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Pt°-NPs, prepared by the reduction of Pt" salts with borohydride, do not catalyse the reduction of water
www.rsc.org/ in the presence of the strongly-reducing -C(CH,),OH radicals. However, supporting the same metal
nanoparticles (M°-NPs) with SiO, alters the catalytic properties enabling the reaction. This effect
depends both on the nature of M° and concentration of the composite nanoparticles. At low
nanocomposite concentration: for M = Au nearly no effect is observed; for M = Ag the support decreases
the catalytic reduction of water and for M = Pt the support initiates the catalytic process. At high

nanocomposite concentration: for M = Au the reactivity is considerably lower and for M = Ag or Pt no

catalysis is observed. Furthermore, for M = Ag or Pt H, reduces the -C(CH,),OH radicals.

Introduction

Metal nanoparticles (M°-NPs) catalyse multi-electron reduction
processes such as the reduction of water by single-electron
reducing radicals to form H,."”> In many studies the one
electron reducing ketyl radical, -C(CH3),0OH, is used to reduce
NPs suspended in water generating negatively charged NPs,
capable of reducing water to yield H,.'!® The mechanism of
this type of reactions has previously been proposed by Henglein
and coworkers.® The reaction involves an electron transfer from
the radical to the metal NP, creating a pool of stored electrons
that enables the reaction once the over-potential for hydrogen
evolution is achieved. This solid-aqueous redox catalysis is of
importance for water splitting by solar energy.'” '* Noble metal
NPs, like silver and gold, were instrumental in the investigation
of the interfacial mechanism of this HER (H, evolution
reaction) process.® 1© M°-NPs deposited on different supports
are commonly used in solid-gas interfacial catalysis.'>?* Due to
the photo-catalytic activity of TiO, it has been extensively
studied with regard to this application.?*>? Currently, it is
known that methyl radicals, -CHj, react very fast with M°-NPs
M = Ag’** 3 Au* ** and Pt*®) forming long lived
intermediates, (M°-NPs)-(CHj;),, where the methyls are bound
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to the NPs with relatively strong ¢ bonds. These transients, for
M = Ag and Au decompose via the formation of ethane.***

In this study the effects of the support, silica NPs, on the
catalytic reduction of water by M°-NPs (M = Au, Pt and Ag*®)
are explored by studying the reaction products of the
radiolytically produced -C(CH3),OH radicals with the M°-SiO,
nanocomposites (M°-Si0,-NCs), Figure 1. The presence of
high concentrations of SiO,-NPs in aqueous solutions increases
the production of hydrated electrons due to the higher solution
density.?” 3® Therefore, it was anticipated that in concentrated
suspensions of M°-SiO,-NCs the yield of H, will increase
beyond G(H,) = 2.9, the yield observed in suspensions of Ag°-
and Au®-NPs."3>8 1516 Indeed, even in the absence of metallic
redox catalysts, silica and many other oxides have been shown
to increase the yield of molecular hydrogen.*® ***** Yamamoto
et al. have demonstrated that the addition of noble metals to
TiO, or Al,O; affects the H, yield.43 It is often reported that
composite particles show synergistic effects.** * For example,
gold and metal oxides show a large synergistic effect in NO
reduction catalysis.** Previous results show that the presence of
Ag°-NPs in aqueous solutions increases the yield of molecular
hydrogen while covalently linking them to silica results in
decreasing this yield.*® The results reported herein demonstrate
that the radiolytic yield of dihydrogen in irradiated aqueous
solutions is considerably affected by M°-SiO,-NCs and is

J. Name., 2013, 00, 1-3 | 1



Physical Chemistry Chemical Physics

dependent on the nature of the M°® and on the NCs

concentration.

Experimental Section

Materials: All chemicals used were of the highest purity
commercially available and were used as received. Nano-pure
water (R > 18 MQ cm) was used across this study.

Synthesis of Pt° nanoparticles: Aqueous suspensions of Pt°-
NPs were prepared similarly to the procedure of Creighton et
al.* for Ag°-NPs but using another precursor salt.*® Typically,
30 mL of an ice-cold aqueous solution containing NaBH,
(2x10% M) were added to 10 mL of Pt(SOg),, or H,PtClg,
(1x10% M Pt"V, ie, the final [Pt"Y] = 2.5x10% M), under
vigorous stirring. The resultant pH of the NPs suspensions were
8.0 £ 0.2 and 6.5 = 0.3 for syntheses from Pt(SO,), and
H,PtClg, respectively. TEM micrograph of these Pt°>-NPs were
taken and reported before.*® The mean particle size diameter of
the platinum NPs is 3.2 nm as measured by high resolution
TEM.”

