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ABSTRACT: We present the analysis of the catalytic activity of
gold nanoparticles in aqueous solution as a function of tem-
perature. As a model reaction, the reduction of p-nitrophenol o

(Nip) by sodium borohydride (BH, ) is used. The gold e (;

nanoparticles are immobilized on cationic spherical polyelec- N

trolyte brushes that ensure their stability against aggregation. g
2} 9 Q

High-resolution transmission electron microscopy shows that
the Au nanoparticles are faceted nanocrystals. The average size
of the nanoparticles is 2.2 nm, and the total surface area of all
nanoparticles could be determined precisely and was used in the subsequent kinetic analysis. Kinetic data have been obtained
between 10 and 30 °C by monitoring the concentrations of Nip and BH, by UV—vis spectroscopy. The reaction starts after an
induction time t,, and the subsequent stationary phase yields the apparent reaction rate, k,p,. All kinetic data could be modeled in
terms of the Langmuir—Hinshelwood model; that is, both reactants must be adsorbed onto the surface to react. The analysis of the
temperature dependence of k,p,, leads to the heat of adsorption of both Nip and BH, ™ and the surface of the Au nanoparticles.
Moreover, the true activation energy of the surface reaction is obtained. The analysis of #, reveals clearly that the induction period is
not related to the limitations due to diffusion but to the surface restructuring of the Au nanoparticles induced by the adsorbed Nip.
The rate 1/1, of this substrate-induced surface restructuring is found to be proportional to the square of the surface coverage, O, by

Nip and therefore points to a cooperative process.
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B INTRODUCTION

Catalysis by metallic nanoparticles has become an area of
intense research in recent years."” Thus, metals that are inactive
in the bulk state—for example, gold—become active catalysts
when dispersed down to the nanoscale.>* Nanoparticles of noble
metals are easily generated in aqueous solution, and redox
reactions proceeding under these conditions can be used to
assess their catalytic activity.~” Here, a precise kinetic analysis is
very useful, since it allows one to correlate the size and the shape
of the particles to their catalytic properties in a quantitative
manner. However, this type of analysis can be done only for
model reactions, that is, for chemical reactions that proceed in a
well-defined manner from a single educt to a single product.
Monitoring the model reaction should be possible in a precise
way. Moreover, a change of temperature should not lead to a
change in the mechanism or to undesired side reactions. Because
most of the catalytic reactions take place on the surface area of the
particles, their total surface should be characterized with suffi-
cient accuracy. In addition, the nanoparticles must exhibit
sufficient colloidal stability, coagulation of the nanoparticles, or
further chemical transformations such as dissolution should
not occur.
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As shown first by Pal and co-workers® and by Esumi et al,” the
reduction of p-nitrophenol (Nip) to p-aminophenol (Amp) by
borohydride ions (BH, ) qualifies as such a model reaction.
There is no side reaction, and the progress of the reaction can be
easily followed by UV—vis spectroscopy. An excess of BH,  is
often applied, and the decrease in the strong UV—vis adsorption
of Nip at 400 nm wavelength is treated in terms of a first-order
reaction. The rate k,p,, of the decay of Nip thus defined has been
used repeatedly to compare the catalytic activity of various
nanoparticulate systems.” ** In this way, the reduction of Nip
has become perhaps the most-studied reaction for investigating
the catalytic activity of nanoparticles, and the number of papers
devoted to this reaction is steadily increasing.

Recently, the dependence of the rate constant of this reaction
on temperature has moved into the focus of research.'*'” 3 The
activation energy, E5, can be derived easily from the respective
Arrhenius plots of k,,, and related to structural parameters of
the nanoparticles. The data derived from this analysis then can be
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used to discuss the influence of the shape and morphology of the
nanoparticles on their catalytic activity. In particular, recent work
has demonstrated that the frequency factor derived from the
intercept of the Arrhenius plot is directly related to E,.>***%*
A kinetic model for this reaction must explain this important
finding.

