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Abstract

Composite materials are of interest because they can potentially combine the properties of their
respective components in a manner that is useful for specific applications. Here, we report on the use of
coffee as a low-cost, green reductant for the room temperature formation of catalytically active,
supported metal nanoparticles. Specifically, we have leveraged the reduction potential of coffee in order
to grow Pd and Ag nanoparticles at the surface of porous carbon microspheres synthesized via ultraspray
pyrolysis. The metal nanoparticle-on-carbon microsphere composites were characterized using scanning
electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD) and
thermal gravimetric analysis (TGA). To demonstrate the catalytic activity of Pd/C and Ag/C materials,

Suzuki coupling reactions and nitroaromatic reduction reactions were employed, respectively.



1. Introduction

In recent years, much work has been carried out on the synthesis of nanometallic composite materials
with the objective of creating synergies between the desirable properties of metal nanoparticles and
those of a solid matrix that can serve as an embedding or anchoring medium [1]. This approach has been
used for decades in heterogeneous catalysis where a solid support can have the dual function of
dispersing active centers and of modulating/enhancing their reactivity. Recently, there has been great
interest in the use of supported noble metal nanoparticles as catalysts; for example, Pd nanoparticles find
important applications as catalysts in hydrogenation and C—C bond forming reactions like Suzuki,
Heck and Sonogashira coupling (see Refs.[2, 3] and references therein). Immobilization of catalytically
active Pd nanoparticles at solid supports facilitates catalyst removal and reaction work up when
compared to homogeneous catalysts. Therefore, much effort has recently been devoted to developing
anchoring protocols for Pd nanoparticles, thus forming a composite material that preserves the original
catalytic properties while improving handling and reaction work up [4-10]. Also silver nanoparticles
have numerous applications, e.g. in fuel cells [11-13], optical sensors and biological applications [14-
18]. However, many of these applications rely on the ability to control nanoparticle aggregation and
consequent loss of function, while at the same time preserving their chemical, optical and/or catalytic
properties. In order to achieve this goal, several research groups have focused on developing supported
Ag nanoparticles, e.g. Ag/polysaccharide [16, 19], Ag/graphene [20] or Ag/polymer [18] nanocarrier
composites, improving transport and modulating aggregation of Ag nanoparticle active centres.

The use of carbon materials for fabricating Pd and Ag supported nanoparticles offer a number of
highly attractive properties for a variety of applications. Carbon provides many advantages over
polymeric or inorganic supports due to its resistance to corrosion and its relatively good
biocompatibility. Furthermore, the surface chemistry of carbon can be fine tuned to display different
chemical groups that can for instance impart charge, regulate basicity/acidity, control wetting behaviour
or prompt biological recognition. Finally, carbon supports can be designed to display a large specific

surface area which can be leveraged for the delivery of large loads of nanoparticles or small molecules.
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For this reason, there have recently been increased efforts aimed at developing new methodologies for
the controlled deposition/embedding of metal nanoparticles at carbon scaffolds [21-23]. Porous carbon
microspheres are particularly advantageous for nanoparticle support since they can leverage all of the
advantages of carbon materials while displaying a high specific surface and good transport/delivery
properties, as recently shown by work in our group [24]; however, their applications as nanoparticle
support have remained relatively unexplored.

In this work, we report on the use of an electroless deposition approach to the synthesis of metal
nanoparticle/carbon composite microspheres. Electroless deposition/plating has emerged as an effective
method for controlling the size of supported metal nanoparticles (see [25] and refs. therein). Notably,
Martin and co-workers carried out work on the use of electroless deposition for the decoration of
membrane supports with noble metal nanostructures (nanotubules, nanowires, etc) [26]. More recently,
Metz et al. have shown that these methodologies can be used to deposit Au and Pt nanoparticles at
nanostructured carbon supports [27-29]. The approach typically consists of a spontaneous reduction of
the metal at a surface that is activated via formation of catalytic seed particles; plating only occurs at
these catalytic centres while the dispersion and size of metal nanoparticles can be, in principle,
controlled by mass transport to the surface of the nanostructured solid support [30].