Synthesis of SiO, nanoparticles and attachment of bridging
molecules: Silica NPs < 40 nm were prepared according to the
method of Stober er al.*’ as previously described.*® Briefly, 29
% NH,OH was added to ethanol followed by the addition of
tetraethyl-orthosilicate (TEOS). The stirred
overnight to ensure reaction completion. Since the stability of
silica is pH-dependent,*® all dilutions throughout this study
were carried out with pH 10 solutions using NaOH. The SiO,-
NPs were functionalized with half a monolayer of 3-
Aminopropyl-trimethoxysilane (APS) which acts as a bridging
molecule, where the silanol end of the molecule condenses onto
the silica surface leaving an amino end that can be attached to
metal surfaces.**! Functionalization of the silica with the bi-
functional APS was carried out as described before®® using a
variation of the method described by Halas et al.>* This solution
was then used as a stock solution for attaching Au°- and Pt°-
NPs to the silica. The silica blank solutions were prepared by
centrifuging the stock solution and re-dispersion of the solid
precipitate in water at pH 10 by sonication.

Attachment of gold and platinum NPs onto the SiO,-NPs:
0.10 M aqueous solutions of NaAuCly, or Na,PtCls were added
to the functionalized silica particles suspension (still in ethanol
and NH,OH) to produce a 5 mM solution of the metal complex
(Au™ or Pt"Y). Solid NaBH, was added to produce 30 mM of
BH, in the solution. All additions were done during vigorous
stirring. During the synthesis the colour changes from milky
white to dark purple for the Au°-SiO,-NCs while the Pt°-SiO,-
NCs are black. After hours the MP°-SiO,-NCs
precipitated and were re-dispersed in a minimal amount of
water at pH 10 by sonication. The maximum wt% suspensions
achieved for the NCs were 10.3 for the Au®-SiO, and 2.2 for the
Pt°-SiO,. Throughout this paper, NCs’ concentration are given
as total metal concentration, while the mole ratio M°/(SiO,), =
17.8 remains constant for both metals. Final concentrations of
the Au®-SiO,- and Pt°-SiO,-NCs suspensions were 25 and 5
mM, respectively. It should be noted that at 25 mM metal in

solution was

several
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Au°-Si0,-NCs the concentration of SiO,-NPs is considerable
and therefore the production of e’,q increases substantially, as
discussed above. These solutions were diluted for other
experiments as required.

Irradiation: y-Irradiations were carried out at two facilities: (1)
Shepherd 109 ®°Co y-source by Noratom Gammacell located at
the Notre Dame Radiation Laboratory (NDRL). The dose rate
in aqueous solutions has been measured by the Fricke
dosimeter™ to be 106 Gy/min; (2) A “Co y-source, G-220
Gammacell located at the Nuclear Research Centre Negev in
Israel (NRCN), with a dose rate of 12 Gy/min. All doses are
given for the aqueous solution. Samples were irradiated at room
temperature, 25 °C.

The primary products of water radiolysis by ionizing radiation

(B or y radiation) are given in Equation 1:**

B,
H,0 _)/) €' (2.65), -OH (2.65), H- (0.60), H,0,
(0.75), H, (0.45) (1)

The numbers in parentheses are the yields of products in
molecules (radicals) per 100 eV of absorbed radiation energy in
dilute neutral aqueous solutions, often labelled G values.
Acetone and 2-propanol in de-aerated
scavengers for the 7,4, ‘H atoms and -OH radicals, respectively,
via reactions (2-4):>*

solutions act as

H+
(CHg)ZCO + e—aq — 'C(CHg)ZOH

(2)
k,=6.5x10° M* s
(CH5),CHOH + -OH >

-C(CHs),0H(85%)/-CH,CH(CH3)OH(15%) + H,0  (3)

k;=1.9x10° M* s

(CHg)ZCHOH + H‘ 9 'C(CH3)20H + Hz (4)

k,=7.4x10" Mt s

Under these conditions the yield of H, increases from 0.45 to
G(Hy)or = 1.05 molecules/(100 eV), due to H abstraction by H-
atoms, reaction (4). Upon adding noble metal NPs, M = Ag or
Au, to a solution containing the same scavengers, the yield of
H, can increase up to G(Hy), = G(Hy) + G(H") + [G(e7yg) +
G(-OH) + G(H")]/2 = 4.3 molecules/(100 eV)® ' due to the
catalytic water reduction by the o radicals, -C(CH;),0OH,
reactions (5-7).