Here, we analyze the dependence of the reduction of p-
nitrophenol by borohydride as a function of temperature. The
analysis presented here is based on our finding that the kinetics of
this model reaction can be treated in terms of the Lang-
muir—Hinshelwood (LH) model:>* Both reactants must be
adsorbed to the surface of the particles to react. The adsorption
of both educts is modeled in terms of an equilibrium process
described by the classical Langmuir isotherm. The adsorbed
species can then react, and the product dissociates from the
surface. This model was shown to %ive an excellent description of
the kinetics of this model reaction.”® In particular, it explains two
effects not expected for a reaction in solution: The apparent
kinetic constant, k,p,, decreases with increasing concentration of
Nip and goes through a shallow maximum as with increasing
concentration of BH, . Within the frame of the LH model, these
observations can be modeled through a competition of both
reacting species for surface sites suitable for adsorption. The
analysis of the kinetic data in terms of the LH model yields the
true kinetic constant k of the surface reaction together with the
thermodynamic adsorption constants Ky;, and Kpy, for both
Nip and BH, , respectively. The dependence of the overall rate
constant k,p,, of the reduction on temperature is therefore given
by three terms: namely, the activation energy of the surface
reaction and the enthalpies of adsorption of both species.
Evidently, the apparent activation energy, E,, obtained from
the temperature dependence of k., cannot be discussed solely in
terms of a purely kinetic model, but must comprise the analysis of
the thermodynamics of adsorption, as well.

An important feature of the reduction of Nip catalyzed by
nanoparticles is the induction time, t;, which can take up to
several minutes. As observed for a number of systems, the
reaction starts only after this induction time, and various models
have been proposed to explain this fact.®'#*%3*3537~%2 15 ap
important paper, Zhou et al. measured induction periods of
similar magnitude for Au nanoparticles in a different reaction**
and explained it by the restructuring of the surface by the
reactants. Adsorbate-induced restructuring of the metal surface
is a well-established concept in catalysis*>*® that has been observed
for many systems in the gaseous phase. The detailed analysis in
ref 35 suggested that induction time f, is related to a restructuring
of the surface by Nip. A more detailed understanding of the
dependence of the reaction on temperature must therefore
comprise an analysis of f; as the function of temperature, as well.

The analysis performed here uses gold nanoparticles affixed to
the surface of spherical polyelectrolyte brushes (SPB*’) as
catalysts.' %36 Figure 1 displays schematically the structure of
these composite particles: Cationic polyelectrolyte chains are
densely grafted to the surface of colloidal polystyrene spheres
with a diameter of ~100 nm. The Au nanoparticles are generated
in the surface layer of polyelectrolyte chains as described
recently.'>*>® These composite particles consisting of the
SPB and the metallic nanoparticles exhibit an excellent colloidal
stability. A number of previous studies have revealed that these
composite particles can be used for the quantitative study of the
kinetics of the reduction of Nip in the presence of metal
nanoparticles.'* 73133

Figure 1. Structure of the composite particles used in the kinetic
studies. Upper panel, left-hand: Scheme of the composite particles
consisting of spherical polyelectrolyte brushes (SPB) and gold nanoparti-
cles. AuNP were generated in a SPB consisting of poly([2-aminoethyl]-
methacrylate hydrochloride) chains that were attached on polystyrene
cores with a diameter of 88 & S nm. The thickness of the layer of the
polyelectrolyte chains (L) was 66 & 7 nm as determined through
dynamic light scattering. Upper panel, right side: TEM micrograph of a
composite particle. Lower panel: High-resolution electron microscopy
(HR-TEM) micrograph of faceted gold nanoparticles on a SPB consist-
ing of polystyrene and poly[2-aminoethyl]-methacrylate hydrochloride.
The central one shows a twin marked by red lines.

The aim of the present work is two-fold: (i) We aim at an in-
depth understanding of the various contributions to the apparent
activation energy, E,, that has previously been obtained by the
Arrhenius-analysis of k,,,, and (ii) we wish to elucidate the
origins of the induction period, t,. Special emphasis is laid on the
structure of the nanoparticles, since the entire analysis is related
to their surface. The present data will demonstrate that a full
mechanistic analysis of a model reaction catalyzed by nanopar-
ticles becomes possible using these composite systems.