Electroless plating is usually considered to be environmentally unfriendly due to the use of toxic
reductants, additives in plating baths and metal containing solutions. Recently Varma and co-workers
reported on the use of coffee or tea as a reducing agent for green synthesis of metal nanoparticles [31,
32]. In this work we report on the use of coffee as a low-cost, green reagent for electroless deposition at
room temperature. We have leveraged the reduction potential of coffee in order to grow Pd and Ag
nanoparticles at the surface of porous carbon microspheres (CM) synthesized via ultraspray pyrolysis.
We have characterized the structure, morphology and composition of these palladium/carbon (Pd/CM)
and silver/carbon (Ag/CM) composite microspheres using a combination of Scanning Electron
Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS), X-ray diffraction (XRD) and

thermogravimetric analysis (TGA). Finally, in order to demonstrate that the resulting electrolessly



deposited Pd” and Ag” nanoparticles display typical surface chemistry, we show that the Pd/CM and
Ag/CM composites are catalytically active in Suzuki coupling and reduction reactions, respectively. Our
results show that coffee can be used as a green reduction agent in surface catalyzed electroless
deposition and that carbon supported nanoparticles obtained via this new methodology display good
performance as heterogeneous catalysts for organic synthesis. On the light of our reactivity studies we
also discuss the potential consequences of using natural extracts in the synthesis of metallic
nanoparticles for catalytic applications.

2. Experimental

Materials. Tin chloride dihydrate (96%, Fisher), palladium chloride (Fisher), silver nitrate (99%
Sigma), sodium borohydride (98% Sigma), sodium hydroxide (97% Sigma), dichloroacetic acid (99%
Sigma), trifluoroacetic acid (TFA, 99% Sigma), ammonia (28% Romil), 4-nitrophenol (95% BDH),
hydrochloric acid (37.5% Sigma), Bromotoluene (98% Aldrich), phenylboronic acid (97.0% Aldrich)
sodium carbonate (99.5% Fisher), methanol (99.99% Pharmco-Aaper), tetrahydrofuran (THF, 99.9%
Sigma), hexanes (99.9%, Fisher), and decaffeinated coffee (Nescafe Original decaff) were used as
received.

Synthesis of carbon and metal/carbon microspheres. Carbon microspheres (CMs) were synthesized
using ultrasonic spray pyrolysis as previously reported [24, 33]. Briefly, this method involves nebulising
a precursor solution of dichloroacetate to generate droplets with a narrow size distribution using a 1.67
MHz piezoelectric disk (APC International, Ltd.). Droplets generated from a 1.5 M solution of sodium
dichloroacetate (NaDCA) were carried into a tube furnace by a flow of Ar, where the organic precursor
underwent pyrolysis at 710 °C. CMs thus produced were collected in a bubbler containing water, filtered
through 0.45 uM nylon membranes and washed thoroughly using water and ethanol.

The preparation of Ag/CM composite particles consisted of three steps: (a) sensitization with tin
chloride, (b) nucleation of Ag” at the CM surface and (c) growth of Ag’ particles using coffee. CMs
were added to 25 mL of a 0.050 M SnCl; solution in 0.070 M aqueous TFA, to a final CM concentration

0f 0.2400 g/L; the CM suspension was briefly sonicated and left at room temperature for 30 min to



allow for adsorption of Sn'? ions at the CM surface. The suspension was then filtered and washed with
water and ethanol. CMs were then placed in 10 mL of a 0.003 M Ag(NH3)," solution (ammoniacal silver
nitrate or Tollens’ reagent), sonicated for 5 s and left for 30 min to allow for Ag’ to nucleate at the
surface. A solution of decaffeinated coffee was prepared by adding 1.0 g of coffee powder to 200 mL of
water and filtered using 0.45 uM nylon membranes; 40 mL of this coffee solution were added to the 10
mL CM suspension in Ag(NH3)," solution at room temperature and left to react for 5 min. The resulting
Ag/CM composite particles were then washed to remove silver salts and excess nanoparticles via
centrifugation/washing cycles in Millipore water and ethanol. The preparation of Pd/CM composites
was carried out as for Ag/CM microparticles except for the use of an acidified 5x10 M PdCl, solution
(pH 1) instead of ammoniacal silver solution. Control experiments that omitted the Sn-sensitisation step
were carried out in identical manner, except for immersion of CMs into a SnCl, solution.

Reactivity studies. Nitroaromatic reduction reactions were carried out inside a UV-Vis cuvette at
room temperature. A freshly prepared 0.0103 g/L dispersion of Ag/CM in a 1.0x10* M aqueous NaBH,4
solution was placed in a cuvette. 4-Nitrophenol was added to a final concentration of 1.0x10” M to the
cuvette, which was stirred vigorously and placed inside the UV-Vis spectrometer. Spectra in the region
280-500 nm were taken at regular time intervals in order to monitor changes in 4-nitrophenol
concentration.