n-C(CH;),0H + (M°-NP) >
(M°-NP)™ + n(CH3),CO + nH"

(M°-NP)™ + mH,0 (or mH;0") =

This journal is © The Royal Society of Chemistry 2012
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(M°-NP)-H,,™™" + mOH" (or mH,0) (6)

Reaction (6) is an equilibrium process that is shifted to the left
in alkaline solutions.®

(M°-NP)-H,"™ > (m/2)H, + (M°-NP)™"  (7)

Approximately, 15 % of the H abstraction from (CH;),CH(OH)
by the -OH radicals produces ketyl [ radicals,
-CH,CH(CH;)OH, and not a radicals, -C(CHj3),OH, reaction
(3). Moreover, the H,O, produced via reaction (1) oxidizes the
(MP°-NP)" via reaction (8).

H,0, + (M°-NP)™ = 20H + (M°-NpP)"? (8)

Thus, the effective yield of H; is closer to 3.3 molecules/(100
eV). Yields >1.05 molecules/(100 eV) are due to the redox
catalysis by the electron pool formed on the metallic particle,
(MP°-NP), reactions (5-7).

Instrumentation and methods: At NDRL, the dihydrogen
produced via y-irradiation was detected using a gas
chromatograph system described elsewhere.*® The solution to
be irradiated was placed in a radiation cell, 1x1 cm quartz
cuvette, and was de-aerated by bubbling Ar prior to irradiation
for 30 min. A different irradiation method was used at NRCN:**
5 mL aqueous suspensions of acetone and 2-propanol or
formate containing Pt°-NPs were placed in 15 mL glass bulbs
sealed with a rubber septum and de-aerated by bubbling Ar for
15 min. After the irradiation, the gas phase was analysed using
a gas-chromatograph (Varian model 3800) equipped with a
thermal conductivity detector. The gases were separated on a
carbosieve B 1/8", 9’ stainless steel column. The gaseous
atmosphere was sampled (1 mL samples) after the reaction,
with gas-tight syringes (Precision Syringes, model A2).

UV-Vis measurements were carried out using a Varian Cary 50
Bio-spectrophotometer. Transmission electron microscopy
(TEM) analyses were performed using the following
instruments: Tecnai 12 G> TWIN TEM (FEI) and JEOL-TEM-
100SX. Samples for TEM analysis were prepared on Lacey
Formvar/Carbon-coated 300 mesh Copper grid from Ted-Pella.
The grid was dipped into the desired solution (after appropriate
dilution) and put on filter paper to remove excessive solution.

Results and Discussion

Characterization of the nano-catalysts: The nano-catalysts
were characterised using TEM and UV-Vis spectrophotometry.
The characterizations of Ag°->** Au°-** Pt°-NPs®™ and Ag°-
Si0,-NCs*® were reported before. The Ag°-, Au®-, Pt>-NPs
sizes are 14 + 2, 3.4 + 0.5 and 3.2 £ 0.1 nm, respectively.
Figures 1a and 1b show TEM micrographs of the Au°-SiO,-
and Pt°-SiO,-NCs, respectively.

This journal is © The Royal Society of Chemistry 2012
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Figure 1: (a) TEM micrograph of the Au®-SiO,-NCs; (b) TEM micrograph of the Pt°-
Si0,-NCs and (c) the UV-VIS spectrum of the suspensions of gold (red line) and
platinum (black line) composite particles. The absorbance is normalized to 1 cm
optical path and to the original NCs concentrations.