B EXPERIMENTAL SECTION

The spherical polyelectrolyte brushes (SPB; cf. Figure 1) were
obtained and characterized as described recently.>® The cores of
the composite particles had a diameter of 88 &£ 5 nm, whereas the
thickness of the brush layer (L) was evaluated with 66 & 7 nm,
determined by dynamic light scattering. The composites of
spherical polyelectrolyte brushes and §old nanoparticles were
synthesized as described previously.'”> After the synthesis of
the gold NP, the brush thickness decreased to 43 = 3 nm, as
determined by dynamic light scattering. This points to a strong
interaction of the nanoparticles with the polyelectrolyte chains as
already discussed in ref 36. In a typical experiment, 10 mL of an
aqueous solution of 2.55 mM metal salt was added dropwise to
0.1 g of latex in 100 mL. Afterward the solution was purged with
N, to remove the oxygen, then a 3-fold excess of sodium
borohydride was slowly added to reduce the metal ions. After
the reduction was finished, the sample was cleaned by ultrafiltration.

The overall size of the Au NP was measured with transmission
electron microscopy (Phillips CM30). Approximately 600 par-
ticles were counted, and the average size was calculated to be
2.2 £ 04 nm. The high-resolution transmission microscopy
(HR-TEM) studies of single particles were performed using an
objective lens corrected FEI Titan 80-300 operated at 300 keV.
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Figure 2. Langmuir—Hinshelwood mechanism of the reduction of
p-nitrophenol by borohydride on the surface of metallic nanoparticles
(gray spheres). The catalytic reduction proceeds on the surface of the
metal nanoparticles: Borohydride ions react with the surface of the nano-
particles to form a surface-hydrogen species. Concomitantly, p-nitrophenol
adsorbs onto unoccupied sites of the metal surface. The adsorption/
desorption of both reagents on the surface is fast and is modeled in terms
of a Langmuir isotherm. The rate-determining step is the reduction of the
adsorbed Nip to Amp, which desorbs afterward.*®

The aberration corrector was set to small negative values, ¢, <
200 nm. Images were taken at Gaussian focus or small positive
focus values. The amount of metal inside the SPBs was measured
by TGA using a Netsch STA 409PC LUXX. Fifteen milligrams of
dried sample was heated to 800 °C under a constant argon flow
(30 mL/min) with a heating rate of 10 K/min. The specific
surface area of the nanoparticles was calculated from the average
radius obtained from the TEM micrographs, and the total mass
per particle was calculated from the TGA measurements. The
specific surface thus was calculated with 0.0108 m*/L.

The kinetic measurements were performed in a 3 mL quartz
cell using a Lambda 650 spectrometer from Perkin-Elmer. The
solutions of BH,; and Nip were freshly prepared before each
measurement, then purged with N,, mixed together with a given
amount of catalyst, and placed in the spectrometer. The extinc-
tion of Nip was subsequently detected at a constant pH value of
10 at A = 400 nm. The reaction was monitored at four different
temperatures (10, 20, 25, and 30 °C). The weight percent of gold
is 7.7 x 10”7 wt % in the final system used for the catalytic runs.

B KINETIC ANALYSIS

The analysis of the kinetic data was done in terms of the
Langmuir—Hinshelwood model.*® Figure 2 displays the essential
assumptions of this model. Borohydride ions react with the
surface of the nanoparticles and transfer a surface-hydrogen
species to the surface of the particles.*>** Previous work suggests
that this step is reversible and can be modeled in terms of a
Langmuir isotherm.>® It should be kept in mind, however, that
the interaction of borohydride ions with metallic surfaces is a
complicated process that comprises several steps.*** The treat-
ment of this step in terms of a Langmuir isotherm is a simpli-
fication that finds justification in the subsequent analysis. At the
same time, Nip molecules are adsorbed onto the surface of the
nanoparticles. This step is certainly reversible and can be modeled
by a Langmuir isotherm.*>*° Furthermore, it is assumed that the
diffusion of the reactants to the nanoparticles as well as all the
adsorption/desorption steps are fast. The reduction of Nip
adsorbed on the surface with the surface hydrogen species is
the rate-determining step. The final step of the catalytic cycle
(namely, the detachment of the product Amp) is also fast and
therefore does not enter into the kinetic equations.”

