 nm), observed in Figure 1c on the top left. HAADF was used as a means to further establish the presence of the two metals since Ag appears as a much brighter spot than iron oxide (Figure 2 and Chart 2). EDS confirmed the identity of the metal NPs (Figure 2 and S4, chart S4).
[bookmark: _Ref421188566] As explained above, Ag-Fe3O4@CMC were prepared by co-precipitation of Fe3O4 within Ag@CMC. Interestingly, the regions of the Ag-Fe3O4@CMC material where the larger Ag NPs were featured on the TEM images corresponded to the ones where the Fe3O4 NPs were seen. Where the Fe3O4 NPs were absent, the smaller Ag NPs were observed and shared the same size and shape with the NPs seen in Ag@CMC, suggesting that there were unaffected by the co-precipitation. Thus the observed Ag NPs size growth can be directly linked to the formation of the Fe3O4 NPs in their vicinity. Two mechanisms are proposed: the Fe3O4 NPs growth provided a surface onto which Ag NPs could diffuse and coalesce. Alternatively, Cl- and HO- anions introduced during the Fe3O4 co-precipitation step, helped generate silver chlorides and oxides from the Ag NPs, thereby allowing an Ostwald ripening mechanism. 
[image: ] 
[bookmark: _Ref421636785]Figure 2. TEM images of the catalysts: (a) Ag@CMC, (b) and (c) Ag-Fe3O4@CMC.
	[image: ]


[bookmark: _Ref424136016]Figure 3. HAADF characterization of Ag-Fe3O4@CMC.
[bookmark: _Ref428200720]Chart 2. EDS characterization of Ag-Fe3O4@CMC.	Comment by Audrey Moores: Is it HAADF r EDS, it’s confusing
After 6 catalytic cycles TEM images of the catalytic system were recorded (Figures S11 and S12). In these samples, no small Ag NPs (<5 nm) were observed, while the larger Ag NPs were still present. Figure S11 also shows Ag NPs of sizes beyond 60 nm, which were also observed in limited quantities. The loss of the very small Ag NPs may explain the activity drop observed after the 6th cycle. The iron oxide NPs also shown to grow from 15.3 ± 3.5 nm to 21.8 ± 8.3 nm. 
The CMC matrix was not directly visible under the TEM conditions used, however, the arrangement of particles in clusters is consistent with the idea that all particles are embedded within the same matrix. In a TGA analysis, 8 % of the total weight was lost between 150 °C and 400 °C, which was attributed to the CMC. This is in full agreement with the amount introduced (7 mg) for the catalyst synthesis (Chart S3).
ICP measurements were done on the fresh catalyst, as well on the washing solutions and the organic product after the reaction (Scheme 5). The catalyst before use contained 4.3 wt % Ag and 86 wt % Fe. This results revealed that 20% of the silver introduced was lost during the synthesis, possibly due to an incomplete grafting of Ag NPs within Ag@CMC, or to the absence of Fe3O4 NPs in some regions of the Ag-Fe3O4@CMC. Ag could not be detected in the organic product solution, while Fe was present negligible quantity (0.1 ppm). Similar quantities were observed after each cycle for the aqueous phase for the 5 cycles. 


Scheme 5. ICP measurement on Ag-Fe3O4@CMC, washing solutions and the organic product after reaction.
XPS analysis was performed on Ag-Fe3O4@CMC. In the Ag region, the 3d5/2 peak at 367.3eV is too low in energy to account for pure Ag(0)41 (Chart S6). It was hypothesized before that this can be caused by the interaction of the Ag surface with CMC. Ag2O is also likely to form at the surface and account for a similar binding energy. Under the hydrogenation conditions,  an oxygen atom on the surface of silver can activate 2 equivalents of H2, leading to the elimination of H2O and leaving adsorbed hydrogens on the surface.42 Furthermore, DFT calculations made by Lim et al.43 showed that the oxygen under the silver surface promotes the selectivity of the catalyst towards C=O bonds. 
Regarding Fe (Chart S7), the fitting of the Fe 2p3/244 envelope could not help us determine which iron oxide was formed. Therefore a XRD pattern of Fe3O4@CMC was taken (Chart S8), showing a good fit with Fe3O4 (JCPDS no. 65-3107). 45 Ag was omitted from the synthesis of the XRD sample in order to have a clearer pattern. The synthesis of the sample is described in the Supporting Information.
Conclusion. This work explored the microwave-assisted synthesis of magnetic Ag NPs supported on to CMCs for the catalytic hydrogenation and oxidation of carbonyl compounds in water. A very fast and efficient method for synthesizing the nanocatalyst, Ag-Fe3O4@CMC, using microwave is proposed, which should give new possibilities for synthesizing magnetically recoverable catalysts. Notably, carboxymethyl cellulose provided a cheap and benign capping agent for the nanoparticle synthesis and microwave heating ensures a quick and efficient grafting. The catalyst was as active as its homogeneous counterpart for hydrogenation and could be easily separated and recycled up to 5 times. This is the first example for this application according to our literature survey. Excellent yields were reported for benzaldehyde derivatives, though hydrophobic substrates and sterically hindered ketones do not work as well.