The gold NPs are clearly visible as islands on the silica NPs.
Figure 1a shows that similar to Ag®-Si0,-NCs,*® the growth of
the gold islands on the SiO,-NPs is not homogenously
distributed. This uneven distribution might be due to the fact
that the deposition of M°-NPs on the SiO,-NPs is a cooperative
process.>® > *® It can be seen in Figure 1b that the Pt°-NPs are
very small and are attached to the SiO,-NPs. Similarly to silver
and gold, there are also SiO,-NPs that are bare of Pt°-NPs (not
shown here). It should be noted that no M°-NPs that are not
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attached to the SiO,-NPs were observed. The uneven deposition
of the M°-NPs on the silica suggests that the deposition of the
first metal atom/NP changes the silica properties. Thus, the
deposition of the next atoms/NPs is more feasible. This change
in the silica properties may also affect its catalytic properties as
reported in this study. Alternatively the difference between the
MP°-NPs loaded SiO,-NPs and the bare SiO,-NPs might be due
to differences in the properties of the Si0,-NPs. From the TEM
analysis the size of the silica particles is estimated to be d =
40+5 nm and the size of the metal islands on the silica is d < 10
nm. Figure 1c shows the UV-Vis spectra of the Au®-SiO,- and
Pt°-SiO,-NCs. The plasmon peak at 520 nm of the Au°-SiO,-
NCs, is typical for Au®-NPs, while the spectrum rises towards
the UV due to light scattering by the suspended NCs. The Pt°-
Si0,-NCs also have a typical spectrum of Pt°-NPs. The
relatively high absorbance is due to the high [M] and the light
scattering by the SiO,-NPs and the M°-SiO,-NCs.

Irradiation of the M°-NPs and the M°-SiQ,-NCs: In order to
explore the effect of SiO, on the MC°-NPs, one needs
information on the catalytic activity of the unsupported M°-
NPs. Ag®- and Au°-NPs were thoroughly investigated as water
reduction catalysts." * & 101657 38 14 i well known that both
unsupported Ag®- and Au°-NPs catalyse water reduction by
ketyl radicals via reactions (5-7) yielding, G(H,;) = 2.9
molecules/(100 eV)," *> * '® and even as high as 3.9
molecules/(100 eV) in the case of Au°-NPs.> !> However, the
analogous catalysis of hydrogen formation by Pt°>-NPs is more
complex. The kinetics of the reaction between Pt°-NPs and
ketyl radicals was studied radiolytically,"' but the yield of H,
was not reported. In another study, H, was formed in a photo-
catalytic system consisting of Pt°>-NPs stabilized on a polymer
matrix.”> Complete conversion of photochemically produced
ketyl radicals to H, on citrate reduced Pt°-NPs catalyst was
reported.”® Citrate reduced Pt°-NPs stabilized by poly-vinyl-
alcohol catalyse the water reduction by ketyl radicals giving a
maximal H, yield of 6 and 3.4 molecules/(100 eV) at pH 1 and
4.1, respectively.®® The catalytic properties of Pt>-NPs depend
on the procedure of their synthesis, e.g., three different Pt>-NPs
(produced by radiolysis, H, and citrate reduction) showed
different chemical reactivity and catalytic activity which was
attributed to (a) differences in particle size, (b) differences in
particle shape, and (c) differences in particle surface.®'. The
Pt°-SiO,-NCs in the present study were reduced using
borohydride. As the catalytic activity of H, formation depends
on the synthetic procedure of the Pt°-NPs, the catalysed H,
formation by ketyl radicals on borohydride-reduced Pt°-NPs
was also studied.

Colloidal Pt° suspension were prepared by the reduction of 0.25
mM Pt(SO,), or H,PtCls using borohydride.35 When Ar-
saturated Pt°-NPs, prepared from either salt, solutions,
containing 0.1 M acetone and 0.1 M 2-propanol were irradiated
to a dose of 950 Gy at a dose rate of 12 Gy/min, essentially no
H, was detected — G(H,) = 0.0 for Pt(SO,), (pH 8), and G(H,) <
0.2 for H,PtCls (pH 6.5). Thus, borohydride-reduced Pt°-NPs
do not catalyse H, production. Furthermore, even the molecular
H, produced via reactions (1) and (4) at G(H,) = 1.1
molecules/(100 eV) was consumed in these experiments. The
consumption of the molecular H, can be rationalized by the

4| J. Name., 2012, 00, 1-3

catalytic reduction of acetone or the -C(CH;),OH radical to 2-
propanol. In order to distinguish between these two possibilities
formate ion, HCOO", was used to scavenge the -OH and H-,
reactions (9-10).>*

‘OH + HCOO™ - H,0 + CO0~ (9)

ko=3.2x10° M s

‘H+HCOO > H,+CO0- (10)

kip=2.1x10*M* s

Under these conditions, hydrogen, presumably adsorbed as H
atoms on the Pt-NPs, can react with the formate radical anion,
COO-, but not with the formate ions. Upon irradiation of N,O
or Ar-saturated formate containing aqueous solutions (no Pt-
NPs) in which the reducing species are COO-" alone or €7, and
COO- respectively, the H, yield, G(H,) ~ 1.05 molecules/(100
eV) is obtained as expected from reactions (1) and (10). In the
Ar-saturated solutions G(H,) is somewhat higher due to H,
production via reaction (11);°° When Pt°-NPs are added at pH 8
to these solutions G(H,) = 0 is obtained pointing out that the H,
formed via reactions (1) and (10) is consumed by the reaction
with the COO-" radicals.