Within the LH model, the apparent kinetic rate constant, k,,
is strictly proportional to the total surface, S, of all metal
nanoparticles, and the kinetic constants k,,, and k; can be
defined through®

dCN,'p

dt

_kupp'CNip = —kl'S'CN,'p (1)

The LH model implies that

dc ‘Nip
dt

where Oyy, and 6Opy, denote the surface coverage of the
nanoparticles by Nip and borohydride, respectively, and k is
the rate constant of the surface reaction. They are modeled by a
Langmuir isotherm,

- — kS@NiPGBm (2)

Kyipenip)
Onip = (K s ) (32)
1+ (I<NipCNip) + I<BH4 CBH,
K
s, = Ko, ()

1+ (KN,-p cN,-p) "y Kgy, cgH,

Here, Ky;p and Kpy, are the adsorption constants of Nip and
BH, , respectively, and ¢, and cpy, denote the respective
concentrations in solution. The exponent n is related to the
heterogeneity of the sorbent.>" It takes into account that the
adsorption energy of the adsorption sites is not homogeneous
and can be modeled by a Gaussian distribution. Previous work
has shown that the adsorption of Nip is best modeled by
assuming an exponent n = 0.6, whereas the adsorption of
borohydride can be described through the classical Langmuir
isotherm with n = 1.>° With these definitions, eq 1 can be
rewritten as

_ dCNip o k‘S' (I{Nip'C]\]ip)ﬂ'IQ;H4 * CBH,
a n >
(1 + (KNip'CNip) +I<BH4'CBH4)
= kupp * CNip (4)
Therefore, k,,,, follows as

app

. . n . n— 1- .
k S KNip CNip KBH4 CBH,

(5)

Kapp = - 2
(1 + (I<th . CNip) + KBH4 * CBH4>

Equation S demonstrates that the true rate constant, k, which
is related to the reaction of the adsorbed species, can be obtained
from a fit of k,p,, to the experimental data if the total surface area,
S, of the particles is known. Moreover, this analysis leads to the
adsorption constants Ky, and Ky,

The dependence of the rate constants k and k., on
temperature, T, can be expressed through the Arrhenius
equation

k = ko exp (—%) (6a)

E
kapp = Kapp,0 exp (_R_I;"> (6b)

where kg is the frequency factor of the surface reaction and
E, ) defined through eq 6a is the true activation energy of the
surface reaction. It should not be confused with the apparent
activation energy, E,, obtained from an analysis of k
according to eq 6b.

As shown by eq 5, k,p, contains the temperature dependence
not only of k but also of Ky, and Kgp,. Since these adsorption
constants can now be obtained as a function of temperature, the
enthalpies AHy;, and AHgy, for the adsorption of Nip and

app
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BH,; can be obtained from the application of van’t Hoff’s
equation:

dinK _ AH
dun - TR 7)

With these values, the entropy of adsorption ASy;, and ASgy,
can be calculated according to

AG AH AS
——= - (8)

RT RT R

A central prerequisite of the above analysis is the assumption
that the reaction of the adsorbed species constitutes the rate-
determining step. This implies that the diffusion of the reactants
to and from the nanoparticles is much faster than the chemical
reaction on their surface. This is different from the oxidation
reaction on the surface of Au nanoparticles studied by Carregal-
Romero et al.,*> which was shown to be limited by the diffusion of
the reactants. For the reaction under consideration here, control
by diffusion can be definitely ruled out by calculating the second
Damkohler number (Dall), which assesses the competition
between the chemical reaction and mass transport through