Experimental.
All reactants were purchased from Sigma Aldrich and used as received. When relevant, aldehydes were purified from their oxidation contamination product by distillation. The transmission electron microscopy (TEM) samples were deposited on 400 mesh carbon coated copper grids supplied by Electron Microscopy Sciences. The analyses were performed on the Tecnai 12 microscope (FEI electron optics) equipped with a Lab6 filament at 120kV, equipped with Gatan 792 Bioscan 1k x 1k Wide Angle Multiscan CCD Camera (Gatan Inc.); and FEI G2 F20 Cryo-S/TEM microscope (FEI, Inc) at 200kV, equipped with Gatan Ultrascan 4k x 4k Digital (CCD) Camera System at different magnifications corresponding to different pixel size (defocus level ranging from − 2.5 to − 4.5 μm). ICP measurements were taken using a Thermo ICP-OES to measure Ag content at the elemental wavelength of 328.068nm and Fe content at the elemental wavelength of 238.204 nm. XPS was performed on a VG ESCALAB 3 MKII spectrometer (VG, Thermo Electron Corporation, UK) equipped with an Mg Kα source. Powder X-ray Diffraction (PXRD) was performed using the Bruker D2 Phaser diffractometer using as CuKα source. The catalyst was prepared with a Biotage® Initiator Classic microwave reactor. All hydrogenation reactions were carried out in a Parr Instruments 5000 Series Multiple Reactor System. All reactions were carried out in an oxygen-free glovebox, except where noted, and all solvents were de-gassed for 20 minutes prior to use.
Preparation of a Ag(NH3)2+ solution (60 mM in water). Under air, NH4OH (80 mg, 28 % NH3 in water, c.a. 1.3 mmol) was added to an aqueous solution of AgNO3 (30 mg, 0.18 mmol in 3 mL). The solution turns yellow upon ammonia addition, and quickly turns back to a translucent solution upon stirring. It was left to stir at r.t. for 30 minutes under the dark. The resulting translucent solution was degassed with Ar for 5 minutes before being transferred to the glovebox.
Preparation of a Ag@CMC suspension (300 mg/mmol mCMC/nAg ratio). In a 5 mL microwave vial, the Ag(NH3)2+ solution (2 mL, 60 mM) was added to a carboxymethyl cellulose sodium salt solution (3.6 mL, 10 g/L in water). The vial was capped and the solution was irradiated under microwave irradiation at 100 °C for 5 min. The heating time is defined when the desired temperature is reached.
Grafting of Fe3O4 on Ag@CMC (39 mg/mmol mCMC/nFe ratio, Ag/Fe3O4 theoretical molar ratio: 1/8). In a 5 mL microwave vial, the iron salts were loaded: FeSO4.7H2O (53 mg, 0.20 mmol), FeCl3.6H2O (102 mg, 0.40 mmol) and H2O (0.9 mL). The solution was stirred a few seconds until it turns into a homogeneous orange translucent solution. Then Ag@CMC (1.2 mL) suspension was added under heavy stirring and NaOH (1.88 mL, 1.25 M) was added drop by drop to the solution, at which point black NPs formed quickly. It was stirred for an additional 5 min under room temperature before being capped and put to microwave at 100 °C for 5 min. These nanoparticles were then washed three times with water while held to a permanent magnet before being used directly for catalytic tests. Alternatively, they can be washed with ethanol and dried overnight in a vacuum oven for characterization. 
Aldehyde hydrogenation. A typical reaction consisted of the re-suspension of the nanoparticles in 9 mL H2O in a glass vial followed by the addition of the substrate (0.33 mmol). The vial was loaded in a stainless steel autoclave reactor. The solution was purged three times with hydrogen. Under 40 bars of H2, the reaction mixture was stirred for 24 h at 100 °C. Then the reaction was allowed to cool to room temperature. After carefully releasing the hydrogen, the catalyst was retrieved with a permanent magnet. The aqueous phase was saturated with sodium chloride and extracted with ethyl acetate (3 × 10 mL). The combined organic phase was dried with MgSO4 and concentrated in vacuo and the crude oil was analyzed by 1H NMR. For recycling experiments, the catalyst was separated from the liquid phase using an external permanent magnet and washed three times with ethyl acetate and water under air before immediate re-use.
Aldehyde oxidation. A typical reaction consisted of the re-suspension of the nanoparticles in 2 mL H2O in a 5 mL microwave vial followed by the addition of the substrate (0.33 mmol). The vials was capped under air, then the reaction mixture was stirred for 24 h at 55 °C in an oil bath. Then the reaction was allowed to cool to room temperature. After opening the vial, the catalyst was retrieved with a permanent magnet. The aqueous phase was saturated with sodium chloride, acidified with HCl and extracted with ethyl acetate (3 × 10 mL). The combined organic phase was dried with MgSO4 and concentrated in vacuo and the crude oil was analyzed by 1H NMR. 
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