Coupling reactions were carried out by mixing 1.0 mg of Pd/CM, 122.0 mg (1 mmol) phenylboronic
acid, 171.0 mg (1mmol) 4-bromotoluene, and 116.0 mg (2 mmol) Na,COj; in 20 mL of a 2:2:1 methanol
: H,O : THF solution in a sealed plastic vial. The reaction vial was agitated overnight on a mechanical
shaker table at room temperature. The Pd/CM catalysts were removed by centrifugation. The reaction
products were extracted with hexanes, dried with magnesium sulfate, and then put on a rotary evaporator
to remove excess solvent. The dried solid product was dissolved in methanol and analyzed by Gas-
Chromatography-Mass Spectrometry (GC-MS), as previously reported [34].

Characterization techniques. Scanning Electron Microscopy (SEM) was performed at an

accelerating voltage of 10 keV using a Zeiss Ultra microscope equipped with an Energy Dispersive X-



ray Spectrometry (EDS) detector (Oxford Instruments). Samples were prepared by drop casting on Si
wafers from dispersions of the composite powder. Elemental analysis was carried out using the
commercial standardless protocol provided with the EDS detector; this approach has been shown to
provide semiquantitative estimates with relative error <25% [35]. The specific surface area of carbon
spheres was determined via Brunauer-Emmett-Teller (BET) analysis (Quantachrome Nova Station) [36].
The sample was pre-treated at 200 °C under vacuum for 24 h prior to analysis using nitrogen as the
adsorbing gas. The specific surface area was calculated using a multi-point BET plot over relative
pressures in the range 0.08-0.3. Thermal Gravimetric Analysis (TGA) measurements were performed
using a Perkin-Elmer Pyris 1 TGA using air as a carrier gas and a heat ramp of 10 °C/min Thoroughly
washed samples at least 1 mg in weight were used for TGA studies. Samples were held at 200 °C in
order to desorb physisorbed water prior to initiating the measurement ramp; masses were normalised to
the weight of carbon particles at 200 °C. X-ray diffraction (XRD) was carried out on a Siemens D500
diffractometer with monochromated Cu Ka radiation; pattern analysis was carried out using commercial
XRD software (EVA, Bruker). Samples were prepared by supporting Metal/CM composites on nylon
membranes. Raman spectroscopy was carried out using a microraman system (Renishaw 1000) equipped
with a CCD detector and excitation at 457 nm. UV-Vis spectra of nitroaromatics were obtained on a
Shimadzu UV- 2401PC. The Suzuki coupling reaction products were identified and quantified by gas
chromatography-mass spectrometry (GS-MS) using an Agilent model 6890 gas chromatograph coupled
with a model 5973 mass spectrometer. GC-MS samples were separated on a HP-5MS column, using an

injection temperature of 50 °C, followed by a 10 °C ramp per minute to 250 °C with a final 4 min hold.

3. Results and Discussion

3.1 Synthesis and characterisation of Metal/CM composites

Carbon particles used in our experiments were synthesized via ultraspray pyrolysis (USP) using a
protocol developed by Skrabalak et al. [33]. CMs synthesized via USP were found to be spherical in

shape and contain large open pores, as shown in Fig. 1a. BET analysis showed that CMs produced from
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1.5 M NaDCA solutions had a specific surface area of 473 m?/g. The average diameter of the particles
was found to be 1.8 + 0.5 um, as shown in the size distribution in Fig. 1b. Fig. 1¢c shows the Raman
spectrum of CMs obtained via USP after particle washing and drying on a glass slide. The Raman
spectrum is consistent with that observed for highly graphitic amorphous carbons: it displays two peaks
with maxima at 1598 and 1358 cm™ that we assign to the G and D bands of amorphous carbons,
respectively [24, 37]. The spectrum in Fig. 1¢ confirms that the organic precursor salt is pyrolyzed to
form a highly graphitic material.