diffusion:>*

InK =

k‘Cn71
B-a

where k is the reaction rate constant, c is the concentration, n is
the reaction order (here, first order), 3 is the mass transport
coeficient, and a is the total area of the interface. In general, f is
given by the diffusion coeflicient divided by characteristic length
scale, 0, over which mass transport takes place.53 For a con-
servative estimate of /3, it is expedient to use the thickness of the
entire brush layer as the magnitude of 0, assuming that the brush
layer does not disturb the diffusion of the reactants. For the
present system, O = 40 nm. The interfacial area, 4, is 10.78 1/m
and the diffusion coefficient of Nip is given by 6.92+10 ' m*/s
(water, 20 °C; taken from ref 54). Hence, 3 is given by 0.0173 m/s.
As for the rate constant, the value of 0.00149 1/s, which has been
derived for 10 mM BH,~ and 0.1 mM Nip,** could be used for an
estimate of Dall. From these figures, Dall follows as 8 X 1073,
which is far below unity. Since a more realistic value of 0 is on the
order of a nanometer only, a better estimate of Dall is on the
order of 10~ *. Moreover, this estimate is based on the assump-
tion of a planar system. However, mass transport takes place
around strongly curved nanoparticles. In this case, the radial
symmetry leads to a much faster mass transport. Evidently, mass
transport in the present system is faster by at least 2 orders of
magnitude, and it can be safely stated that there is no diffusion
control. This conclusion is also important for the discussion of t,
since it demonstrates that the induction time found for the
present system is not due to diffusional barriers.

Dall =

)

B RESULTS AND DISCUSSION

As in previous papers, we use spherical polyelectrolyte brushes
as carriers for the nanoparticles.'*™'7*"3%°%47 The SPB used
here carry long chains of the cationic polyelectrolye poly-
[(2-aminoethyl)methacrylate hydrochloride] (see Figure 1).
These particles have been shown to be excellent carriers for
the Au nanoparticles recently because of their stability against
coagulation or Ostwald ripening.'>*>*%*” The average size of the
Au nanoparticles was found to be 2.2 &= 0.4 nm, as derived from

0.0 t 1

-0.24 — kapp E

In(AVA,)

100 200 _ 300 400
time [s]

Figure 3. Time dependence of the absorption of p-nitrophenolate ions
at 400 nm shown for a typical run (cNip, 0.1 mM; cppy, S mM; S, 0.0108
m?/L; T, 25 °C). The red section of the line displays the linear section
from which k,,,, was taken. The induction time, to, is marked by an arrow.

TEM micrographs (see Figure 1). The total surface area, S, of the
nanoparticles present in the system can be calculated and used in
the analysis of the kinetic data. Moreover, the Au nanoparticles
present a well-defined catalyst, as shown here by HR-TEM:
Figure 1 demonstrates that these nearly monodisperse Au nano-
particles are well-defined truncated octahedral metallic nano-
crystals bound by {111} and {100} facets. Hence, the catalysis
performed with these particles can be compared in many respects
with catalytic studies done on well-defined macroscopic surfaces.

Figure 3 shows the typical time dependence of the reduction of
Nip at a wavelength of 400 nm. As already discussed in previous
work, there is an induction time, t;, in which no reduction takes
place."**® Then the reaction becomes stationary, and the reaction
follows a first-order rate law. Similar plots have been found by a
number of other authors [0131417192122242631-3335383942 .0
this linear part, the reaction rate constant, k,pp,, was taken. In the
following, we shall first discuss the stationary part of the reaction
and analyze k,,,. In a second part, t, will be analyzed as the
function of the temperature.

Kinetic Constant, k., for the Steady State of the Reac-
tion. For the kinetic analysis, two sets of experiments were run at
four different temperatures: first, the varying of the Nip con-
centrations at constant concentrations of BH, (10 and 5§ mM),
and in a second setup of experiments, the concentration of BH,
was varied while the concentration of Nip was set constant
(0.1 and 0.05 mM). Figure 4 shows the k,p,, as a function of the
concentrations of either Nip (a, b) or BH, (¢, d) at different
temperatures. The lines are the corresponding fits from the
Langmuir—Hinshelwood model. The respective fit parameters
are summarized in Table 1. As shown in Figure 4 an increase in
the concentration of Nip always leads to a decrease in the rate
constant (k,pp). On the other hand, an increase in the concen-
tration of BH,  leads to an increase in the reaction rate, which
levels off at the highest concentrations. The explanation for this
characteristic dependence of k,p, on the concentrations of both
reactants has already been given previously.”> Both reactants
compete for free places at the surface of the Au nanoparticles, and
the reaction can occur only between species adsorbed on the
surface. If most places are occupied by a single species, the
reaction will be slowed down considerably. This is seen for higher
concentrations of Nip that strongly adsorbs to the surface of the
Au nanoparticles and thus blocks the surface reaction.

