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Abstract
In this work, two catalytic model reactions were studied using different metallic nanoparticles
in aqueous solution. One is the catalytic reduction of p-nitrophenol (Nip) by sodium
borohydride (BH4− ). The reaction proceeds in the following route: Nip is first reduced to p-

hydroxylaminophenol (Hx) which is further reduced to the final product p-aminophenol
(Amp). Here we present a full kinetic scheme according to Langmuir-Hinshelwood
mechanism (LH), in which all steps of the reaction are assumed to proceed solely on the

surface of the metallic nanoparticles. The solution of the kinetic equations gives the
concentration of Nip as the function of time, which can be directly compared with the
experimental data. Satisfactory agreement is found for reactions catalyzed by Au
nanoparticles immobilized in spherical polyelectrolyte brushes (SPB-Au) verifying the
validity of the reaction route. The rate constants extracted from fit demonstrate that the
reduction of Hx to Amp is the rate-determining step.
The full kinetic analysis derives precise parameters to evaluate the catalytic activity of
nanoparticles. First, the catalytic activity of SPB-Au/Pd nanoalloys has been studied. It is
found that the reduction of Nip to Hx is strongly enhanced compared to those catalyzed by
neat Au and Pd nanoparticles. Analysis with high-resolution transmission electron
microscopy (HR-TEM) suggests that the surface defects of the nanoalloys play an important
role for the enhanced catalytic activity. Second, the influence of SPB carrier on the catalytic
behavior of metal nanoparticles has been investigated. Ligand-free Au nanoparticles
fabricated by laser ablation have been used as reference materials. The temporal decay of Nip
can be well modelled up to a conversion of 70 %, which is much higher than the case of SPBAu. The fit parameters including adsorption constants and reaction rates are quite similar with
those of SPB-Au, which proves that SPB is an excellent carrier that hardly impedes the
catalytic activity of the nanoparticles.
In the second part, we present a study on the catalytic oxidation of 3,3’,5,5’tetramethylbenzidine (TMB) by hydrogen peroxide (H 2 O 2 ) with SPB-Pt and Fe 3 O 4
nanoparticles. The catalysis with SPB-Pt nanoparticles was analyzed by two different models:
Michaelis-Menten (MM) and Langmuir-Hinshelwood (LH) model, respectively. In the MM
model, the oxidation of TMB catalyzed by nanoparticles is inferred to the catalysis of
peroxidase assuming the Ping-Pong mechanism. H 2 O 2 first binds to the catalysts and
generates a water molecule. Subsequently, TMB molecules transfer two successive oneI

electron to the oxidized catalyst and complete the catalytic cycle. The initial rates of the
reaction were analyzed by nonlinear fits and Lineweaver-Burk plots. The consistency was
checked for the first time. It is found that the frequently used analysis with the initial rates
introduces large errors and leads to inconsistent results, which indicates that such approach is
not suitable to analyze the oxidation of TMB catalyzed by nanoparticles. Furthermore, the
product formation as the function of time was fitted by the MM model. It is found that the
product inhibits the reaction. With the consideration of product inhibition, the MM model can
fit the experimental data up to a conversion of 40%. However, the fit parameters deviate
systematically around the mean values, which indicate that the Michaelis-Menten model
cannot provide a satisfactory description of all the kinetic data of TMB oxidation catalyzed
by nanoparticles.
In the LH model, it is assumed that H 2 O 2 and TMB adsorb on the surface of nanoparticles in
the first step. H 2 O 2 decomposes to surface bound reactive oxygen species (ROS), which
further react with TMB that also adsorbed on the surface. The equation of the kinetic model
was integrated analytically and compared directly to the experimental data. The product of
this reaction is found to adsorb strongly to the surface and therefore inhibits the reaction. The
LH model with product inhibition gives satisfactory description of the kinetic data up to a
conversion of 40%. The involvement of the surface of the catalysts in the rate-determining
step is clearly seen from the fact that the reactivity is strictly proportional to the total surface
area of Pt nanoparticles. A kinetic constant k derived here is independent on the amount of
catalysts used, which is suitable to evaluate the activity of nanoparticles. The entire analysis
demonstrates that the Langmuir-Hinshelwood model provides a superior approach to describe
the kinetics of TMB oxidation catalyzed by nanoparticles.

Keywords: model reactions, kinetics, nanoparticles, Langmuir-Hinshelwood, MichaelisMenten, p-nitrophenol, 3,3’,5,5’-tetramethylbenzidine, spherical polyelectrolyte brushes
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Zusammenfassung
In dieser Arbeit wurden zwei katalytische Modellreaktionen studiert. Zunächst die
katalytische Reduktion von p-Nitrophenol (Nip) mit Natriumborhydrid (BH4− ). Diese verläuft

entlang der direkten Route: Dabei wird Nip über p-Hydroxylaminophenol (Hx) zum Produkt
p-Aminophenol (Amp) reduziert. Ein kinetisches Modell wird vorgestellt, dass die Reaktion
auf Basis des Langmuir-Hinshelwood (LH) Mechanismus beschreibt, bei dem angenommen
wird, dass alle Reaktionsschritte ausschließlich auf der Oberfläche der Metall Nanopartikel
stattfinden. Die Lösung der Gleichungen gibt die Nip Konzentration als Funktion der Zeit,
welche direkt mit den experimentellen Daten verglichen werden kann. Werden als
Katalysator auf sphärischen Polyeletrolytbürsten stabilisierte Gold Nanopartikel (SPB-Au)
verwendet, zeigt sich eine gute Übereinstimmung und unterstreicht die Allgemeingültigkeit
der direkten Route. Die bei der Analyse gewonnenen kinetischen Konstanten zeigen, dass die
Reduktion von Hx zu Amp der geschwindigkeitsbestimmende Schritt ist.
Die volle kinetische Analyse liefert genaue Parameter um die katalytische Aktivität von
Nanopartikeln zu bewerten. Die Untersuchung der katalytischen Aktivität von SPB-Au/Pd
Nanolegierungen hat gezeigt dass diese, verglichen mit reinen Au bzw. Pd Nanopartikeln,
eine stark erhöhte Aktivität bei der Reduktion von Nip zu Hx besitzen. Die Analyse mit
hochauflösender Transmissionselektronenmikroskopie (HR-TEM) deutet darauf hin, dass
Defekte der Oberfläche der Nanolegierungen eine wichtige Rolle bei der erhöhten
katalytischen Aktivität spielen. Des Weiteren wurde der Einfluss der SPB Trägerpartikel auf
die katalytische Aktivität der Metall Nanopartikel untersucht. Dabei wurden als Referenz
durch Laserablation erzeugte ligandenfreie Au Nanopartikel benutzt. Im Gegensatz zu SPBAu kann der zeitliche Zerfall von Nip mit den Referenzpartikeln bis zu einem Umsatz von 70 %
modelliert werden. Die erhaltenen Adsorptionskonstanten und Reaktionsraten beider Partikel
sind dabei sehr ähnlich und zeigen dass SPB exzellente Trägerpartikel sind, die die
katalytische Aktivität der Nanopartikel kaum beeinflussen.
Der zweite Teil beschäftigt sich mit der katalytischen Oxidation von 3,3’,5,5’Tetramethylbenzidin (TMB) durch Wasserstoffperoxid (H 2 O 2 ) an SPB-Pt und Fe 3 O 4
Nanopartikeln. Dabei wurden die Katalyse mit SPB-Pt mithilfe zweier Modelle analysiert:
Michaelis-Menten (MM) und Langmuir-Hinshelwood (LH). Im MM Modell wird die
Oxidation von TMB durch die Nanopartikel mit der Peroxidase katalysierten TMB Oxidation
unter Annahme des Ping-Pong Mechanismus verglichen. H 2 O 2 bindet zuerst an den
III

Katalysator und erzeugt ein Wassermolekül. Anschließend überträgt TMB nacheinander zwei
Elektronen auf den oxidierten Katalysator und vollendet den Katalysezyklus. Die initialen
Reaktionsraten wurden mit nichtlinearen Fits und Lineweaver-Burk Plots analysiert und die
Konsistenz wurde zum ersten Mal überprüft. Es wurde gezeigt, dass die häufig verwendete
Analyse der initialen Reaktionsraten große Fehler verursacht und zu inkonsistenten
Ergebnissen führt. Dies zeigt dass dieses Vorgehen zu Analyse der Oxidation von TMB nicht
geeignet ist. Darüber hinaus wurde die Produktbildung als Funktion der Zeit mit dem MM
Modell gefittet und es hat sich gezeigt, dass das Produkt die Reaktion inhibiert. Unter
Berücksichtigung der Produktinhibition kann das MM Modell die experimentellen Daten bis
zu einem Umsatz von 40 % fitten. Die Fit Parameter schwanken jedoch systematisch um die
Durchschnittswerte, was darauf hindeutet, dass das Michaelis-Menten Modell keine
zufriedenstellende Beschreibung aller kinetischer Daten der Nanopartikel katalysierten TMB
Oxidation ermöglicht.
Im LH Modell wird angenommen dass H 2 O 2 und TMB im ersten Schritt auf der Oberfläche
der Nanopartikel adsorbieren. H 2 O 2 zersetzt sich zu oberflächengebundenen reaktiven
Sauerstoffspezies (ROS), die dann weiter mit ebenfalls adsorbiertem TMB reagieren. Die
Gleichung des kinetischen Modells wurde analytisch integriert und direkt mit den
experimentellen Daten verglichen. Dabei zeigte sich, dass das Reaktionsprodukt stark auf der
Oberfläche adsorbiert und dadurch die Reaktion inhibiert. Das LH Modell mit
Produktinhibition ermöglicht hierbei eine zufriedenstellende Beschreibung der kinetischen
Daten bis zu einem Umsatz von 40 %. Die Tatsache, dass die Reaktionsgeschwindigkeit
direkt abhängig von der Gesamtoberfläche der Pt Nanopartikel ist, zeigt dass die
Metalloberfläche am geschwindigkeitsbestimmenden Schritt der Reaktion beteiligt ist. Die
kinetische Konstante k, die hier abgeleitet wurde ist unabhängig von der Menge des
verwendeten Katalysators und daher zur Bewertung der katalytischen Aktivität der
Nanopartikel geeignet. Die gesamte Analyse zeigt, dass das Langmuir-Hinshelwood Modell
die bessere Näherung zur Beschreibung der Kinetik der Nanopartikel katalysierten TMB
Oxidation bietet.
Schlüsselwörter:

Modellreaktionen,

Michaelis-Menten,
Polyelektrolytbürsten
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1.