In order to obtain metal/carbon composite microspheres, CMs underwent a two step sensitisation and
activation protocol [38], as shown in Scheme 1. First, the carbon surface was sensitised in a solution of
Sn** ions which undergo complexation and ion-exchange at the CM surface. A galvanic exchange was
then carried out with PdC14*" and Ag(NHg)g+ ions in solution, which have a higher reduction potential
than the Sn**/Sn*" redox couple [39], yielding metallic centres at the CM surface. These metallic centers
can subsequently serve as sites for further reduction of the metallic salt in solution by use of a reduction
agent; in this work, the reducing agent was commercial decaffeinated coffee. Fig. 2a and 2b show the
result of silver and palladium reduction using coffee at CM surfaces; metallic clusters can be clearly
seen in the SEM images. Varma and co-workers [31, 32] have shown that coffee solutions can be used
to reduce M"" to form nanoparticles; the exact identity of the reducing agent in coffee remains unclear,
although it has been hypothesized that either caffeine [31] or polyphenols [32, 40] could be responsible
for metal reduction. In fact, previous work has shown that other components of coffee that are unrelated
to caffeine have a reduction potential sufficiently negative to spontaneously reduce PdCl,* and
Ag(NH3)," ions in solution [41].

Fig. 2a shows metallic silver nanoparticle aggregates obtained by this method, which were found to
have sizes in the range 100-200 nm and consist of individual smaller particles approximately 25 nm in
diameter. Fig. 2b shows small and well dispersed Pd” nanoparticles with diameters of approximately 25
nm with little or no observed aggregation. EDS analysis of silver and palladium decorated

microparticles shows that they also contain tin: 70.2% and 245% for Sn/Ag and Sn/Pd (a/a%),



respectively. This is due to the sensitization process, in agreement with reported studies of
sensitization/activation mechanisms [42, 43].

Control experiments that omitted a Sn sensitisation step during the synthesis, led to the formation of
few large Ag aggregates up to 800 nm in diameter, most of which were found to be in suspension
instead of being anchored onto the CM surface. Similarly, the omission of a Sn sensitization step during
Pd deposition led to the formation of unsupported Pd nanoparticles, 20-40 nm in diameter. These control
experiments indicate that Sn sensitization plays an important role in controlling surface immobilisation
and size of metal nanoparticles formed at carbon microspheres.

Fig. 3a and 3b show typical XRD patterns obtained from Ag/CM and Pd/CM composite microspheres,
respectively. Fig. 3a shows the characteristic (111), (200) and (220) reflections of fcc silver at 38.12°,
44.28° and 64.46°, respectively, which yielded a lattice constant of 4.086 A, matching the literature
value (JCPDS file no. 04-0783). Fig. 3b shows (111), (200) and (220) reflections centred at 40.12°,
46.66° and 68.10°, respectively, characteristic of fcc palladium; these reflections yield a lattice
parameter of 3.890 A, in good agreement with the literature value of 3.8908 A (JCPDS file no. 05-681).
XRD measurements of bare CMs showed that the carbon scaffold only contributes a broad background
to the pattern. No peaks associated to tin-containing species could be detected in XRD patterns, thus
suggesting that tin remaining after sensitization is mostly present in non-crystalline form. In summary,
XRD results indicate that the particles deposited at the CM surface via green electroless deposition
protocols contain metallic Pd and Ag particles.

In order to determine the metal loading of metal/CM composites we carried out thermal gravimetric
analysis (TGA); Fig. 4 shows TGA data for bare CMs, Ag/CMs and Pd/CMs obtained in air in the range
200-900 °C. The curve for bare CMs shows that mass loss due to oxidation occurs in the range 450-650
°C with the largest mass loss rate occurring at 624 °C; in this temperature range the mass loss can be
attributed to the combustion of the graphitic carbon scaffold. A residual mass of (3.0 £2.0)% at 900 °C
is due to insoluble inorganic salts/oxides formed during NaDCA pyrolysis. TGA curves obtained from

Ag/CM show a maximum mass loss rate at 624 °C, in agreement to that observed in the case of bare



CMs. In the case of Pd/CM samples, the maximum mass loss rate occurs at a significantly lower
temperature of 483 °C. This is in agreement with previous reports showing that Pd nanoparticles are
catalytically active towards oxidation of carbon fibers and particles [44].