By measuring the reaction at different temperatures, the
adsorption constants Ky;, and Kpy, can be determined as a
function of temperature (see Table 1). The adsorption constant
Kyip of Nip increases with an increasing temperature (Figure Sa),

dx.doi.org/10.1021/cs200208a |ACS Catal. 2011, 1, 908-916
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Figure 4. Dependence of the apparent rate constant, k,p,, on the concentration of Nip at constant concentrations of BH, ™ (10mMina, 5mMinb) and
on the concentration of BH, at a constant concentrations of Nip (0.1 mM in ¢, 0.05 mM in d) at different temperatures. Black lines are the
Langmuir—Hinshelwood fits for the different temperatures. The surface of the nanoparticles in the reaction volume was calculated to 0.0108 m*/L.

Table 1. Summary of the Rate Constants, k, and the Adsorption Constants of Nip and BH, (KNip and KBH4) at Different
Temperatures by Fitting the Experimental Data with Langmuir-Hinshelwood Shown in Figure 4

T 10 °C 20 °C 25 °C 30°C
k (mol/m® s) (0.7340.10)-10* (1.8940.28)-10* (22740.34)-10* (29240.44)-10*
K (L/mol) 5300 % 800 5900 % 900 6400 = 1000 7800 = 1200
Ky, (L/mol) 79+ 12 76411 82412 87413
n 0.6+0.1 0.6+0.1 0.6+ 0.1 0.6+0.1

whereas the change of Kgyy, is smaller in the same temperature
range. Table 2 summarized the respective thermodynamic para-
meters of both compounds. In the case of Nip, the adsorption is
endothermic. The positive value of AS indicates that the libera-
tion of water or other surface-bound species is the dominating
process of adsorption.

In contrast, the adsorption constant of BH,  (Figure Sb) is
much smaller. As mentioned above, the interaction of BH, ™ ions
with metal surfaces is a complicated process that involves several
steps.*** For the present analysis, it suffices to note that the
analysis of k,,;, allows a full description of the experimental data
for the entire range of temperatures under consideration here.

Table 1 shows that the surface rate constant, k, is increasing
with temperature and the activation energy, E y, result is 49 kJ/mol
from the respective Arrhenius plot (Figure 6). This value is in the
same range as that of ky,,, (50 kJ/mol) measured at 0.1 mM Nip
and 10 mM BH,, where both concentrations are near their
plateau values (see Figure 4). However, Ej ) is a true activation
energy that is related to a kinetic rate constant; namely, to the one
related to the reaction of the surface-bound species with adsorbed
Nip. The activation energy obtained from k,, is only an apparent
value, since it contains the temperature dependence of the adsorp-
tion constants Ky, and the adsorption constants Ky, as well.

This point can be elucidated further by Arrhenius plots of k,,
referring to various concentrations of Nip at 10 mM BH, . From
Figure 6a, apparent activation energies, E,, were calculated to be
in the range between 49 and 57 kJ/mol. Moreover, a plot of the
corresponding frequency factors, ko, calculated from the Arrhe-
nius plot as a function of the apparent activation energies leads to
a linear relation (compensation law plot; cf. ref 28). Figure 6b
assembles all data obtained here and from previous work for
different metal nanoparticles.'*'”*"** This compensation effect
has be explained by the following effects:** (1) heterogeneity of
activity and distribution of active sites,*® (2) entropy-enthalpy
relation,***” (3) relation between the coverage of the surface and
activation energy,*®*® (4) selective energy transfer,*” and (5)
correlation of the activation energy of the rate-determining step
and the stability of the reaction intermediates.*’

For the present system, an explanation can be given as follows:
As shown in Figure 6b, a linear compensation can be found for
activation energies and frequency factors of different nanoparti-
cles embedded in SPB. In particular, the data obtained for the
present system can be described by this type of compensation
plot. On the other hand, the above analysis has shown that all
kinetic data are fully compatible with the Langmuir—Hinshel-
wood model. Thus, the compensation can be explained by the

dx.doi.org/10.1021/cs200208a |ACS Catal. 2011, 1, 908-916
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Figure 5. Dependence of the adsorption constants Ky, of Nip (a) and the adsorption constants Kgyy, of borohydride (b) on the inverse temperature.
The enthalpies of the adsorption process were calculated from these plots using the van’t Hoff's equation. From this, the entropies can be obtained.