Introduction

Metallic nanoparticles have been the subject of intense research in the last several decades
because of their excellent catalytic properties.1-7 For example, gold was thought to be
catalytically inert until Haruta et al. found that gold nanoparticles can catalyze the oxidation
of carbon monoxide in 1980s.8 Since then gold nanoparticles have been used as active
catalysts for oxidation,9-11 hydrogenation processes12-13 and many other reactions.14-15 Up to
now the knowledge of preparing nanoparticles has been well advanced and a great number of
metal nanocatalysts can be synthesized with the full control over the size and shape.16-19
However, catalytic performance testing for these nanoparticles are often poorly defined,
which makes comparison and benchmarking rather difficult.1 Here we wish to pursue well
defined reactions that take place in aqueous phase and for which a comprehensive kinetic
analysis is possible. With such model reactions important parameters characterizing the
catalytic activity of nanoparticles can be obtained and compared quantitatively in the future.
1.1

Nanoparticles in catalysis

One of the main challenges for metal nanocatalysts is the handling of nanoparticles in
solution during the reaction. For heterogeneous catalysis, the reactions take place on the
surface of the catalytic active materials.20-21 Therefore, the surface of nanoparticles should be
accessible for reactants. The agglomeration or leaching of the nanoparticles can be ruled out
during the reaction. The nanoparticles are recyclable for the sake of repeated usage. All these
require nanoparticles to be prepared and stabilized in a suitable manner.4, 22
Very often the nanoparticles are synthesized by wet-chemical methods because of the
easiness to control the sizes, shapes and compositions of the nanoparticles.3

23-29

Ligands or

capping agents are introduced to stabilize the nanoparticles,30 such as small molecules,31-37
polymers38-42 and ionic species.43 The functional groups of these agents can adsorb on the
surface of nanoparticles to prevent agglomeration because of the steric and binding effect.
However, ligands or capping agents are often reported to decrease the catalytic activity.44-45
Ligand-free metal nanoparticles with uncapped surface can be used as reference materials to
study the catalytic behavior of nanoparticles in support system. Ligand-free nanoparticles are
usually generated by physical methods which involve in disintegrating bulk materials to the
dimension of nanometers.3, 46-50 One method is ablating a target material with plasma or laser
in aqueous solution.51-53 The nanoparticles thus obtained are only stabilized by hydroxide
ions in water, and no strongly attached ligands will impede the catalytic activity. The
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catalytic activity of these ligand-free nanoparticles can be compared with that of
nanoparticles in supports, which will directly give us the information of the influence of the
supports.
Nanoparticles can also be stabilized by carriers, for example, colloidal particles,54-56
mesoporous materials57-61 and dendrimers.62-64 Some time ago we found spherical
polyelectrolyte brushes (SPB) are inert and robust carriers for different metallic
nanoparticles.65-73 Metallic nanoparticles including Au, Pt, Pd, Au/Pd and Au/Pt nanoalloys
have been immobilized in SPB carriers,66,

73-77

which can be used as model catalysts for

kinetic studies.74-75, 78-79
The SPB system consists of a polystyrene core (PS), onto which positively or negatively
charged polyelectrolyte brushes are grafted, as shown in Figure 1.77 Frequently used
positively charged brushes are poly [2-methylpropenoyloxyethyl trimethyl ammonium
chloride] (PMPTAC)77 and poly [2-aminoethyl methacrylate hydrochloride] (PAEMH),80
while the negative brushes include poly (acrylic acid) (PAA)81 and poly (styrene sulfonate)
(PSS).82 It is found that the majority of the counter ions are confined within the brush layer.6768

The confined counter ions build up a high osmotic pressure inside the brush layer, which

leads to the stretch of the polyelectrolyte chains. In a certain regime, the polyelectrolyte
chains will shrink with high concentration of salt.68
The synthesis of nanoparticles in SPB begins with the immobilization of precursor ions into
the brush layer as counter ions, afterwards the ions are reduced by NaBH 4 , as shown in
Figure 1. For bimetallic nanoparticles, two metal precursors are introduced into the brush
layer one by one followed by a co-reduction process.72 The adsorption of metal salt will
reduce the thickness of the brush layer, and the thickness will be reduced further by the
reduction of the metal salt.70 This is due to the cross-linking effect of the negatively reduced
nanoparticles with the positive brushes. Nanoparticles which are not confined within the
brush layer will be washed off in the ultra-filtration step.

2
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Figure 1: Upper panel: Synthesis of nanoparticles inside of the brush layer of spherical polyelectrolyte brushes
(SPB) by sodium borohydride. The metal ions are immobilized in the brush layer as counter ions. Reduction of
these embedded metal ions with NaBH 4 leads to nanoparticles of the respective metal. Lower panel: Cryo-TEM
images of gold (left), palladium (middle) and platinum (right) nanoparticles encapsulated in SPB. Reprinted
with permission from ref. 77 Copyright 2007 WILEY-VCH.

The obtained nanoparticles have high colloidal stability due to the electrostatic interactions as
well as the steric effort of the brush chains. Cryogenic transmission electron microscopy
(Cryo-TEM) shows that the monodispersed nanoparticles are distributed near the surface of
PS core, as displayed in Figure 1.70-71 The polyelectrolyte chains cannot block the surface of
the nanoparticles or hind the diffusion of the reacts to the nanoparticles as indicated by our
previous study.75 Therefore, nanoparticles immobilized in such carriers are desirable catalysts
for catalytic study.82-85
1.2

Catalytic model reactions

To study the fundamental aspects of catalysis by nanoparticles, such as the dependence of
catalytic activity on size, components and carrier systems, a model reaction is necessary,
which is quite different from reactions in industry. A model reaction should satisfy the
following requirements:1
(i) No side reactions could take place and no by-products can be generated during the
reaction. The reaction process should be well-established from reactants to products in the
presence of catalysts. Moreover, the reaction cannot proceed without catalysts.

3
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(ii) The reaction should occur under mild conditions, such as at room temperature and in mild
solvents like water. Furthermore, no degradation or transformation of the nanoparticles could
take place during the reaction.
(iii) The reaction rates can be easily measured with high precision. A full kinetic analysis of
the reaction rate as a function of temperature should also be possible in order to understand
the thermodynamics of the reaction.
1.2.1

Reduction of p-nitrophenol

One of the most frequently used model reactions is the reduction of p-nitrophenol (Nip) to paminophenol (Amp) by sodium borohydride (BH4− ) in aqueous solution. Pal et al.86 and

Esumi et al.87 were the first to identify the reaction as a suitable reaction to evaluate the

catalytic activity of metallic nanoparticles. The reaction can be monitored easily with high
precision by UV−vis spectroscopy as shown in Figure 2.1 This is due to the fact that pnitrophenolate ion has a strong absorption at 400 nm. Several isosbestic points in the spectra
of the reacting mixture demonstrate that Amp is the only product and there are no side
reactions during the reaction.71, 86

Figure 2: Reduction of p-nitrophenol by sodium borohydride, (a) absorption spectra of the reaction solution as a
function of time; (b) typical time course of the absorption at 400 nm. Reprinted with permission from ref.74
Copyright 2010 American Chemical Society.

The decay of the absorption at 400 nm can be measured as a function of time as shown in
Figure 2b. At the beginning there is a delay time in which no reaction takes place. This
induction period 𝑡𝑡0 was usually ascribed to the diffusion of substrates to the surface of

nanoparticles before the reaction starts.88-90 However, the diffusion control can be definitely

ruled out by estimating the ratio of chemical reaction rate to mass transfer rate (the second
Damköhler number, DaII) by the studies with metallic nanoparticles immobilized in SPB.75
4
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This induction period was assigned to surface restructuring to active the metal
nanoparticles.74-75 The same conjecture was also concluded for the reduction of resazurin
with hydroxylamine catalyzed by gold nanoparticles reported by Chen et al.91 After the
induction period, the reaction starts and after an intermediate period a stationary state is
reached which may last for several minutes. The stationary state can be used to calculate the
apparent rate constant 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 by a pseudo first order kinetics when an excess of sodium

borohydride is used.55, 76, 92-95 It is found that 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 is proportional to the surface area S of the

metal nanoparticles: 56, 71, 76

d𝑐𝑐Nip
= −𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑁𝑁𝑁𝑁𝑎𝑎 = −𝑘𝑘1 𝑆𝑆𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁𝑎𝑎
d𝑡𝑡

(1.1)

The parameter 𝑘𝑘1 is the rate constant normalized to the surface area of nanoparticles per
volume of the reaction solution, which has been evaluated in many reports to compare the

activity of different nanoparticles.34, 56, 71, 76-77, 81, 94-97 This proportional relationship indicates
that the reduction of Nip takes place on the surface of nanoparticles.

Figure 3: Scheme of the Langmuir-Hinshelwood (LH) mechanism of the reduction of p-nitrophenol by sodium
borohydride catalyzed by nanoparticles. The grey spheres are metallic nanoparticles. First the reactants adsorb
onto the surface of nanoparticles. For borohydride, surface hydrogen species are transferred to the surface
during the adsorption. Then both adsorbed species react in the rate-determining step. Finally, the generated Amp
molecules desorb from the surface, new catalytic cycle can start again.
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Figure 4: The dependence of apparent rate constant k app on the concentration of p-nitrophenol (a) and
borohydride (b). The reaction was catalyzed by Au nanoparticles immobilized in spherical polyelectrolyte
brushes. The green lines are fits to the data by the Langmuir-Hinshelwood (LH) kinetics. Reprinted with
permission from ref.74 Copyright 2010 American Chemical Society.

A comprehensive analysis of the apparent reaction rates has been done with LangmuirHinshelwood (LH) model by our group.74-75, 78 The reaction scheme is displayed in Figure 3.
Both the reactants first adsorb onto the surface of nanoparticles. In the case of borohydride,
surface hydrogen species are transferred to the surface.98-99 These adsorptions are reversible
and can be modelled by Langmuir isotherm. The diffusion of reactants to the nanoparticles
and all the adsorptions and desorptions are assumed to be fast. Then the adsorbed species
react in the rate-determining step. The final Amp molecules desorb from the surface quickly,
and a new catalytic cycle can start again. Thus,
𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎=

𝑛𝑛−1
𝑘𝑘𝑘𝑘K nNip 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁
(K BH4 𝑐𝑐𝐵𝐵𝐵𝐵4 )𝑚𝑚
(1 + (K Nip 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁 )𝑛𝑛 + (K BH4 𝑐𝑐𝐵𝐵𝐵𝐵4 )𝑚𝑚 )2

(1.2)

where k is the kinetic constant describing the surface reactivity of the adsorbed species,
which represents the true activity of the nanoparticles. K Nip , K BH4 are the corresponding
adsorption constants, while m and n are the heterogeneity of the surface. The typical fits of

the dependence of 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 on the concentrations of Nip and BH4− are displayed in Figure 4. In

the LH mechanism both Nip and BH4− have to adsorb on the surface of the nanoparticles to

react. Since both reactants compete for the active sites on the surface of the nanoparticles, an
increasing of the concentration of the reactant with higher adsorption constant will decrease

the reaction rate as seen in Figure 4a. While an increasing of the concentration of the other
reactant will first increase the rate, later the rate will not increase any more, as seen in Figure
6
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4b. Meijboom et al.100-101 have applied this Langmuir-Hinshelwood (LH) equation to the
reaction catalyzed by different nanoparticles immobilized in dendrimers. Good fitting results
demonstrated that this model, which assumes the adsorption of both reactants on the surface
of the catalyst, is suitable to evaluate the catalytic properties of different nanoparticles.

Figure 5: Reaction scheme for the reduction of nitroarenes to anilines. In the direct route, the nitroarenes are
first reduced to nitroso compounds and then further to the corresponding hydroxylamines quickly, which are
reduced to anilines in a relatively slow step. In the condensation route, the intermediate nitroso compounds can
react with hydroxylamines to form azoxy compounds which are reduced to anilines finally. Reprinted with
permission from ref. 102 Copyright 2006 American Association for the Advancement of Science.

A central question to be concerned is the detailed mechanism of the reduction of Nip. The
well-studied reaction, namely the catalytic reduction of nitrobenzene can be used for
inference. More than 100 years ago, Haber103 established two reaction routes to explain the
electrochemical reduction of aromatic nitro compounds as shown in Figure 5. In the direct
route, the nitroarenes are first reduced to nitroso compounds and then to the corresponding
hydroxylamines quickly, which are further reduced to anilines in a relatively slow step.102 In
the condensation route, the intermediate nitroso compounds can react with hydroxylamines to
generate azoxy compounds which are reduced subsequently to anilines.102 Recent work has
clearly revealed that the reduction proceeds only along the direct route if the reaction is
catalyzed by Au nanoparticles and no trace of azo- and azoxy- compounds can be
detected.104-105

The direct reaction route has been applied as a two-step reaction to
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investigate the catalytic activity of bimetallic Au/Pd nanoclusters for the reduction of
nitrobenzene with NaBH 4 in solution.106
The issue is whether the reduction of Nip by BH4− also follows this mechanism. A detailed

kinetic study is obviously necessary to verify the reaction route. In addition, the LH model
established now only investigates the stationary state. How this stationary state is achieved

during the reaction is still unknown. As seen in the temporal curve of Nip (Figure 2b) when
the reaction starts after the induction period, the rate given by the tangent of this short period
is larger compared with the rate of stationary state. Thus, a full kinetic scheme including the
reaction intermediate is necessary to model the temporal decay of Nip, which will certainly
provide more kinetic parameters to evaluate the catalytic activity of nanoparticles.