€t €aq > Hy+OH (11)

2ks;=1.1x10"° M1 s

It is important to note that the COO-" radical anion reduces
water to hydrogen in the presence of Ag®-NPs as efficiently as
the ketyl radical does.® Therefore, it is likely that the H, adsorbs
and dissociates on the Pt° subsequently reacting with
-C(CH3),0H or the COO- to produce 2-propanol or formate
respectively. It should be noted that Henglein® and Hoffman er
al.®® proposed an analogous mechanism for the reduction of
radicals by (Ag°-NPs)" and by (Pt°-NPs)-H,.

Earlier studies report conductivity changes from the reactions
of ketyl radicals with metallic NPs, including Ag°®-, Cd°- and
Au°-NPs.*? These studies show that the rate of the protonation
of the reduced M°-NPs by reaction with water, or H;O",
reaction (6), depends on the over-potential for hydrogen
evolution that has built on the (M°-NP)". Consequently, the
(MP°-NP)™ react relatively slowly to form (M°-NPs)-H,4. As
such, while reaction (5) is very fast, the protonation step,
reaction (6), is considerably slower and pH dependent. For Pt,
however, the over-potential for protonation is practically zero'"
8 The protonation step, reaction (6), is as fast as the electron
transfer to the particle. For this reason the Pt°-NPs may be
viewed as a "storage pool of hydrogen atoms" rather than
electons.!' The rate of hydrogen evolution then is determined
by the rate of H, formation by the adsorbed hydrogen atoms
and reaction (12) is the rate determining step, a reaction that is
known to be an equilibrium process.

2H,4 = H, (12)

This journal is © The Royal Society of Chemistry 2012
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As the surface of the Pt°-NPs (and Ir-NPs®?) during the reaction
rapidly approaches an equilibrium saturation of H atoms, some
of the reducing radicals, ‘C(CH;),0OH or CO,", react with the
adsorbed H atoms forming the parent HC(CH;),OH or
alternatively HCO, molecules (In a process analogous to that
depicted in Scheme 1). These reactions might proceed either by
the reaction of the radicals directly with adsorbed H atoms on
the surface or via the reaction of the radical with the surface of
the M°-NPs followed by the reaction with an adsorbed H atom.
This process becomes favourable with the increase in the
number of adsorbed H atoms as the adsorbed atoms on metals
such as Pt shift the Fermi level of the metal to more negative
potentials.®® The net result is catalysis of the disproportionation
of the reducing radicals. This interfering process inhibits H,
formation and moreover, destroys radiolytically formed
molecular H, and uses it to reduce the otherwise reducing
radicals (see Scheme 1 for the competing pathways).

The effect of attachment of the M°-NPs to SiO,-NPs was
investigated by determining the yield of dihydrogen, G(H,),
upon irradiation of M°-SiO,-NCs. Ar-saturated solutions (APS
functionalized silica blanks and MP°-SiO,-NCs suspensions)
containing 0.1 M acetone and 0.1 M 2-propanol were irradiated
in the *°Co y-source. Irradiation conditions and the analytical
procedures were identical to those reported previously.*® Under
these conditions ketyl radicals, -C(CH3),OH, are formed
according to reactions (2-4) and the molecular hydrogen yield
in the blanks, G(H,) = 1.1 £ 0.1 molecules/(100 eV). Results
are shown in Figures 2 and 3 in which the slopes of the graphs
represent the molecular hydrogen yield, G(H,). This yield in the
blanks equals that of irradiated Ar-saturated water containing

0.1 M acetone and 0.1 M 2-propanol.*"-#

20 | _,_Blank Si0, + APS
G(H) =1.0

15 - =m= AU°-SiO,-NCs, 5 mM Au
G(H,) = 2.9

—*=Au’-Si0,-NCs, 25 mM Au
G(Hy) =1.7

[Hz] (104 M)

«

o 1 2 3 4 5 6 7

Dose (kGy)

Figure 2: H, yields from irradiated SiO,-NPs, blank, (black line) and Au’-SiO,-
NCs suspensions at [Au] = 5 and 25 mM (blue and red lines, respectively) at a
constant molar ratio [(SiO2)p]/[Au] = 17.8.