All values are given in Table 2.

Table 2. Summary of Enthalpy and Entropy Values of the
Adsorption Process of Nip and BH,

Kyip Kgp,
AH [kJ/mol] 13+4 33+26
AS [J/mol K] 116+ 11 46+9

different surface coverage, 6, of the metal nanoparticles at
different temperatures.’®>® To verify this, we calculated the rate
constants k; ¢ at given constant coverage but at different tem-
peratures. The respective plots of k; g are shown in Figure S2 in
the Supporting Information. As expected from the LH analysis,
the resulting activation energies are approximately the same
(60 kJ/mol) for a constant surface coverage; only the frequency
factors change. It thus becomes obvious that the compensation
law is a natural consequence of the LH kinetics and can be traced
back to a change in the surface coverage by changing the
temperature.

The influence of the thermodynamic adsorption parameters
on kg, can be seen directly from eq $ for the limiting case of
small concentrations of both reactants. In this case, the denomi-
nator of the term referring to adsorption is unity, and the
measured activation energy is modified by terms that contain
the adsorption enthalpy. The preexponential factor, in turn,
contains terms that depend on the adsorption entropy. Since
AHy;, and ASyg, are positive for the present system, both the
apparent preexponential factor and the apparent activation
energy will increase. If, on the other hand, the concentration of
both reactants is high, the surface of the nanoparticles is
saturated. Thus, the influence of the adsorption terms will nearly
cancel out in eq 5. The activation energy measured from k,p, is
therefore dominated by Ey4 j, and the preexponential factor, by k.

Induction Period, to. As shown in Figure 3, the reaction starts
only after an induction period, t,. As discussed in previous work,
the induction is nearly independent of the concentration of
BH, (see Figure S1); however, it depends strongly on the
concentration of Nip.*® Here, it is argued that the induction time
is due to a substrate-induced surface restructuring that is
necessary to render the metal nanoparticles an active catalyst.
To pursue this problem in further detail, the induction time is
treated as a rate constant and plotted against the concentration of
Nip, as shown in Figure 7a. An intercept (1/fy,) at c(Nip) = 0
can be clearly seen in this plot, which must be caused by a
spontaneous surface reconstruction of the Au NP that occurs in
the absence of a substrate. In addition, measurements at different
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Figure 6. (a) Arrhenius analysis of the kinetic constants obtained in the
present analysis. Arrhenius plot of the rate constant k; (kapp normalized
to the total surface S of the nanoparticles; cf. eq 1) for different
concentrations of Nip at 10 mM BH, . (b) Compensation plot of the
frequency factors k; o (cf. eqs 6a, 6b) vs the apparent activation energies,
E,, obtained from panel a for different metallic nanoparticles embedded
in SPBs. Solid symbols indicate the data for selected concentrations of
nitrophenol and BH,,~ from this work (see also Table S1), whereas open
symbols present data taken from the literature: Platinum nanoparticles
(Pt NP), refs 14 and 3. Palladium nanoparticles (Pd NP), ref 17; silver
nanoparticles (Ag NP), ref 31.

temperatures lead to an activation energy of this spontaneous
surface reconstruction with 5SS kJ/mol (Figure 7b). These
findings are very similar to those of Zhou et al,** who studied
the reduction of reazurin with hydroxylamine on Au nanoparti-
cles by an optical technique. The evidence for substrate-induced
surface restructuring was found from a similar analysis (see
Figure 6 of ref 44). In this work, the activation energy for the
spontaneous surface restructuring of gold nanoparticles was
found to be 19 kJ/mol. This value is lower than the activation energy
we have determined here, and the difference may arise from the
different size of the nanoparticles used in the work of Zhou et al.**
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Figure 8. Relation of the substrate-induced surface restructuring to the coverage of the nanoparticles by the substrate nitrophenol. Dependence of
((1/t5) — (1/top))/k to the surface coverage, Oy, of nitrophenol at a concentration of BH, ™ of 10 mM (a), and 5 mM (b), respectively. The temperatures are

as follows: black, 10 °C; red, 20 °C; green, 25 °C; and blue, 30 °C.