1.2.2

Oxidation of 3,3’,5,5’-tetramethylbenzidine (TMB)

The oxidation of 3,3’,5,5’-tetramethylbenzidine (TMB) by hydrogen peroxide (H 2 O 2 )
catalyzed by peroxidase is a well-established reaction studied by Josephy et al. several
decades ago.107 Nowadays, the reaction has become a model reaction for testing the catalytic
activity of nanomaterials.107-113 However, the mechanism of the reaction catalyzed by
nanoparticles seems to be different from the mechanism catalyzed by peroxidase.
1.2.2.1 Catalysis with peroxidase
H 2 O 2 as a source of reactive oxygen species is a strong oxidizer for many organic
substrates.114 However, the self-decomposition of H 2 O 2 at room temperature is fairly
slow.115-116 In vivo, the decomposition of H 2 O 2 is catalyzed by peroxidase such as
horseradish peroxidase.117 The active site of peroxidase is a heme-containing pocket as seen
in Figure 6. The catalysis is initiated by binding of H 2 O 2 to the heme iron Fe(III) under the
influence of distal His42 and Arg38 residues in the heme pocket.117 H 2 O 2 is decomposed via
heterolytic cleavage of the oxygen-oxygen bond and a water molecule is generated.117-118
Simultaneously, the heme undergoes a two-electron oxidation to form the first enzyme
intermediate (EI) containing an oxy-ferryl species (Fe(IV) = O) and a porphyrin radical

cation.117, 119 Subsequently, EI receives two successive single-electron to convert back to the
peroxidase.120 This compulsory order is called Ping-Pong mechanism.120 With the first
electron, the radical cation is reduced to a second enzyme intermediate (EII) which retains the
heme in the oxy-ferryl (Fe(IV)=O) state. 117, 119 It is found that His42 and Arg38 in the distal
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heme pocket are the two key catalytic residues for the maintenance of peroxidase activity.117,
119-121

TMB is one of the electron donors for peroxidase. The oxidation of TMB can generate two
different colored products as seen in Figure 7.107 The first one is a blue charge-transfer
complex of the parent diamine and the diimine product. This charge-transfer complex (TMB 2 )
is in rapid equilibrium with a radical cation (TMB+∙ ), and the concentration of this radical

cation was found to be negligible through titration analysis.107 The second product is a yellow
diimine which is stable at acidic pH.107 The first product TMB 2 has two absorption peaks at
370 and 652 nm in the UV-vis spectra, while the second product diimine has absorption at
450 nm. With the transient kinetic analysis, Marquez et al. reported that the oxidation of
TMB catalyzed by myeloperoxidase is a two successive one-electron process.112 The reaction
scheme for the oxidation of TMB by H 2 O 2 catalyzed by peroxidase is displayed in Figure 8.

Figure 6: The crystal structure of horseradish peroxidase C (HRP C, PDB: 1KZM). The image was generated
using PyMOL and the structural data was obtained from PDB.

121

The inserted green circle indicates the active

pocket.
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Figure 7: Reaction scheme for the oxidation of 3,3’,5,5’-tetramethylbenzidine. Reprinted with permission from
ref. 107.

Figure 8: Scheme of the Ping-Pong mechanism of the oxidation of TMB by H 2 O 2 catalyzed by peroxidase.107,
112, 119

The catalysis is initiated by binding of H 2 O 2 to the active pocket of the peroxidase. Then, H 2 O 2 is

decomposed and a water molecule is generated. The peroxidase is oxidized to the first enzyme intermediate EI
at the same time. Subsequently, TMB transfers one electron to EI and yields a second enzyme intermediate (EII).
EII receives another electron to convert back to native peroxidase E. Radical cations TMB+ ∙ are generated
during the catalytic cycle.

The oxidation of TMB by H 2 O 2 catalyzed by peroxidase has been modelled by MichaelisMenten (MM) kinetics.112 In the MM model, it is assumed that the substrate combines with
the enzyme to form enzyme-substrate complex which will be decomposed in the ratedetermining step. MM is a well-known kinetic mechanism for catalysis of enzyme:
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𝑣𝑣0 =

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 𝑎𝑎
𝐾𝐾𝑚𝑚 + 𝑎𝑎

(1.3)

in which 𝑣𝑣0 is the initial rate, 𝑎𝑎 is the starting concentration of the substrate, 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 is the limit

rate of the reaction. 𝐾𝐾𝑚𝑚 is the Michaelis-Menten constant representing the affinity with which

the enzyme binds the substrate. To study the kinetics of two-substrate system, usually the
starting concentrate of one substrate is kept constant while the other one is changed and vice

versa. The Ping-Pong mechanism of the oxidation of TMB by H 2 O 2 can be identified by the
parallel lines of the reciprocal initial rates against the reciprocal concentration of a substrate
(1⁄𝑣𝑣0 against 1⁄𝑎𝑎 ) at different concentrations of the other substrate.120
1.2.2.2 Catalysis with nanoparticles

Figure 9: The dependence of initial rates on the substrate concentrations for the oxidation of 3,3’,5,5’tetramethylbenzidine by H 2 O 2 in the presence of Fe 3 O 4 nanoparticles. The solid lines are fits to the data
according to Michaelis-Menten mechanism. Reprinted with permission from ref.113 Copyright 2007 Nature
Publishing Group.

Recently, it has been reported that some nanomaterials can also catalyze the oxidation of
TMB by H 2 O 2 ,108-109 for instance, iron oxide nanomaterials,113,
V2O5

nanoparticles,130

MFe 2 O 4

(M

=

Co,

Mn,

122-126

Zn)131-133

Pd,127 Pt,128 Au,129

and

carbon

based

nanocomposites.134-137 In the presence of such catalysts, the decomposition of H 2 O 2 involves
in free radicals such as ∙ 𝑂𝑂𝑂𝑂,∙ 𝑂𝑂𝑂𝑂𝑂𝑂 and 𝑂𝑂2∙− .138-139 Since the first report in 2007,113 the

Michaelis-Menten kinetics has been widely used to analyze the reaction catalyzed by
nanoparticles,112-113, 140 as shown in Figure 9. The parallel lines of 1⁄𝑣𝑣0 against 1⁄𝑎𝑎 were
used to identify the Ping-Pong mechanism. The 𝐾𝐾𝑚𝑚 value thus obtained is tens of thousands
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times larger than that of peroxidase,113, 122-123, 127, 129-130 134-137 which means that H 2 O 2 bind the
nanoparticles with very small affinity.
However, there is clear evidence that the reaction is related to the surface of nanoparticles.
Density-functional calculations reported by Gao et al. indicate that hydrogen peroxide
adsorbs on the surface of nanoparticles for further oxidation reactions.141 Lin et al. found that
mesoporous Pt nanoparticles have higher catalytic activity because of larger surface area
compared with nonporous Pt nanoparticles.142 Smirnov et al. found that the quality of Pd
surface can influence the oxidation mechanism.143 Sequential one electron oxidation or direct
two-electron oxidation was observed at different situations, which in turn proves that the
reaction takes place on the surface of nanoparticles. This means it is very likely that the
reaction catalyzed by nanoparticles following the heterogeneous mechanism which is
common for the catalysis with nanoparticles.
As discussed above, the electron exchange with peroxidase is accomplished by different
redox states of the heme iron.117, 119 The complex three-dimensional structure of the heme
pocket determines the interactions between the reactants and the heme iron,144 which are
unique compared to metallic nanoparticles. Doubts may be raised to what extent the MM
model can be applied to describe the reactions catalyzed by nanoparticles. Since this reaction
can be precisely monitored by UV-vis spectroscopy,107 the data of product formation as the
function of time during the whole reaction can be measured. There is no need to restrict the
kinetic analysis within the initial short period. Hence the reaction catalyzed by nanoparticles
should be further studied.
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1.3

Objective of this thesis

To investigate the fundamentals of the catalysis by nanoparticles, well-studied model
reactions are necessary for comparison and benchmarking. Here we concern two frequently
used model reactions. One is the reduction of p-nitrophenol by sodium borohydride. In our
previous study the reaction rate at stationary state has been modelled by the LangmuirHinshelwood mechanism (LH).74-75, 78 However, how this stationary state is achieved during
the reaction is still not fully understood. The other is the oxidation of 3,3’,5,5’tetramethylbenzidine by hydrogen peroxide. Unlike the case catalyzed by peroxidase, there
are no specific interactions between H 2 O 2 and nanoparticles indicated by the studies with
Michaelis-Menten (MM),113 which means the catalysis of nanoparticles may follow a
different mechanism.
For the reduction of p-nitrophenol, the objectives are given as follows:
1) Figure out the reaction scheme including the intermediates of the reaction.
2) Propose kinetic mechanism based on the scheme and evaluate its validity.
3) Investigate the catalytic activity of different metallic nanoparticles such as Au, Pd
nanoparticles and Au/Pd nanoalloys embedded in spherical polyelectrolyte brushes (SPB).
4) Elucidate the influence of the SPB carrier on the catalytic behavior of metal nanoparticles.
For the oxidation of 3,3’,5,5’-tetramethylbenzidine, we aim to:
1) Identify the reaction process when the metal nanoparticles are used as catalysts.
2) Check the consistency of different analysis approaches of the Michaelis-Menten model.
3) Propose and evaluate different kinetic models for reactions catalyzed by nanoparticles.
4) Investigate the catalytic activity of nanoparticles.
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2.1

Heterogeneous catalysis

For heterogeneous catalysis, the chemical reactions take place on the surface of the catalysts.
During the reaction at least one of the reactant species must adsorb on the surface of
catalyst.145
2.1.1

Langmuir adsorption isotherm

The first step in the heterogeneous catalysis is the adsorption of atoms and molecules on the
surface of catalysts.145 The adsorption of gases on uniform, ideal surface can be described
with the Langmuir isotherm if the following assumptions apply:
i) The surface is homogeneous, all adsorption sites are equivalent.
ii) Each free site can take at most one molecule, only monolayer adsorption is possible.
iii) The adsorption and desorption are independent on the surface coverage.
iv) There are no interactions between adsorbed molecules on the adjacent sites.
The adsorption of a gas-phase molecule can be described as: A(g) + ∗ ⇋ A∗ . The asterisk
represents a surface active site, where A can adsorb to form the adsorbed species, A*. The

adsorption entropy contains two main parts: one is the vibrational degrees of freedom that
may loss during these processes, and the other is different configurations the adsorbate may
have on the surface. For the former part, it is assumed that the entropy at gas phase is all lost
after adsorption at rough approximation. The later can be given by21:
𝜃𝜃𝐴𝐴
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑆𝑆𝑎𝑎𝑑𝑑𝑑𝑑 = −𝑘𝑘𝐵𝐵 ln � �
𝜃𝜃∗

(2.1)

𝜃𝜃𝐴𝐴 , 𝜃𝜃∗ represent the fractional coverage of A and free sites, respectively. When equilibrium is

reached 21:

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

∆𝐺𝐺 = 𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎 − 𝐺𝐺𝑔𝑔𝑔𝑔𝑔𝑔 = ∆𝐺𝐺 0 − 𝑇𝑇 �𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎 − �−𝑘𝑘𝐵𝐵 𝑙𝑙𝑙𝑙 �

𝑝𝑝𝐴𝐴
��� = 0 (2.2)
𝑝𝑝0
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𝑝𝑝0 is standard pressure, if we let 𝑝𝑝𝐴𝐴 represent a dimensionless pressure, together with the

equilibrium constant 𝐾𝐾𝐴𝐴 =
as:

∆𝐺𝐺0

−
𝑒𝑒 𝑘𝑘𝐵𝐵𝑇𝑇

𝜃𝜃

𝑝𝑝

−1

= � 𝐴𝐴 � � 𝐴𝐴0 � , the surface coverage of A can be simplified
𝜃𝜃∗

𝑝𝑝

𝜃𝜃𝐴𝐴 = 𝐾𝐾𝐴𝐴 𝑝𝑝𝐴𝐴 𝜃𝜃∗

(2.3)

The total number of active sites available on a surface is possible to be normalized to unity:
𝜃𝜃∗ + 𝜃𝜃𝐴𝐴 = 1. Substituting equation 2.3, Langmuir adsorption isotherm is obtained21:
𝜃𝜃𝐴𝐴 =