25 Blank SiO, + APS
= G(Hy) =1.0

~

P-Si0,-NCs, 0.5 mM Pt
G(Hy) =2.2

__ Pt-Si0;-NCs, 5mM Pt
G(H,) ~ 1.0 at low doses,
G(H,) =0 at doses > 1 kGy

13
n

[H,] (104 M)

4
a

Dose (kGy)

Figure 3: H, yields from irradiated SiO,-NPs, blank, (black line) and Pt°-Si0»-
NCs suspensions at Pt concentration of 0.5 and 5 mM (blue and red lines,
respectively) at a constant molar ratio [SiO,]/[Pt] = 17.8.

This journal is © The Royal Society of Chemistry 2012

Physical Chemistry Chemical Physics

When M°-SiO,-NCs (M = Au or Pt) containing suspensions are
irradiated under the same conditions, G(H,) changes
appreciably and in a complex manner. At low [NCs], G(H,)
increases relative to the silica and water blanks, while at high
[NCs] G(H,) decreases. At relatively low [Au®-SiO,-NCs] of 5
mM Au, G(H,) reaches a value of 2.9 molecules/(100 eV),
approaching the expected maximum yield for the reaction of
the ketyl radicals, G(H,) = 3.3 molecules/(100 eV).® At the
same [Pt°-SiO,-NCs] (5 mM Pt), G(H,) already decreases to
zero, at high irradiation doses. While the initial G(H,) ~ 0.5 at
low doses vanishes when the accumulated irradiation dose is
above ~1 kGy, i.e. no additional H; is formed. The same effect
was reported for Ag°-Si0,-NCs.*® H, yields increase to 2.2
molecule/(100 eV) when the [Pt°-SiO,-NCs] is reduced to 0.5
mM Pt. Thus, Ag®-, Au®- and Pt°-NPs supported on silica NPs
behave similarly but have differences in reactivity: All these
silica-supported NPs catalyse water reduction at low [M°-SiO,-
NCs] but inhibit H, production, (and even destroy radiolytically
formed H,) at higher concentrations. Table 1 compares the
yields of H, from the irradiation of different catalysts.> ® 416 36.
60 All the results reported in Table 1 refer to radiolytically
produced ketyl radicals as the reducing species.

From this table one concludes that in the absence of silica, M°-
NPs (M = Ag or Au) catalyse the H, formation. This catalysis
results in maximal G(H;) of 2.5-4.2 molecules/(100 eV) (yields
vary somewhat with dose rate®) but hardly depend on NPs’
synthetic method, size or concentration. When M = Pt, the H,
yield decreases dramatically, considerably below G(H,) = 1.1
obtained in the absence of the catalysts. It should be noted that
Hoffman et al.%° reported opposite results. The difference in the
H, yields might be due to the relatively high pH of the Pt>-NPs
suspensions, pH 8 in the present study, or to differences in the
synthetic procedures of the preparation of the NPs.*' The
complete absence of catalytic dihydrogen formation and the
consumption of molecular H, in the presence of Pt°-NPs
described was not expected as Pt° is commonly used to catalyse
H, evolution.®

;; —High[NGs] & 5 hropanol
& F ( $io, NP
%y,
S & e MONP

H, + acetone

Scheme 1: lllustration of the mechanism of M°-SiO,-NCs surface reactions to
produce hydrogen and/or 2-propanol. The scheme is not to scale: The number of
Hags and R.ys per particle in the scheme is just an illustration and does not
necessarily represent the actual number.

Pt°-SiO,-NCs deactivate hydrogen production at relatively low
concentrations (5 mM Pt) while Ag°- and Au®- SiO,-NCs do so
at considerably higher concentrations (120 mM Ag).’® As can
be seen in Figure 2, Au°-SiO,-NCs efficiently catalyse H,
formation even at 25 mM (the highest Au®°-NCs used here, as
these NCs precipitate at higher concentrations). Nonetheless,
H, yield decreases on increasing [Au°-SiO,-NCs] as it does for

J. Name., 2012, 00, 1-3 | 5
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Table 1: Catalysis and deactivation of water reduction by various [M°-NPs] and [M°-SiO,-NCs].