In the following the rate of the substrate-induced surface
restructuring given by (1/t)) — (1/t,) will be discussed. The
previous analysis®® has suggested that this rate is related to the
rate constant, k, of the stationary reaction. The present data fully
corroborate this conjecture by using data referring to different
temperatures: Figure 8 displays the rate of substrate-induced
surface restructuring normalized to k; that is, ((1/ty) — (1/to))/k
as a function of the square of the surface coverage QNipz. All data
superimpose to a master curve, and a linear relationship is obtained
within the experimental limits of error. The concentration of
borohydride was kept constant in both panels. Note that both
panels contain data referring to different temperatures. Clearly, the
temperature dependence of (1/ty) — (1/ty) is fully governed by
the temperature dependence of k. The influence of the borohydride
concentration is marginal, since the slope of the straight lines in
Figure 8a and b differ only slightly.

Figure 8 presents the key result for the present analysis of the
induction time, t,. It demonstrates that (i) the rate of substrate-
induced restructuring (1/ty) — (1/to) is solely related to the
surface coverage, 9Nip, and (ii) the dependence on QNiP is
quadratic; that is, at least two Nip molecules should interact to
induce the change of surface structure. The restructuring of metal
surfaces by substrates is a well-known effect in catalysis. Small
molecules are known to lift the reconstructed Au surface, even at
low temperatures.’’ ~ In an adsorption study of CO molecules
on a gold surface, Pierce et al.** found that the restructuring rate
of the gold surface is deg)endent on the amount of adsorbed CO
molecules. Driver et al.°' found that lifting of the reconstruction
by adsorption of NO molecules is a concerted process: once
a critical island size of adsorbed NO molecules is reached, a

cooperative restructuring occurs. A similar effect was found for
adsorbate-induced restructuring of the surface of Pt surfaces.5>%
Clearly, no direct evidence can be given for the present system
yet, since an analysis of the surface of single nanoparticles with
the required accuracy is still a formidable task. However, the
evidence given here is in full accord with the similar findings of
Zhou et al.** Thus, we are led to the conclusion that the Au
nanoparticles under consideration here require a reconstruction
of the surface to become active catalysts.

B CONCLUSIONS

The catalytic reduction of nitrophenol with sodium borohy-
dride and its dependence on temperature can be fully described
by the Langmuir—Hinshelwood model in which both reactants
are adsorbed on the surface of the nanoparticles. The reaction
can be described with 3 constants: the intrinsic rate constant, k;
the adsorption constants for nitrophenol, Ky,; and borohydride,
Ky, Analysis of these constants as the function of temperature
leads to the true activation energy of Ex . = 49 kJ/mol of the true
rate constant, k. The dependence of the constants Ky, and Kgyy,
on temperature could be evaluated to obtain the adsorption
enthalpy and entropy for both reactants. The induction period,
to, was traced back to surface restructuring of the nanoparticles,
and any limitation by diffusion could be clearly ruled out. The
analysis of f, as a function of the concentration of nitrophenol
revealed evidence for two restructuring processes: one sponta-
neous process (see the discussions of the intercepts in Figure 7a)
and one process that depends on the square of the surface
coverage By, of the substrate nitrophenol. The rate of this
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substrate-induced surface restructuring was found to be directly
related to the rate, k, of the surface reaction as revealed by the
Langmuir—Hinshelwood ansatz eq S. Scaling of this rate leads to
a master curve in which all data superimpose when plotted
against 9Nip2 (see Figure 8). Hence, the reduction of nitrophenol
with borohydride cannot take place on the surface of pristine
nanoparticles, but requires a surface restructuring that seems to
be a cooperative process involving several nitrophenol molecules.
In this respect, catalysis on the surface of Au nanoparticles seems
to follow the mechanisms that have been firmly established for
macroscopic surfaces in recent years.*>*
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