𝐾𝐾𝐴𝐴 𝑝𝑝𝐴𝐴
1 + 𝐾𝐾𝐴𝐴 𝑝𝑝𝐴𝐴

(2.4)

In most catalytic reactions, two or more reactants react with each other. The adsorbates
compete for free adsorption sites. Consider the species A and B adsorbing on the surface:
A(g) + ∗ ⇋ A∗ , B(g) + ∗ ⇋ B ∗ . As the total active sites are constrained to one, the coverage of

A and B can be written as21:

𝜃𝜃𝐴𝐴 = 𝐾𝐾𝐴𝐴 𝑝𝑝𝐴𝐴 𝜃𝜃∗ =

𝜃𝜃𝐵𝐵 = 𝐾𝐾𝐵𝐵 𝑝𝑝𝐵𝐵 𝜃𝜃∗ =

𝐾𝐾𝐴𝐴 𝑝𝑝𝐴𝐴
1 + 𝐾𝐾𝐴𝐴 𝑝𝑝𝐴𝐴 + 𝐾𝐾𝐵𝐵 𝑝𝑝𝐵𝐵

𝐾𝐾𝐵𝐵 𝑝𝑝𝐵𝐵
1 + 𝐾𝐾𝐴𝐴 𝑝𝑝𝐴𝐴 + 𝐾𝐾𝐵𝐵 𝑝𝑝𝐵𝐵

(2.5)

(2.6)

In most cases, the heterogeneity of the surface active sites could be considered as:
𝜃𝜃𝑖𝑖 =

(𝐾𝐾𝑖𝑖 𝑝𝑝𝑖𝑖 )𝑛𝑛𝑖𝑖

1 + ∑𝑚𝑚
𝑗𝑗=1�𝐾𝐾𝑗𝑗 𝑝𝑝𝑗𝑗 �

𝑛𝑛𝑗𝑗

(2.7)

The exponent n is related to the heterogeneity of the surface. This Langmuir-Freundlich
equation takes into account that the adsorption energy is not the same for all sites which can
be described by a Gaussian distribution.74 The broader the distribution, the higher the
heterogeneity of the surface is, leading to a smaller value of the exponent n.146
2.1.2

Langmuir-Hinshelwood kinetics

For bimolecular reactions on the surface of catalysts, if the reaction takes place in the
following processes:145, 147
A(g) + ∗ ⇋ A∗

B(g) + ∗ ⇋ B ∗
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A∗ + B∗ → C ∗

C ∗ ⇋ C(g) + ∗

That is both reactants undergo adsorption and the two adsorbed species react to yield the
product. At last the product desorbs from the surface to regenerate the active site. Both
reactants compete for active sites. If the rate-determining step is the reaction between
adsorbed species, the reaction rate is easily expressed in terms of the surface coverages of A
and B, together with the Langmuir isotherm:
𝑟𝑟 = 𝑆𝑆𝑆𝑆𝜃𝜃𝐴𝐴 𝜃𝜃𝐵𝐵 =

𝑆𝑆𝑆𝑆𝐾𝐾𝐴𝐴 𝑝𝑝𝐴𝐴 𝐾𝐾𝐵𝐵 𝑝𝑝𝐵𝐵
(1 + 𝐾𝐾𝐴𝐴 𝑝𝑝𝐴𝐴 + 𝐾𝐾𝐵𝐵 𝑝𝑝𝐵𝐵 )2

(2.8)

S is the total surface area of the catalysts. k is the intrinsic rate constant. This is LangmuirHinshelwood mechanism. 145 147 If one reactant is in great excess (e.g. B), the actual reaction
rate can be calculated by pseudo first order kinetic (
𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 =

d𝑝𝑝A
d𝑡𝑡

= −𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝐴𝐴 ). Therefore,

𝑆𝑆𝑆𝑆𝐾𝐾𝐴𝐴 𝐾𝐾𝐵𝐵 𝑝𝑝𝐵𝐵
(1 + 𝐾𝐾𝐴𝐴 𝑝𝑝𝐴𝐴 + 𝐾𝐾𝐵𝐵 𝑝𝑝𝐵𝐵 )2

(2.9)

where 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 is the apparent reaction rate calculated from experimental data. By implication

Freundlich adsorption isotherm, equation 2.9 can be written as:

2.1.3

𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎

𝑆𝑆𝑆𝑆𝐾𝐾𝐴𝐴 𝑛𝑛 𝑝𝑝𝐴𝐴1−𝑛𝑛 (𝐾𝐾𝐵𝐵 𝑝𝑝𝐵𝐵 )𝑚𝑚
=
(1 + (𝐾𝐾𝐴𝐴 𝑝𝑝𝐴𝐴 )𝑛𝑛 + (𝐾𝐾𝐵𝐵 𝑝𝑝𝐵𝐵 )𝑚𝑚 )2

Reactions in solution

(2.10)

The reactions occur in solution is some kind of different from that in gas phase. In the gas
phase, the reactions take place during some of the collisions with randomly distributed
molecules. While in solution, the reactant molecules are held together by a cage of solvent
molecules. The reactants may undergo many collisions in the close environment before they
can escape from each other.145 If the reaction between molecules is slow, only one collision
may lead to reaction. But if the reaction is rapid, then the diffusion of the reacts is important.
In the latter case, the reaction rate is diffusion-controlled. For isothermal systems, whether
the reaction is controlled by diffusion can be estimated by the second Damköhler number
(DaII) 147:
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𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 =

chemical reaction rate 𝑘𝑘𝑐𝑐0𝑛𝑛−1
=
𝛽𝛽𝛽𝛽
mass transfer rate

(2.11)

where k is the reaction rate, 𝑐𝑐0 is the initial concentration, n is the reaction order, β is the
global mass transport coefficient, and 𝛼𝛼 is the total area of the interface. The parameter 𝛽𝛽 is

further defined as diffusion coefficient divided by the characteristic length scale 𝛿𝛿, a distance

over which the mass transfer takes place. Therefore, the Damköhler number II is given by the
ratio of the chemical reaction rate to the mass transfer rate. If the value of DaII is above unity

(DaII >>1), the reaction is controlled by diffusion, because the reaction rate is much faster
than the diffusion of the reactants. DaII numbers below unity (DaII<< 1) means the reaction
is controlled by reaction, where the diffusion is much faster compared to the reaction rate.
For the reduction of p-nitrophenol catalyzed by metallic nanoparticles embedded in SPB, the
DaII is of the order of 10-3,75 which means the reaction is not controlled by diffusion. In some
systems, the reaction rate cannot be simplified as diffusion-controlled or reaction-controlled.
For example, with metal nanoparticles embedded in the thermosensitive poly(Nisopropylacrylamide) (PNIPAM) shell as catalysts, the reaction rate can be adjusted by the
swelling and shrinking of the PNIPAM shell.148-149 The diffusion resistance is changed at
different states of the shell which influences the mass transport of reactants considerably. In
such cases, the chemical reactivity of these nanoparticles will have two contributions, namely
a part related to the surface reaction and a part related to mass transportation by diffusion. If
the reaction order with respect to the reactants is 1, the rate constant 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 in the system can

be split into a term 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 related to the surface reaction and a term 𝑘𝑘𝐷𝐷−1 which denotes the

mean time the reactants need to diffuse from the bulk solution to the surface of the metal
nanoparticles:149

−1
−1
𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎
= 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
+ 𝑘𝑘𝐷𝐷−1 (2.12)

For simplicity, systems under reaction control will be investigated in this thesis. As a result,
the reaction taking place in solution is very much the same as it is in the gas phase. The
partial pressure in equation 2.10 can be replaced by the concentration of species in the
solution. Thus,
𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎

𝑆𝑆𝑆𝑆𝐾𝐾𝐴𝐴 𝑛𝑛 𝑐𝑐𝐴𝐴1−𝑛𝑛 (𝐾𝐾𝐵𝐵 𝑐𝑐𝐵𝐵 )𝑚𝑚
=
(1 + (𝐾𝐾𝐴𝐴 𝑐𝑐𝐴𝐴 )𝑛𝑛 + (𝐾𝐾𝐵𝐵 𝑐𝑐𝐵𝐵 )𝑚𝑚 )2

(2.13)
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2.2
2.2.1

Enzyme kinetics
Michaelis-Menten mechanism

In enzyme kinetics, it is assumed that the substrate S first binds with the enzyme E to form
enzyme-substrate complex ES, which is further converted into the product P and the native
enzyme in the rate-determining step, as shown in the following:
E + S ⇌ ES → P + E

Michaelis and Menten assumed that the formation of the complex is in fast equilibrium. With
steady state assumptions,150 in which the concentration of the enzyme-substrate complex is
constant, we have:
𝑑𝑑𝑑𝑑
= 𝑘𝑘1 (e0 − 𝑥𝑥)𝑎𝑎 − 𝑘𝑘−1 𝑥𝑥 − 𝑘𝑘2 𝑥𝑥 = 0 (2.14)
𝑑𝑑𝑑𝑑

in which 𝑘𝑘1 , 𝑘𝑘−1 and 𝑘𝑘2 are the reaction rate of the first reversible step and the second step; e,

a, and x represent the concentration of enzyme, substrate and the complex, respectively. The
second step is the rate-determining step, therefore,
𝑣𝑣 = 𝑘𝑘2 𝑥𝑥 =
which can be simplified as:
𝑣𝑣 =

with 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑘𝑘2 e0 and 𝐾𝐾𝑚𝑚 =

𝑘𝑘−1 +𝑘𝑘2
𝑘𝑘1

𝑘𝑘2 e0 𝑎𝑎
𝑘𝑘−1 + 𝑘𝑘2
+ 𝑎𝑎
𝑘𝑘1
𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 𝑎𝑎
𝐾𝐾𝑚𝑚 + 𝑎𝑎

(2.15)

(2.16)

represent the limit rate of the reaction and Michaelis-

Menten constant. This is nowadays frequently used equation for kinetic studies of enzymes,

termed as Michaelis-Menten equation. This equation describes the relationship between the
initial rate and the substrate concentration. It applies to reactions with more than one
substrate as will be discussed in the following.150
2.2.2

Ping-Pong mechanism

In a two-substrate system, the mechanisms are much more complicate than what have been
discussed above. They can be divided into two general mechanisms according to the
interaction of the substrates with the enzyme. One is the ternary-complex mechanism that
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both substrates A, B combine with the enzyme to form a ternary complex EAB before
generating the products P and Q. The other one is the Ping-Pong mechanism, in which one
substrate (e.g. A) combines with the enzyme to generate the substituted enzyme intermediate
E’ and the first product P, then the second substrate B interacts with the intermediate to form
the second product Q and regenerate the native enzyme, as shown in Figure 9. These two
mechanisms can be differentiated by a steady-state kinetic analysis using the approaches
described by Cleland.151-153
For the Ping-Pong mechanism, the initial rate in the absence of inhibition is as following:150
𝑣𝑣 =

𝑉𝑉𝑉𝑉𝑉𝑉
𝐾𝐾𝑚𝑚𝑚𝑚 𝑎𝑎 + 𝐾𝐾𝑚𝑚𝑚𝑚 𝑏𝑏 + 𝑎𝑎𝑎𝑎

(2.17)

where the 𝐾𝐾𝑚𝑚𝑚𝑚 and 𝐾𝐾𝑚𝑚𝑚𝑚 represent the Michaelis-Menten constant of the corresponding

substrate, a and b are the initial concentration of the substrates. Equation 2.17 can be cast in

the form of a rectangular hyperbola for fixed values of a or b. For example, if a is varied at
constant b, the equation can be rearranged as:
𝑉𝑉𝑉𝑉
� 𝑎𝑎
𝑉𝑉 𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎
𝐾𝐾𝑚𝑚𝑚𝑚 + 𝑏𝑏
𝑣𝑣 =
= 𝑎𝑎𝑎𝑎𝑎𝑎
(2.18)
𝐾𝐾 𝑏𝑏
� 𝑚𝑚𝑚𝑚 � + 𝑎𝑎 𝐾𝐾𝑚𝑚 + 𝑎𝑎
𝐾𝐾𝑚𝑚𝑚𝑚 + 𝑏𝑏
�

with 𝑉𝑉 𝑎𝑎𝑎𝑎𝑎𝑎 =

𝑉𝑉𝑉𝑉

𝐾𝐾𝑚𝑚𝑚𝑚 +𝑏𝑏

𝑎𝑎𝑎𝑎𝑎𝑎

and 𝐾𝐾𝑚𝑚

=

𝐾𝐾𝑚𝑚𝑚𝑚 𝑏𝑏

𝐾𝐾𝑚𝑚𝑚𝑚 +𝑏𝑏

, called the apparent values of the Michaelis-Menten

parameters.150 Many biologists prefer to rewrite this equation in ways that allow the results to

be plotted as points on a straight line.150 The most commonly used way is taking the
reciprocals of equation 2.18 at both sides:
𝑎𝑎𝑎𝑎𝑎𝑎