Catalysis Deactivation
Catalyst G(Hais” M G M i
Ag°-NPs*® 3.0 0.25 8.3
Ag°-NPs*® 2.0 0.25 66.6
Ag°-NPs' 2.9 1.4-170 106
Au°-NPs? 42 0.54 160
Au°-NPs" 3.9 1.4-170 72
AuC-particles’ 34 50 % 125
AuC-particles’ 2.5 30 %’ 125
AuC-particles’ 2.5 30 %’ 2.6
Pt°-NPs* (pH 1) 6 0.05 13.8
Pt°-NPs* (pH 4.2) 3.4 0.05 13.8
Pt°-NPs (pH 6.5)" <0.15 0.25 10
Pt°-NPs (pH 6.5)" <0.18 0.25 0.145
Pt°-NPs (pH 8)" 0 0.25 10
. ___________________________________________ ________________________ _____________________|
Ag®-Si0,-NCs' 1.9 0.12 0 120 106
Ag®-Si0,-NCs™ 1.0 12 1.0 12 106
Au®-Si0,-NCs" 2.9 5 106
Au®-Si0,-NCs" 1.7 25 106
Pt°-Si0,-NCs" 22 0.5 0 5 106

Page 6 of 10

* The maximal H, yield via the catalytic water reduction by the [M°-NPs] and [M°-SiO,-NCs].® The metal concentration at which the maximal H, yield is
obtained. © The minimal H, yield from deactivated water radiolysis by the [M°-NPs] and [M°-SiO,-NCs]. ¢ The metal concentration at which the minimal H,
yield is obtained. © Data taken from ref. 8 in which lower G(H,) were reported at higher dose rates. " Data taken from ref. 16.2 Data taken from ref. 5 in which
higher G(H,) were reported at higher dose rates. " Data taken from ref. 15; concentrations were not reported in this reference, but were given in a private
communication. * Data taken from ref. 14 in which gold particles of ~ 1 micron were irradiated. * concentrations are given as wt % of gold particles in water. *

Data taken from ref. 60 where Pt°-NPs capped with poly(vinyl alcohol) were used and pH effect on H, evolution was reported. ' Data taken from ref. 36.™
Ag°-Si0,-NCs at medium concentration and yield — at this point there is no catalysis or deactivation of H, production, thus is shown at both columns." This

study.

the other M°-NCs studied. The dependence presented in Figure
3 for 5 mM Pt°-SiO,-NCs is similar to that of Ag®-SiO,-NCs at
higher concentrations,*® but differs from those reported for high
concentrations of unsupported Ag°- and Au®-NPs.'> 1

Unsupported Ag®- and Au°-NPs show convex concentration
dependence regions followed by high catalytic efficiency of 2.9
and 3.9 molecules/(100 eV) for Ag°- and Au°-NPs,
respectively'™ '®. These convex regions are attributed to

This journal is © The Royal Society of Chemistry 2013

conditioning induction periods needed to convert M™" ions to
M°-NPs. The induction periods observed in the earlier studies
are due to the milder reduction agent utilized in the former
studies (H,) relative to borohydride used in the present
synthetic method.

M°-Si0,-NCs deactivate H, production similar to Pt°-NPs,
albeit to a different degree for each M and depending on its
concentration. It is reasonable to suggest that this deactivation

J. Name., 2013, 00, 1-3 | 6
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is due to the mechanism suggested above for the unsupported
Pt°-NPs (Scheme 1). Yet, the supported metal NPs are active
under different conditions than the bare M°-NPs. For example,
unsupported Ag°-NPs catalyse H, production with a yield of ~3
molecules/(100 eV),% % %15 while silica supported Ag°-NPs
totally deactivate H, formation at similar high concentration.'®
Indeed, significant catalytic activity and selectivity changes
upon varying the particle size and support have been previously
reported.!? 6466