The residual mass obtained from Ag/CMs and Pd/CMs after oxidation at 900 °C was (30 £ 2.0)% and
(36+4)%, respectively. These values are larger than those obtained from bare CMs, as expected of
particles having undergone sensitization, activation and nanoparticle deposition. Since tin remains as
Sn** at the surface after sensitization steps [43], we can assume that the excess residual mass consists of
Sn0, [45, 46] and Ag’ or Pd° particles. Although both Ag and Pd metal form oxides when heated in air,
these oxides decompose at temperatures below 900 °C [47-49], the end-point temperature in TGA
curves reported in Fig. 4. Therefore, we can attribute any residual mass arising from electrolessly
deposited nanoparticles to metallic Ag’ and Pd” species. After correction of the residual masses in Fig. 4
for Sn content obtained from EDS results (assuming it arises from SnO,) and for inorganic compounds
resulting from NaDCA pyrolysis, the estimated Ag/C and Pd/C mass ratios are (13.5 £ 1.5)% and (7.4 £+
1.0)% w/w, respectively. Ag/C ratios are comparable to loadings achieved previously by alternative
methods on other carbon scaffolds [23, 50-52]; Pd/C loadings are in the range of those found in
commercial Pd/C catalysts (5-30%).

Finally, Ag/CM and Pd/CM samples show a small but noticeable mass loss in the region 285-340 °C
upon oxidation, that is absent in the case of bare CMs. This result indicates that a significant amount of
organic compounds remain adsorbed at the metal/CM particles after metal reduction and multiple
particle washes. Possible implications of the presence of adsorbed organics are discussed in more detail
in the following section.

3.2 Catalytic Activity of Metal/CM composites

The main advantage of nanoparticle synthetic strategies based on natural extracts as reductants is the
environmentally benign nature of the reducing agent/s. However, a potential drawback of such an
approach consists in the simultaneous presence of several natural compounds in the reductant mixture;

in the case of coffee, solutions contain a complex mix of proteins, lipids, polysaccharides, small organic
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molecules and inorganic compounds [53]. Many of these molecules can strongly physisorb and cap
metallic nanoparticles, thus blocking surface sites and limiting their applications in areas such as
catalysis or sensing. In order to demonstrate that nanoparticles synthesized via green electroless
deposition using coffee display the characteristic interfacial chemistry of metallic nanoparticles, we
carried out catalytic studies on Ag/CM and Pd/CM composites using two test heterogeneous reactions.

3.2.1 Reduction of 4-nitrophenol using Ag/CM composites

We investigated the activity of Ag/CM composites in the catalytic reduction of 4-nitrophenol to 4-
aminophenol by sodium borohydride. The reduction rate of 4-nitrophenol is negligible in aqueous
solutions of NaBH4, however, it is catalysed by the presence of noble metal nanoparticles [19, 54, 55].
Fig. 5a shows time-dependent UV-Vis spectra of Ag/CM aqueous suspensions containing 1.0x10
NaBHa, after injection of 4-nitrophenol; spectra have been corrected by the scattering contribution in the
microsphere suspension [56]. A maximum at 400 nm is characteristic of 4-nitrophenolate ions [54, 55,
57, 58]; the peak decreased rapidly after injection into the Ag/CM : NaBH, suspension, indicating that
the arylnitro group is consumed over time. The graph also shows the appearance of a peak at 290 nm,
which is attributed to the formation of 4-aminophenol [54, 55, 57, 58], thus confirming that the
nitroaromatic compound is reduced to its corresponding arylamine. Control experiments confirmed that
no reduction takes place in the presence of NaBH4 or carbon microspheres alone, but only when Ag/CM
composite particles were used in suspension. These results indicate that the reduction is due to the
catalytic activity of supported Ag particles and that the Ag nanoparticle surface is accessible to species
in solution.

If NaBHy4 is in excess with respect to 4-nitrophenol then its concentration can be assumed constant and
the reaction rate becomes pseudo-first-order in the concentration of 4-nitrophenol [22, 23, 54, 57-59].
Fig. 5b shows an example of a logarithmic plot of Ai/A, where A and A, are the absorbances at 400 nm
at time t and zero, respectively. Since the absorbances at 400 nm are proportional to the concentration of
4-nitrophenol in solution then A/Ay = C/Cy. An apparent rate coefficient k,,, was calculated near time

zero from linear fits of curves such as the one in Fig. 5b [54, 57-59], yielding &, = 0.0015 £ 0.0002 s
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After normalization of k,,, by the molar concentration of silver in our suspensions (1 2x10° M), we
obtain a specific rate coefficient k = 122 + 16 s M, which is within the range of values observed for
polymer-stabilized Ag nanoparticles (~25 nm) obtained at similar NaBH,4 concentrations [60], albeit
much lower than values originally reported by Pradhan et al. for bare Ag nanoparticles [55]. This
suggests that, although we cannot exclude the presence of a partially blocking adsorbed layer, metallic
surface sites at the carbon-supported Ag aggregates are highly available to catalyse heterogeneous
reactions.