1
1
𝐾𝐾𝑚𝑚
1
= 𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑎𝑎𝑎𝑎𝑎𝑎 ∙
𝑣𝑣 𝑉𝑉
𝑉𝑉
𝑎𝑎

(2.19)

A plot of 1⁄𝑣𝑣 against 1⁄𝑎𝑎 is a straight line with slope of

𝑎𝑎𝑎𝑎𝑎𝑎

𝐾𝐾𝑚𝑚

𝑉𝑉 𝑎𝑎𝑎𝑎𝑎𝑎

and intercept of

1

𝑉𝑉 𝑎𝑎𝑎𝑎𝑎𝑎

. This plot

is called Lineweaver-Burk plots. Although nowadays it is the most frequently used plot to

identify the Michaelis-Menten constants, it is not the ideal one because it gives a highly
misleading of the experimental errors: errors of small values of v will be enlarged in 1⁄𝑣𝑣; and

the errors for large values of v lead to barely noticeable errors in 1⁄𝑣𝑣.
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Clearly, if plot 1⁄𝑣𝑣 against 1⁄𝑎𝑎 we will get the plots with slop of

𝑎𝑎𝑎𝑎𝑎𝑎

𝐾𝐾𝑚𝑚
𝑉𝑉

𝑎𝑎𝑎𝑎𝑎𝑎 , as

𝑎𝑎𝑎𝑎𝑎𝑎

𝐾𝐾𝑚𝑚

𝑉𝑉 𝑎𝑎𝑎𝑎𝑎𝑎

=

KmA
𝑉𝑉

which

is independent with b, parallel lines will be obtained at different constant concentrations of b,
as shown in Figure 10.

Figure 10: Primary plots of 1/v against 1/a for reactions obeying Ping-Pong mechanism at constant values of b.151
These lines are obtained at different concentrations of substrate B, b/KmB=0.5, 1, 3, 5(not every b value is labelled).
Since the slope of these primary plots is Kmapp/Vapp=KmA/V which is independent on b, parallel lines are obtained.

At the same time, both the apparent values 𝑉𝑉 𝑎𝑎𝑎𝑎𝑎𝑎 =
𝑎𝑎𝑎𝑎𝑎𝑎

Michaelis-Menten form. Plots of 𝑉𝑉 𝑎𝑎𝑎𝑎𝑎𝑎 or 𝐾𝐾𝑚𝑚

𝑉𝑉𝑉𝑉

𝑎𝑎𝑎𝑎𝑎𝑎

and 𝐾𝐾𝑚𝑚

𝐾𝐾𝑚𝑚𝐵𝐵 +𝑉𝑉

=

𝐾𝐾𝑚𝑚𝐴𝐴 𝑉𝑉

𝐾𝐾𝑚𝑚𝐵𝐵 +𝑉𝑉

have the

against b describe the rectangular hyperbolas

through the origin and that they can be also analyzed by double-reciprocal plots:
1

𝑉𝑉 𝑎𝑎𝑎𝑎𝑎𝑎
𝑎𝑎𝑎𝑎𝑎𝑎

Plots of 1⁄𝑉𝑉 𝑎𝑎𝑎𝑎𝑎𝑎 and 1⁄𝐾𝐾𝑚𝑚

1

𝑎𝑎𝑎𝑎𝑎𝑎
𝐾𝐾𝑚𝑚

=
=

1 𝐾𝐾𝑚𝑚𝐵𝐵 1
+
∙
𝑉𝑉 𝑉𝑉
𝑉𝑉

1
𝐾𝐾𝑚𝑚𝐵𝐵 1
+
∙
𝐾𝐾𝑚𝑚𝐴𝐴 𝐾𝐾𝑚𝑚𝐴𝐴 𝑉𝑉

(2.20)
(2.21)

against 1⁄𝑉𝑉 are called secondary plots. Such plots represent

further processing of the apparent parameters obtained from the primary plots according to
equation 2.19. With these plots all the parameters in equation 2.17 can be solved.

2.2.3

Ternary-complex mechanism

In the absence of substrate and product inhibitions, the initial rate of reaction with ternarycomplex mechanism can be written as:150
𝑣𝑣 =

20

𝑉𝑉𝑎𝑎𝑉𝑉
𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 𝐾𝐾𝑚𝑚𝐵𝐵 + 𝐾𝐾𝑚𝑚𝐵𝐵 𝑎𝑎 + 𝐾𝐾𝑚𝑚𝐴𝐴 𝑉𝑉 + 𝑎𝑎𝑉𝑉

(2.22)
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where 𝐾𝐾𝑖𝑖𝑖𝑖 is the equilibrium dissociation constant of EA complex. Similarly like equation

2.17, this equation can also be cast in the form of a rectangular hyperbola at fixed values of b:
𝑉𝑉𝑉𝑉
� 𝑎𝑎
𝑉𝑉 𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎
𝐾𝐾𝑚𝑚𝑚𝑚 + 𝑏𝑏
𝑣𝑣 =
= 𝑎𝑎𝑎𝑎𝑎𝑎
𝐾𝐾 𝐾𝐾 + 𝐾𝐾𝑚𝑚𝑚𝑚 𝑏𝑏
� 𝑖𝑖𝑖𝑖 𝑚𝑚𝑚𝑚
� + 𝑎𝑎 𝐾𝐾𝑚𝑚 + 𝑎𝑎
𝐾𝐾𝑚𝑚𝑚𝑚 + 𝑏𝑏
�

If plot1⁄𝑣𝑣 against 1⁄𝑎𝑎 we will get the plots with slop of

(2.23)
𝑎𝑎𝑎𝑎𝑎𝑎

𝐾𝐾𝑚𝑚
𝑉𝑉

𝑎𝑎𝑎𝑎𝑎𝑎 , as

𝑎𝑎𝑎𝑎𝑎𝑎

𝐾𝐾𝑚𝑚

𝑉𝑉 𝑎𝑎𝑎𝑎𝑎𝑎

=

KiA KmB
𝑉𝑉𝑉𝑉

+

KmA
𝑉𝑉

is

dependent on b, the lines of changing the concentration of A at different constant

concentration of B will have an intersection point as seen in Figure 11. In this way, the
ternary-complex mechanism and the Ping-Pong mechanism can be distinguished.

Figure 11: Primary plots of 1/v against 1/a for reactions obeying the ternary-complex mechanism at constant
values of b.151 These lines are obtained at different concentrations of substrate B, b/K mB =0.5, 1, 2, 3, 5(not every
b value is labelled).
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3.

Results and Discussion

3.1
3.1.1

Synthesis and characterization of nanoparticles
Metallic nanoparticles immobilized in spherical polyelectrolyte brushes (SPB)

Metallic nanoparticles with diameter of 1~10 nm are usually prepared with surfactants to
control the size and prevent aggregation during catalytic reactions.154-155 However, the
adsorption of these surfactants may block the catalytic active sites on the surface of
nanoparticles.156 Recently, spherical polyelectrolyte brushes (SPB) have been successfully
used as carrier system to immobilize different metallic nanoparticles as mentioned in the
Introductory Chapter.76, 81 The SPB contains a polystyrene core, onto which charged brushes
are grafted as shown in Figure 12. The metal nanoparticles are firmly kept in the brush layer
by electrostatic interactions between the brushes and the nanoparticles. As a result, the brush
chains do not block the surface of the nanoparticles or hinder the diffusion of the reactants to
the surface of the nanoparticles as indicated by the second Damköhler number.75 Hence, the
nanoparticles embedded in SPB can be used as model catalysts to perform precise kinetic
studies.
In this work, Au, Pd and Au/Pd nanoalloys were immobilized in SPB with brushes of poly(2aminoethyl methacrylate hydrochloride) (PAEMH), while poly(2-methylpropenoyloxyethyl
trimethyl ammonium chloride) (PMPTAC) brushes were used for Pt nanoparticles as shown
in Figure 12. The nanoparticles were synthesized in two steps: the precursor was first
introduced into the cationic brushes as counter ions. The mixture of ions localized within the
brush layer was reduced by NaBH 4 in the second step. For Au/Pd nanoalloys, the precursors
were introduced one by one and co-reduced in the second step. After reaction, the suspension
was cleaned with ultrafiltration against water.
The nanoparticles thus obtained are homogeneously distributed on the surface of PS cores as
shown in Figure 12. The average sizes of these metallic nanoparticles are 2.8 ± 0.2 nm for Au,
1.1 ± 0.2 nm for Pd, 2.5 ± 0.3 nm for Au/Pd, and 5.0 ± 0.7 nm for Pt. These nanoparticles
were used as catalysts to perform the kinetic studies of different model reactions in the
following.

Results and Discussion

Figure 12: (a) Structure of the spherical electrolyte brushes (SPB). SPB with brushes of poly(2-aminoethyl
methacrylate hydrochloride) (PAEMH) and poly(2-methylpropenoyloxyethyl trimethyl ammonium chloride)
(PMPTAC) are synthesized, respectively. TEM images of the (b) SPB-Au, (c) SPB-Pd, (d) SPB-Au/Pd and (e)
SPB-Pt nanoparticles. Au, Pd nanoparticles and Au/Pd nanoalloys are embedded in the brushes of PAEMH,
while Pt nanoparticles are embedded in the brushes of PMPTAC.

3.1.2

Fe3O4 nanoparticles

Water dispersible Fe 3 O 4 nanoparticles were synthesized by using a solvothermal method.157
Poly(acrylic acid) (PAA) was used as surfactant, iron (III) chloride (FeCl 3 ) as precursor, and
diethylene glycol (DEG) as polar solvent. NaOH was introduced into the mixture of DEG,
FeCl 3 and PAA to produce water molecules with PAA and increase the alkalinity of the
reaction system. These facilitate the hydrolysis of FeCl 3 . At high temperature, DEG can
partially reduce Fe(OH) 3 into Fe(OH) 2 , and finally Fe 3 O 4 nanoparticles are formed by
dehydration.
The nanoparticles thus obtained are shown in Figure 13. The average size is 29.3±4.8 nm.
These Fe 3 O 4 nanoparticles were used as catalysts for the oxidation of TMB by H 2 O 2 in
Chapter 3.3.3.1.
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Figure 13: TEM image of Fe 3 O 4 nanoparticles.

3.2

Reduction of p-nitrophenol by sodium borohydride

As mentioned in the Introductory Chapter, the reduction of p-nitrophenol (Nip) to
p-aminophenol (Amp) by borohydride (BH4− ) in aqueous solution is a model reaction.1 The

decay of Nip can be measured precisely as the function of time by UV-vis spectroscopy. The
apparent rate constant from the stationary period of the decay course has been evaluated by
the Langmuir-Hinshelwood (LH) kinetics successfully.74-75, 78, 100 However, how the reaction
proceeds from the beginning to the stationary state has not been revealed. A full kinetic
scheme is necessary to model the time-dependent concentration of Nip, which will declare
the reaction mechanism and provide more kinetic parameters to evaluate the catalytic activity
of the nanoparticles.
3.2.1

Two-step Langmuir-Hinshelwood kinetics

In analogy to the well-established case of the reduction of nitrobenzene,102,

104-105

we

formulate the reduction of Nip in the reaction route shown in Figure 14. Two intermediates pnitrosophenol and p-hydroxylaminophenol (Hx) can be identified. p-hydroxylaminophenol is
the relatively stable intermediate as proved by the studies on nitrobenzene.102, 104-105 Therefore,
p-nitrophenol (Nip), p-hydroxylaminophenol (Hx) and borohydride adsorb and desorb on the
surface of nanoparticles during the reaction. We assume the adsorption and desorption of
these compounds are fast and reversible. The final product p-aminophenol (Amp) is supposed
to desorb from the surface quickly, it is not involved in the kinetic equations. Therefore, Nip,
Hx and borohydride compete for the active sites on the surface of nanoparticles.
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Figure 14: Proposed direct route for the reduction of p-nitrophenol by metallic nanoparticles: The p-nitrophenol is
first reduced to p-nitrosophenol, which is quickly converted to p-hydroxylaminophenol. This compound is the first
relative stable intermediate. It is reduced to the final product p-aminophenol in the rate-determining step. There is an
adsorption and desorption equilibrium for all compounds. All reductions take place on the surface of the
nanoparticles.