Similar to the unsupported metallic NPs the composite (M°-
SiO,-NCs) particles catalyse the same two processes:
Formation of H,, i.e. the reduction of water, at relatively low
concentrations of M°-SiO,-NCs, and the reduction of the
‘C(CH;),0H radicals at relatively high concentrations of M°-
SiO,-NCs. At the low concentration of particles the steady state
density of H,y, per particle is high and the release of H, is
favoured. On the other, hand at relatively high [NCs] the
density of H,4, is considerably lower and H, release is slower.
Conductivity experiments indicate that the reaction between the
ketyl radicals and the metallic NPs, at least for M° = Ag® or
Au®, is an electron-transfer reaction resulting in charging the
particle and release of protons. This implies that adsorption of
the radicals on the particles is minimal.* ° Nonetheless, it is
possible that some ketyl radicals do bind to relatively
negatively charged M°-SiO,-NCs similar to the binding of
methyl radicals to M°-NPs'**'. Adsorbed H atom may then
react with a free or adsorbed ketyl radical (Scheme 1).
Considering the complete suppression of H, production by the
MP°-SiO,-NCs at high concentrations of M = Ag and Pt,
including the radiolytically produced H, (formed in reactions
(10) and (4)), we conclude that this destructive reaction occurs
both through the reduction of H,y, from water (or H;0") as well
as the dissociative adsorption of H,.

The SiO, support clearly affects the competition between the
reduction of water and the disproportionation of ketyl radicals
on M°-NPs. As can be seen in Table 1, G(H,) = 2.9 for [Ag°®-
NPs] = 170 mM'® whereas for [M°-SiO,-NCs] = 120 mM
G(H,) = 0.% Similarly, G(H,) = 3.9 for [Au°-NPs] = 170 mM"?
whereas G(H,) = 1.7 for [Au®-SiO,-NCs] = 25 mM. On the
other hand, binding Pt°-NPs to silica NPs increases G(H,) at
low [NCs]. This result is in contrast to the report, based on Pt
NMR, that titania has a strong effect on the electronic structure
of Pt°>-NPs, whereas silica has not®” and as a result might be
significant for research into solar induced catalytic water
reduction by Pt°-NPs deposited on TiO,.

The initial slope in Figure 3 for the high [Pt°-SiO,-NCs] shows
that H, is formed at earlier stages. This is the radiolytic H,
formed via reactions (1) and (4), at G(H,) of ~1.1
molecules/(100 eV). This early yield of H, occurs because
reaction (12) is an equilibrium process and contributes to the
observed results only when the partial pressure of H, reaches a
given value. Note that the results in Figures 2-3 show that H,
yields decrease at high [M°-SiO,-NCs]. This seems to be in
contrast to intuitive expectation for M°-SiO,-NCs catalysis of
water reduction. The balance between irradiation flux and the
catalytic reaction rates has to be taken into account in the

photochemical reduction of water by solar energy.®®

Concluding remarks

1. Au°- and Pt°-NPs are deposited on the surface of colloidal
silica in a cooperative manner similarly to Ag®-NPs. The

This journal is © The Royal Society of Chemistry 2012
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presence of a metallic particle further accelerates
deposition of metal particles on the same silica particle.

2. A modified procedure to synthesize relatively high
concentrations of stable gold and platinum NPs adsorbed
on SiO,-NPs has been developed. The silica supported
silver, gold and platinum NPs stability is metal dependent.

3. Pt°-NPs synthesized by reduction with NaBH, at pH 6.5-8
do not catalyse Hz production. In the presence of reactive
reducing radicals the presence of Pt>-NPs leads to the
consumption of H,.

4. The silica support changes appreciably the chemical
properties of the adsorbed M°-NPs. Thus, the yield of H,
produced at high concentrations of the supported M°-NPs,
M = Ag or Pt, is significantly reduced. The adsorbed M°-
NPs on silica catalyse the disproportionation and the
reduction of -C(CH;),OH and CO, " radicals.

To conclude, SiO,-NPs support affects the properties of M°-
NPs deposited on it. This observation concurs with the
observation that the catalytic properties of M°-NPs are affected
by the choice of the support.®” ® However, it is surprising that
the SiO, support, often considered to be a relatively inert
support,”” has such a dramatic effect on the properties of the
supported M°-NPs though it does not affect the NMR shift of
the '°Pt.”’
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n.C(CH3)20H + ’ _— n(CH3)20 + n/2H2 4 Sio2 nanoparticle

f @ Metal nanoparticle
2n'C(CH,;),0OH ’ . —> n(CH;),(H)OH + n(CH,;),0
—

The support of M°-nanoparticles affects considerably their properties as catalysts for the HER (H,
evolution reaction).
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