3.2.2 Suzuki coupling using Pd/CM composites

To demonstrate the catalytic activity of the Pd/CM composite materials synthesised using green
strategies, we employed the Suzuki coupling reaction [61]. Specifically, we explored the coupling
reaction between phenylboronic acid and bromotoluene, which yields methylbiphenyl as displayed in
Scheme 2. This reaction, performed in triplicate, resulted in a 40 + 10% yield of the desired product.
Furthermore, the same Pd/CM particles used three times sequentially displayed no loss in catalytic
activity. Control experiments using bare carbon microspheres yielded no product.

Our results are consistent with the range of previously reported catalytic activities for supported
palladium nanoparticles utilized for the Suzuki reaction. For example, Kantam et al. reported yields
between 10% and 90% for the coupling reaction illustrated in Scheme 1 (room temperature, varied
solvents, 12 h) catalyzed by nanopalladium on a layered double hydroxide support (LDH-Pd) [62].
Yields in Suzuki reactions are known to be sensitive to the combination of solvents and base used [62],
and also depend on the reaction temperature and type of aryl-halide used [61]. Therefore, differences
between our yields and reported yields can be the result of variations in reaction conditions, the presence
of adsorbed molecules at the Pd surface, or a combination of these two factors. In summary, these results
suggest that our composite system has displays a performance comparable to that of previously reported

supported Pd nanoparticle systems.
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4. Conclusions

We have synthesized Ag/CM and Pd/CM composite particles using porous carbon microparticles as

scaffolds for electroless deposition and decaffeinated coffee as a reducing agent. Our methodology

shows that this mild and environmentally benign reductant can be used for the synthesis of surface

supported metal nanoparticles, thus expanding its use beyond solution based nanoparticle synthesis [31,

32]. Both Ag/C and Pd/C composite microspheres were tested in order to assess their activity as

heterogeneous catalysts for organic synthesis. We found that in both cases suspensions of our composite

microparticles displayed the characteristic chemistry of metallic silver and palladium nanoparticles thus

indicating that, after desposition at the carbon scaffold, metallic particles offer available reactive surface

sites. The reaction rates observed for Suzuki coupling and nitroaromatic reduction reactions, based on
calculated metal loadings, suggest that metal/CM composites reported in this work offer excellent

performance compared to similar Ag and Pd supported nanoparticle systems.
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Tin Bath Silver Bath Coffee
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Scheme 1. Process for fabricating Ag nanoparticles anchored to carbon microsphere surfaces.
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Figure 1. (a) SEM image of microspheres prepared via USP from NaDCA precursor solutions;
scalebar = 500 nm. (b) Size distribution of carbon microsphere samples used in our experiments. (c)
Raman spectrum of microspheres (exc. 457 nm); the profile displays the D and G bands that are

characteristic of amorphous carbons.
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Figure 2. Typical SEM images of the Ag-decorated (a) and Pd-decorated (b) carbon microspheres

obtained by using coffee as a reductant; scalebar = 200 nm.
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Figure 3. Powder XRD patterns obtained from Ag/CM (a) and Pd/CM (b) samples.

18



80+

604

Weight (%)

40

204

0_.
200 300 400 500 600 700 800 900
Temperature (°C)

Figure 4. Thermogravimetric analysis curves (TGA) obtained in air for bare carbon microspheres
(CM), Ag/CM and Pd/CM composite microspheres.
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Figure 5. (a) Evolution of the UV-Vis absorption spectra of 4-nitrophenol in the presence of 1.0x10
M NaBH,4 and Ag/CM particles as a function of reaction time; all spectra were corrected for scattering
[56]. The first spectrum was taken immediately after injection of 4-nitrophenol, whereas the last
spectrum was taken after 27 min. (b) Logarithmic plot of the normalized absorbance change as a

function of time. The linear fit near time zero was used to calculate the rate coefficient for the reduction

reaction.
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Scheme 2. The Suzuki reaction between 4-bromotoluene and phenylboronic acid, run for 18 h at room

temperature. Yields of 40 + 10% were achieved, even upon the third use of the Pd/CM catalysts.
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