The surface coverage of Nip 𝜃𝜃𝑁𝑁𝑁𝑁𝑁𝑁 is modelled in terms of Langmuir-Freundlich

isotherm.74 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁 , 𝑐𝑐𝐻𝐻𝐻𝐻 and 𝑐𝑐𝐴𝐴𝐴𝐴𝐴𝐴 are the concentrations of Nip, Hx and Amp, respectively.
Hence:

𝜃𝜃𝑁𝑁𝑁𝑁𝑁𝑁 =

(𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁 )𝑛𝑛
(3.1)
1 + (𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁 )𝑛𝑛 + 𝐾𝐾𝐻𝐻𝐻𝐻 𝑐𝑐𝐻𝐻𝐻𝐻 + 𝐾𝐾𝐵𝐵𝐵𝐵4 𝑐𝑐𝐵𝐵𝐵𝐵4

where 𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 ,𝐾𝐾𝐻𝐻𝐻𝐻 and 𝐾𝐾𝐵𝐵𝐵𝐵4 are the adsorption constants of the corresponding compound. n is

the Langmuir-Freundlich exponent which represents the heterogeneity of the surface. The

surface coverage of p-hydroxylaminophenol and borohydride (𝜃𝜃𝐻𝐻𝐻𝐻 and 𝜃𝜃𝐵𝐵𝐵𝐵4 ) are formulated

by classic Langmuir isotherm, that is, all the surface sites are the same for these two
compounds, n is set to unity. The reaction is now modelled into two steps termed as A and B:
Nip is first reduced to p-hydroxylaminophenol in step A, the reduction of this intermediate is
done in step B. Therefore, the reaction rate of step A is:
−

𝑑𝑑𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁
𝑑𝑑𝑐𝑐𝐻𝐻𝐻𝐻
= 𝑘𝑘𝑎𝑎 𝑆𝑆𝜃𝜃𝑁𝑁𝑁𝑁𝑁𝑁 𝜃𝜃𝐵𝐵𝐵𝐵4 = �
(3.2)
�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

where S denotes the total surface area of the nanoparticles in the reaction solution. In this
equation, 𝑆𝑆𝜃𝜃𝑁𝑁𝑁𝑁𝑁𝑁 𝜃𝜃𝐵𝐵𝐵𝐵4 denotes the conditional probability to find an adsorbed surface hydrogen

atom near to an adsorbed Nip molecule. As a tacit assumption in the entire kinetic study, the
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number of molecules that adsorbed on the surface is negligible compared with the total
number of the molecules for a given species in the solution. Thus, the adsorption of the
reactants on the surface of the nanoparticles does not decrease the concentration in the
solution in a detectable way. It is also assumed that the adsorption and desorption equilibrium
is established rapidly.
Given these assumptions and prerequisites, the reaction rate of step A can be written as:
−

(𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁 )𝑛𝑛 𝐾𝐾𝐵𝐵𝐵𝐵4 𝑐𝑐𝐵𝐵𝐵𝐵4
𝑑𝑑𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁
𝑑𝑑𝑐𝑐𝐻𝐻𝐻𝐻
= 𝑘𝑘𝑎𝑎 𝑆𝑆
=�
(3.3)
�
2
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
�1 + (𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁 )𝑛𝑛 + 𝐾𝐾𝐻𝐻𝐻𝐻 𝑐𝑐𝐻𝐻𝐻𝐻 + 𝐾𝐾𝐵𝐵𝐵𝐵4 𝑐𝑐𝐵𝐵𝐵𝐵4 �

The generated intermediate p-hydroxylaminophenol is further reduced to the final product
Amp in step B, and the rate can be written as:
−�

𝑑𝑑𝑐𝑐𝐻𝐻𝐻𝐻
= 𝑘𝑘𝑏𝑏 𝑆𝑆
�
𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
�1 + (𝐾𝐾

𝐾𝐾𝐻𝐻𝐻𝐻 𝑐𝑐𝐻𝐻𝐻𝐻 𝐾𝐾𝐵𝐵𝐵𝐵4 𝑐𝑐𝐵𝐵𝐵𝐵4

𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁 )

𝑛𝑛

2

+ 𝐾𝐾𝐻𝐻𝐻𝐻 𝑐𝑐𝐻𝐻𝐻𝐻 + 𝐾𝐾𝐵𝐵𝐵𝐵4 𝑐𝑐𝐵𝐵𝐵𝐵4 �

=

𝑑𝑑𝑐𝑐𝐴𝐴𝐴𝐴𝐴𝐴
(3.4)
𝑑𝑑𝑑𝑑

Thus, the full rate equation for the generation and decay of the intermediate phydroxyaminophenol is given by:
(𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁 )𝑛𝑛 𝐾𝐾𝐵𝐵𝐵𝐵4 𝑐𝑐𝐵𝐵𝐵𝐵4
𝑑𝑑𝑐𝑐𝐻𝐻𝐻𝐻
𝑑𝑑𝑐𝑐𝐻𝐻𝐻𝐻
𝑑𝑑𝑐𝑐𝐻𝐻𝐻𝐻
=�
+�
= 𝑘𝑘𝑎𝑎 𝑆𝑆
�
�
2
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
�1 + (𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁 )𝑛𝑛 + 𝐾𝐾𝐻𝐻𝐻𝐻 𝑐𝑐𝐻𝐻𝐻𝐻 + 𝐾𝐾𝐵𝐵𝐵𝐵4 𝑐𝑐𝐵𝐵𝐵𝐵4 �
− 𝑘𝑘𝑏𝑏 𝑆𝑆

𝐾𝐾𝐻𝐻𝐻𝐻 𝑐𝑐𝐻𝐻𝐻𝐻 𝐾𝐾𝐵𝐵𝐵𝐵4 𝑐𝑐𝐵𝐵𝐵𝐵4

2

�1 + (𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁 )𝑛𝑛 + 𝐾𝐾𝐻𝐻𝐻𝐻 𝑐𝑐𝐻𝐻𝐻𝐻 + 𝐾𝐾𝐵𝐵𝐵𝐵4 𝑐𝑐𝐵𝐵𝐵𝐵4 �

(3.5)

Equation 3.3 and 3.5 are two coupled rate equations which could be used to describe the
entire kinetics of the reaction. In the following we give a brief qualitative discussion of these
two equations:
First of all, it is evident that k a >> k b . This can be seen from the fact that the apparent
reaction rate of the early period after the reaction begins (from t 0 ~t S in Figure 15) is much
larger than the reaction rate of the stationary state as indicated from the tangent of the curve.
p-hydroxylaminophenol is formed rapidly but its further reduction in step B is much slower.
Its concentration rises quickly at the early stage of the reaction. Then, Hx will occupy more
and more surface sites of the catalysts and thus slow down the reaction rate. When the
concentration of Hx reaches constant, the stationary state is reached. Moreover, it is obvious
that p-hydroxylaminophenol is strongly adsorbed onto the surface of the catalysts. This can
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be argued from the fact that its formation slows down the rate of reaction without
accumulating in the solution.
The adsorption and desorption of the final product Amp is not considered in the present
model. In principle, if Amp is strongly adsorbed on the surface of the nanoparticles, the
kinetics of the reaction would be strongly influenced, at least at the final state when the
concentration of Amp is high. In case of strong adsorption, the reaction rate should decrease
significantly since more and more sites are blocked by the Amp molecules. This has not been
observed so far. Hence, we disregard this possibility in the present model.

Figure 15: Idealized time dependence of the concentration of p-nitrophenol (Nip) and definition of the different
stages of the reaction. The black line shows the concentration of Nip as a function of time, while the red dashed
line is that of p-hydroxylaminophenol (Hx). The concentration of Nip is normalized by the starting concentration
C Nip,0 . The early stage I is dominated by step A, the reduction of Nip to Hx. The reaction rate is approximated by
k app,I given by equation 3.10. Stage II, starting at time t S , is the stationary state characterized by k app,II which can
be approximated by equation 3.11. Here the concentration of Hx is approximately constant. In this idealized
scheme the stationary concentration of the intermediate Hx, c Hx,stat follows the balance of its generation and
decay, which is approximated by equation 3.8. This concentration equals the concentration of Nip consumed at
time t S .

The kinetic problem defined by equation 3.3 and 3.5 can be solved numerically. This will
lead to the concentration of p-nitrophenol 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁 as the function of time which can be directly

compared with the experimental data. An analytical solution may be found with the following

approximation: after the initial stage, the reaction is assumed to reach a stationary state in
which:
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𝑑𝑑𝑐𝑐𝐻𝐻𝐻𝐻
= 0 (3.6)
𝑑𝑑𝑑𝑑

In this approximation, the kinetics of the reaction after induction period t 0 may be divided
into two regions depicted schematically in Figure 15:
Early region I, ranging from time t 0 to t s , when 𝑐𝑐𝐻𝐻𝐻𝐻 is approximated to zero:
−

𝑑𝑑𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁
(𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁 )𝑛𝑛 𝐾𝐾𝐵𝐵𝐵𝐵4 𝑐𝑐𝐵𝐵𝐵𝐵4
≈ 𝑘𝑘𝑎𝑎 𝑆𝑆
𝑑𝑑𝑑𝑑
�1 + (𝐾𝐾 𝑐𝑐 )𝑛𝑛 + 𝐾𝐾 𝑐𝑐
𝑁𝑁𝑁𝑁𝑁𝑁 𝑁𝑁𝑁𝑁𝑁𝑁

𝐵𝐵𝐵𝐵4

2

𝐵𝐵𝐵𝐵4 �

(3.7)

In this period no isosbestic points can be observed since the temporal spectra of Nip, Hx and
Nip are superimposed.
Stationary state II (t > t s ), in which 𝑐𝑐𝐻𝐻𝐻𝐻 is constant (Figure 15). Equation 3.6 leads to the
condition that:

𝑐𝑐𝐻𝐻𝐻𝐻,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =

Thus,
𝑑𝑑𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁
−
= 𝑘𝑘𝑎𝑎 𝑆𝑆
𝑑𝑑𝑑𝑑

𝑘𝑘𝑎𝑎 (𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁 )𝑛𝑛
(3.8)
𝑘𝑘𝑏𝑏 𝐾𝐾𝐻𝐻𝐻𝐻

(𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁 )𝑛𝑛 𝐾𝐾𝐵𝐵𝐵𝐵4 𝑐𝑐𝐵𝐵𝐵𝐵4

�1 + (𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁

)𝑛𝑛

2
𝑘𝑘
�1 + 𝑎𝑎 � + 𝐾𝐾𝐵𝐵𝐵𝐵4 𝑐𝑐𝐵𝐵𝐵𝐵4 �
𝑘𝑘𝑏𝑏

=

𝑑𝑑𝑐𝑐𝐴𝐴𝐴𝐴𝐴𝐴
𝑑𝑑𝑑𝑑

(3.9)

In the stationary state, the rate of the formation of Amp is exactly the same as the decay rate
of Nip. If the stationary concentration of the intermediate compound p-hydroxylaminophenol
is small, the isosbestic points can be observed. Thus, the apparent rate constant 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 , namely,

the tangents of the logarithm of the absorption as the function of time, can be given for the
two limiting cases:
Region I, from t 0 to t s :
𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎,𝐼𝐼 = 𝑘𝑘𝑎𝑎 𝑆𝑆

(𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 )𝑛𝑛 (𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁 )𝑛𝑛−1 𝐾𝐾𝐵𝐵𝐵𝐵4 𝑐𝑐𝐵𝐵𝐵𝐵4

Region II, Stationary state since t > t s :
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�1 + (𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁 )𝑛𝑛 + 𝐾𝐾𝐵𝐵𝐵𝐵4 𝑐𝑐𝐵𝐵𝐵𝐵4 �

(3.10)
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𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎,𝐼𝐼𝐼𝐼 = 𝑘𝑘𝑎𝑎 𝑆𝑆

𝑛𝑛
(𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁 )𝑛𝑛−1 𝐾𝐾𝐵𝐵𝐵𝐵4 𝑐𝑐𝐵𝐵𝐵𝐵4
𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁

�1 + (𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁

)𝑛𝑛 (1

(3.11)

2
𝑘𝑘
+ 𝑎𝑎 ) + 𝐾𝐾𝐵𝐵𝐵𝐵4 𝑐𝑐𝐵𝐵𝐵𝐵4 �
𝑘𝑘𝑏𝑏

The concept of stationary state assumption leads directly to the fact that the concentration of
p-hydroxylaminophenol at stationary state should be given in good approximation by the
amount of Nip that has consumed at t = t s . And we assume that the subsequent transformation
of Hx to Amp has not taken place to a notable degree. Thus, when the stationary state has
been reached:
𝑙𝑙𝑙𝑙

𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁,0 − 𝑐𝑐𝐻𝐻𝐻𝐻,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
= − 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎,𝐼𝐼 (𝑡𝑡𝑠𝑠 − 𝑡𝑡0 )
𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁,0

(3.12)

𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁,0 denotes the concentration of p-nitrophenol at t = 0, equation 3.12 can be approximated

through:

2

𝑛𝑛

�1 + �𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁,0 � + 𝐾𝐾𝐵𝐵𝐵𝐵4 𝑐𝑐𝐵𝐵𝐵𝐵4 �
𝑐𝑐𝐻𝐻𝐻𝐻,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
=
𝑡𝑡𝑠𝑠 − 𝑡𝑡0 =
𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁,0 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎,𝐼𝐼
𝑘𝑘𝑏𝑏 𝑆𝑆 𝐾𝐾𝐵𝐵𝐵𝐵4 𝑐𝑐𝐵𝐵𝐵𝐵4 𝐾𝐾𝐻𝐻𝐻𝐻

(3.13)

Equation 3.8 and 3.13 predict the commencement of the stationary state. Figure 15
summarizes all the stages of this kinetic scheme together with temporal evolution of the
concentrations of Nip and the intermediate Hx expected in this model.
It is interesting to compare this result with the previous version of theory that did not take
explicitly the intermediates into account. The simplified theory obtained for the stationary
state is (equation 3a of reference 74 or equation 5 of reference 75 ):
𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎,𝐼𝐼𝐼𝐼 = 𝑘𝑘𝑎𝑎 𝑆𝑆

𝑛𝑛
𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁
(𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁 )𝑛𝑛−1 𝐾𝐾𝐵𝐵𝐵𝐵4 𝑐𝑐𝐵𝐵𝐵𝐵4

(3.14)

2

�1 + (𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁 )𝑛𝑛 + 𝐾𝐾𝐵𝐵𝐵𝐵4 𝑐𝑐𝐵𝐵𝐵𝐵4 �

which is different from equation 3.11 only by a factor of (1 +

𝑘𝑘𝑎𝑎
𝑘𝑘𝑏𝑏

) in the denominator. The

adsorption constant 𝐾𝐾𝐻𝐻𝐻𝐻 does not appear in equation 3.11 because of the stationary state
R

assumed by equation 3.6. There are two limiting cases that can be derived from equation 3.11:
(I) If 𝑘𝑘𝑎𝑎 ≪ 𝑘𝑘𝑏𝑏 , that is, the decay of p-hydroxylaminophenol is much faster than its generation.

In this case equation 3.14 is a good approximation and the reduction of p-nitrophenol is the
rate-determining step. In this case the equilibrium concentration of Hx can never be reached;

(II) If 𝑘𝑘𝑎𝑎 ≫ 𝑘𝑘𝑏𝑏 , the reduction of p-hydroxylaminophenol becomes the rate-determining step
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and the reaction is slowed down due to the additional factor in the denominator of equation
3.11.
3.2.2

Kinetic analysis with metallic mono nanoparticles in SPB

As discussed above, the reduction of p-nitrophenol by sodium borohydride in aqueous
solution should follow the direct route, that is, Nip is first reduced to p-nitrosophenol which
is quickly converted to p-hydroxylaminophenol. This relatively stable intermediate is
subsequently reduced to the finally product p-aminophenol in the rate-determining step.
Kinetic equation 3.3 and 3.5 provide the possibility to verify this reaction scheme. The
solution of these two equations will lead to temporal decay of the concentration of pnitrophenol 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁 which can be directly compared with the experimental data. Monodispersed

metal nanoparticles immobilized in the spherical polyelectrolyte brushes were used as model
catalysts to collect the kinetic data and verify the catalytic mechanism.
3.2.2.1 Reduction of p-nitrophenol by SPB-Au

Au nanoparticles embedded in spherical polyelectrolyte brushes (SPB-Au) were first used as
catalysts. All data analyzed have been taken from the work of Wunder.75 In all cases, the
induction period was subtracted as discussed previously (Figure 15). Parallel experiments
were averaged together to obtain the concentration of Nip as the function of reaction time
𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁,𝑒𝑒𝑒𝑒𝑒𝑒 . This time curve was analyzed by equation 3.3 and 3.5 with MatLab routines.

Detailed information is shown in the Experimental Chapter.

Figure 16 and 17 display the fits of the experimental data at temperature of 10 °C and 20 °C,
respectively. The solid lines are the fits by equation 3.3 and 3.5. The points are the
experimental data, while the error bars are the merging errors of parallel experiments. The
concentration of Nip normalized by the respective initial concentration 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁,0 is plotted as the

function of time. To ensure a meaningful comparison, all curves are plotted up to a
conversion of 30%. The transition from the early stage I to stage II is clearly seen from the
data at 10°C (Figure 16), which is well-modelled by the kinetic scheme in Figure 14. The fits
for the experimental data of reactions at higher temperatures are shown in Figure 18 and 19.
The transition from stage I to stage II become less obvious at 25 and 30 °C. This can be
attributed to the fact that an increase of the temperature leads to the increase of the reaction
rate of step A, which shortens the time to build up the stationary state. The experimental data
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at different temperatures and different initial concentrations can all be well fitted, which
means the full kinetic model can describe the reduction of p-nitrophenol very well.
When the initial concentration of Nip is increased to 0.15 mM, the 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁,𝑡𝑡ℎ starts to deviate

from 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁,𝑒𝑒𝑒𝑒𝑒𝑒 , as seen in Figure 20. The deviation is clearly observed at high conversion.
Partial hydrolysis of BH4− is an unavoidable side reaction especially at high temperatures, and

will shift its concentration during the measurements. Moreover, the model assumes the strict
validity of the Langmuir adsorption isotherm which may not be fully valid with high
concentration of p-nitrophenol. Therefore, the reactions with the initial concentration of Nip
lower than 0.15 mM are analyzed in the following.
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Figure 16: Fits of the concentration of Nip as the function of time, catalyzed by SPB-Au nanoparticles at 10°C.
The data points are the experimental data taken from the work of Wunder,75 while the error bars are merging
errors of three parallel experiments. The concentration of Nip was normalized by the respective initial
concentration c Nip,0 . The solid lines refer to the fits by equation 3.3 and 3.5.
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Figure 17: Fits of the concentration of Nip as the function of time, catalyzed by SPB-Au nanoparticles at 20°C.
The data points are the experimental data taken from the work of Wunder,75 while the error bars are merging
errors of three parallel experiments. The concentration of Nip was normalized by the respective initial
concentration c Nip,0 . The solid lines refer to the fits by equation 3.3 and 3.5.
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Figure 18: Fits of the concentration of Nip as the function of time, catalyzed by SPB-Au nanoparticles at 25°C.
The data points are the experimental data taken from the work of Wunder,75 while the error bars are merging
errors of three parallel experiments. The concentration of Nip was normalized by the respective initial
concentration c Nip,0 . The solid lines refer to the fits by equation 3.3 and 3.5.
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Figure 19: Fits of the concentration of Nip as the function of time, catalyzed by SPB-Au nanoparticles at 30°C.
The data points are the experimental data taken from the work of Wunder,75 while the error bars are merging
errors of three parallel experiments. The concentration of Nip was normalized by the respective initial
concentration c Nip,0 . The solid lines refer to the fits by equation 3.3 and 3.5.
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Figure 20: Fits of the concentration of Nip as the function of time, catalyzed by SPB-Au nanoparticles at
different temperatures with initial concentration c Nip,0 of 0.15 mM. The data points are experimental data taken
from the work of Wunder,75 while the error bars are merging errors of three parallel experiments. The
concentration of Nip was normalized by c Nip,0 . The solid lines refer to the fits by equation 3.3 and 3.5.

All the parameters derived from these fits are plotted in Figure 21 and summarized in Table 1.
Figure 21 shows the reaction rates of step A and B derived from fits at different temperatures.
The rate constants 𝑘𝑘𝑎𝑎 and 𝑘𝑘𝑏𝑏 scatter randomly around the mean values indicated by the

dashed line. 𝑘𝑘𝑏𝑏 is about ten times smaller than 𝑘𝑘𝑎𝑎 . Evidently, the reduction of Hx is the ratedetermining step of this reaction. It should be cautious that the constant 𝑘𝑘𝑏𝑏 is derived in an

indirect fashion since the experiment measures only the decay of Nip. Given the various
uncertainties of the analysis, the agreement of theory and experiment may be regarded as
satisfactory.

As seen, a single set of adsorption constants 𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 , 𝐾𝐾𝐵𝐵𝐵𝐵4 and 𝐾𝐾𝐻𝐻𝐻𝐻 is capable of describing the

experimental data at a given temperature up to a conversions of 30%. And the adsorption
constant of intermediate Hx is considerably larger than that of Nip and BH4− . This means the

intermediate hydroxylamine is more strongly adsorbed on the surface of the nanoparticles
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than the other two compounds. This strong adsorption of Hx on the surface of the
nanoparticles prevents the formation of other intermediates such as the substituted azoxy
compound. The formation of this compound requires the presence of sufficient nitrosophenol
and hydroxylaminophenol which is not the case in this study.
In the Langmuir-Hinshelwood model, the reactants and intermediates compete for free active
sites at the surface of Au nanoparticles, and the reaction can only occur between adsorbed
species. If most of the sites are occupied by a single species, such as hydroxylamine, the
reaction will be slowed down. For this reason the accumulation of hydroxylamine slows
down the apparent reaction rate when the reaction approaches to stage II as seen from Figure
16 to Figure 19.
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Figure 21: Kinetic constants k a and k b from fits for the reactions catalyzed by SPB-Au nanoparticles at (a, b)
10°C, (c, d) 20°C, (e, f) 25°C and (g, h) 30°C, respectively. The values within the error bars can fit all the
corresponding experimental curves. The dashed lines indicate the average value of the constants.

Table 1: Parameters derived from the fits of the measurements at different temperatures
Temperature

[10 mol/m s]

Average 𝑘𝑘𝑏𝑏

[10 mol/m s]

𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁

[L/mol]

𝐾𝐾𝐵𝐵𝐵𝐵4

[L/mol]

𝐾𝐾𝐻𝐻𝐻𝐻

n

[°C]

Average 𝑘𝑘𝑎𝑎

[L/mol]

10

3.9± 0.9

1.9±0.8

2700±500

30±2

150000±10000

0.5

20

9.3±2.5

5.1±1.5

3700±900

50±4

160000±15000

0.5

25

9.7±2.8

7.7±1.7

4600±1200

62±6

175000±20000

0.5

30

11.0±3.9

7.1±1.5

5200±1500

86±10

200000±25000

0.5

-4

2

-5

2

As shown in Table 1, the adsorption constants increase with the increasing of temperature,
which can be determined as a function of temperature according to the following equation:
𝑙𝑙𝑙𝑙𝐾𝐾𝑎𝑎𝑎𝑎 = −
38
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+
(3.15)
𝑅𝑅𝑅𝑅
𝑅𝑅
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The enthalpies and entropies for the adsorption of Nip, BH4− and Hx can be obtained through

this equation, as displayed in Figure 22 a, b, and c. Similarly, the reaction rate k a at different

temperatures can be used to determine the activation energy according to Arrhenius equation
as shown in Figure 22 d.

Figure 22: Dependence of the adsorption constant K Nip of Nip (a), the adsorption constant K BH4 of borohydride
(b), the adsorption constant K Hx of p-hydroxyaminophenol (c), the reaction rate of step A k a (d) on the inverse
of temperature. The lines are linear fits according to equation 3.15.

Table 2 summarizes the values of thermodynamic parameters from the linear fits in Figure 22.
All adsorptions are endothermic. The adsorption entropy is positive indicating entropy-driven
processes. Here the compound (Hx) with the largest adsorption constant has the lowest
enthalpy. The ∆𝐻𝐻𝑎𝑎𝑎𝑎 and ∆𝑆𝑆𝑎𝑎𝑎𝑎 of the adsorption of Nip and BH4− are larger than those

obtained by previous version of theory that did not take the intermediates into account.75 The
activation energy for the reduction of Nip to Hx obtained from the Arrhenius plot of 𝑘𝑘𝑎𝑎 is

36.1 ±3.3 kJ/mol, which is smaller than 49 kJ/mol, the activation energy calculated from
surface normalized apparent reaction rate by Wunder et al..75 This is not contradictory since
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the reduction of Nip to Hx is not the rate-determining step of the reaction, the activation
energy should be lower than the activation energy of reduction of Hx in the second step.
Table 2: Summary of the enthalpy and entropy values of the adsorption of Nip, BH 4 - and Hx

∆𝐻𝐻𝑎𝑎𝑎𝑎 [kJ/mol]

∆𝑆𝑆𝑎𝑎𝑎𝑎 [J/mol K]

𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁

𝐾𝐾𝐵𝐵𝐵𝐵4

𝐾𝐾𝐻𝐻𝐻𝐻

24 ± 3

37 ± 2

10 ± 1

150 ± 12

158 ± 6

133 ± 3

Equation 3.3 and 3.5 provide a satisfactory kinetic model for the reduction of p-nitrophenol,
as one of the main assumptions the stationary state is discussed. Figure 23 displays the
temporal evolution of the concentrations of p-hydroxylaminophenol and p-nitrophenol as

Figure 23: Calculated concentrations of Nip and hydroxylamine as the function of time. The initial
concentration of Nip and BH4- is 0.04 mM and 5 mM, respectively. The reaction temperature is 20°C.

calculated from the numerical solution of equation 3.3 and 3.5. As clearly seen,
the concentration of the intermediate is rising steadily within the time 300s. After
reaching the maximum the concentration of Hx decreases slowly. It seems that the
assumption of the stationary state is not as gratifying as expected. Nevertheless, the
full kinetic scheme developed here is superior and provides a more consistent
description of all the data and should be preferred for the analysis.
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3.2.2.2 Reduction of p-nitrophenol by SPB-Pd
Pd nanoparticles have attracted great interest as efficient catalysts for hydrogenation,158-160
oxygen reduction,161 and Suzuki coupling.162-163 Pd nanoparticles immobilized in spherical
polyelectrolyte brushes were also reported as active catalysts for the reduction of Nip.78 To
check the applicability of the full kinetic scheme established with the intermediate, the timedependent concentration of Nip catalyzed by SPB-Pd was also analyzed by equation 3.3 and
3.5. All data analyzed have been taken from the work of Kaiser.78
As shown in Figure 24, the kinetic model can simulate these experimental data well even to a
longer reaction time compared to the reactions catalyzed by SPB-Au. The fit parameters are
summarized in Table 3. Similarly with the case catalyzed by SPB-Au, a single set of
adsorption constants 𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 , 𝐾𝐾𝐵𝐵𝐵𝐵4 and 𝐾𝐾𝐻𝐻𝐻𝐻 is also capable to describe the experimental data.

The adsorption of the intermediate represented by 𝐾𝐾𝐻𝐻𝐻𝐻 is much stronger than the adsorption
of Nip and BH4− . This strong adsorption of Hx on the surface of the nanoparticles prevents

the formation of azoxy compounds, which exist in the condensation route.

As seen in Table 3, the adsorption constants of SPB-Pd are of the same magnitude as that of
SPB-Au. However, the averaged reaction rates of step A and B (𝑘𝑘𝑎𝑎 , 𝑘𝑘𝑏𝑏 ) of SPB-Pd are

several times smaller compared with that of SPB-Au, which means SPB-Pd nanoparticles
possess lower catalytic activity towards the reduction of Nip. This results is consistent with
previous analysis.78
The reaction rates of step A and B (𝑘𝑘𝑎𝑎 , 𝑘𝑘𝑏𝑏 ) at different starting concentrations of Nip and
BH4− scatter randomly around a mean value as displayed in Figure 25. As seen that 𝑘𝑘𝑏𝑏 is

about ten times smaller than 𝑘𝑘𝑎𝑎 . Though the constant 𝑘𝑘𝑏𝑏 is obtained in an indirect fashion, the
agreement between theory and experiment is acceptable. These satisfying fits of the time

decay of 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁 indicate that the reactions catalyzed by SPB-Pd nanoparticles also follow the
direct route: Nip is first reduced to the intermediate Hx, which is reduced to the finally
product in a relatively slow step.
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Figure 24: Fits of the concentration of Nip as the function of time, catalyzed by SPB-Pd nanoparticles at 20°C.
The data points are the experimental data taken from the work of Kaiser,78 while the error bars are merging
errors of three parallel experiments. The concentration of Nip was normalized by c Nip,0 . The solid lines refer to
the fits by equation 3.3 and 3.5.
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Figure 25: Kinetic constants k a and k b obtained from fitting for the reactions catalyzed by SPB-Pd
nanoparticles at 20°C. The values within the error bars can fit all the corresponding experimental curves. The
dashed lines indicate the average value of the constants.
Table 3: Constants derived from the fits of the reactions catalyzed by SPB-Pd nanoparticles
Catalysts

Average 𝑘𝑘𝑎𝑎

[10-4mol/m2 s]

Average 𝑘𝑘𝑏𝑏

[10-5mol/m2 s]

𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁

[L/mol]

𝐾𝐾𝐵𝐵𝐵𝐵4

[L/mol]

𝐾𝐾𝐻𝐻𝐻𝐻 [L/mol]

SPB-Pd

1.4±0.4

0.8±0.6

2000±600

70±10

(180±20) *103

SPB-Au

9.3±2.5

5.1±1.5

3700±900

50±4

(160±15) *103

3.2.3

Catalytic activity of bimetallic nanoalloys in SPB

Nanoalloys have become one of the most effective catalysts with physical and chemical
properties distinct from their individual neat components.17, 164 Particularly, Au/Pd nanoalloys
have been widely used as catalysts in organic synthesis165-167 and advanced photocatalytic
processes168-170 because of their high activity resulted from alloying. For example, Su et al.171
found that Au/Pd supported on TiO 2 exhibits extremely high photocatalytic activity for H 2
production. Edwards et al.172 adopted Au/Pd nanoalloys to synthesize hydrogen peroxide in a
direct way. Though the nanoalloys have been widely used, the synergetic effect on catalysis
introduced by alloying has not been fully understood in a quantitative manner.
The catalytic activity of Au/Pd nanoalloys immobilized in SPB has been analyzed by the
simplified Langmuir-Hinshelwood model (equation 3.14). It is found that SPB-Au/Pd with
Au:Pd molar ratio of 75:25 (denoted as Au 75 Pd 25 ) has the highest activity.78 Density
functional calculations demonstrated that a small change in the atomic arrangements may
lead to pronounced alterations of the electronic properties of nanoalloys.172 The atomistic
structure of the SPB-Au/Pd was analyzed by extended X-ray absorption fine structure
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analysis (EXAFS).173 A slight enrichment of Pd atoms at the surface of nanoparticles was
found, which exhibited a non-metallic character. These findings prompted us to re-analyze
the data precisely using the full kinetic scheme shown in Figure 14.
Figure 26 displays the fits of the experimental data taken from the work of Kaiser78
according to equation 3.3 and 3.5. The concentration of Nip from the experiment
normalized by the respective initial concentration 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁,0 is plotted as the function of time.

The solid lines are fitting lines. As seen, the experimental data with different initial
concentrations of Nip and BH4− are well fitted by the kinetic model to a conversion of 30%
and even higher.

All the fit parameters are listed in Table 4. Similar as the case of SPB-Au and SPB-Pd, one
set of adsorption constants 𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 , 𝐾𝐾𝐵𝐵𝐵𝐵4 and 𝐾𝐾𝐻𝐻𝐻𝐻 is able to describe all the experiments here.
The rate constants 𝑘𝑘𝑎𝑎 and 𝑘𝑘𝑏𝑏 are plotted against the starting concentrations of Nip and BH4−

in Figure 27 (solid points). The rate constants are randomly distributed around the average
value indicated by the dashed lines. Since the experiments only measured the decay of Nip,
𝑘𝑘𝑏𝑏 was obtained in an indirect fashion. Considering the errors of this analysis, the full kinetic

model fits the experimental data very well.

For direct comparison of the catalytic activity of the neat nanoparticles with the nanoalloys,
the rate constants of SPB-Pd are also plotted in Figure 27 (hollow points). It is obvious that
the catalytic activity of the SPB-Au 75 Pd 25 nanoalloys is much higher than that of SPB-Pd.
When inspecting the data summarized in Table 4, it is evident that SPB-Pd nanoparticles
have the lowest activity. However, the addition of small portion of Pd to Au enhances the
efficiency of the nanoalloys considerably. Similar results were also reported elsewhere.167-168,
174

This phenomenon is because the Au/Pd molar ratio of the nanoalloys influences the

distribution of Pd sites which are isolated by Au atoms. Such sites have a substantial effect on
the activity of nanoalloys. 168-169, 175
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Figure 26: Fits of the concentration of Nip as the function of time, catalyzed by SPB-Au 75 Pd 25 nanoalloys at
20°C. The data points are the experimental data taken from the work of Kaiser,78 while the error bars are
merging errors of three parallel experiments. The concentration of Nip was normalized by c Nip,0 . The solid lines
refer to the fits by equation 3.3 and 3.5.

For SPB-Au 75 Pd 25 nanoalloys, the reaction rate 𝑘𝑘𝑎𝑎 for the reduction of Nip to the

intermediate Hx (Step A, Figure 14) is more than 60 times larger than 𝑘𝑘𝑏𝑏 related to Step B

(reduction of Hx to Amp). This difference is much larger compared with the data of SPB-Au

and SPB-Pd as shown in Table 4. The rate constant 𝑘𝑘𝑎𝑎 of nanoalloys is ten times larger than
45

Results and Discussion
that of SPB-Au and sixty times larger than that of SPB-Pd, respectively. The rate constant 𝑘𝑘𝑏𝑏

of nanoalloys, however, is only two times larger than that of SPB-Au and sixteen times larger
than 𝑘𝑘𝑏𝑏 of SPB-Pd, respectively. Hence, the catalytic activity for step A is strongly enhanced

by alloying. The adsorption constants for different nanoparticles are of similar magnitude.

Therefore, the much better catalytic activity of the nanoalloys is mainly due to the
acceleration of the surface reduction of Nip in step A, that is, it mainly resides in a much
larger rate constant of 𝑘𝑘𝑎𝑎 .

Figure 27: Kinetic constants k a and k b derived from fitting for the reaction catalyzed by SPB-Au 75 Pd 25
nanoalloys (solid points) and SPB-Pd nanoparticles (hollow points). The solid points and hollow points with the
same shape represent at the same Nip concentration as labelled. The dash lines indicate the average value for
each set of data.

Table 4: Comparison of the fit parameters for reactions catalyzed by different nanoparticles embedded in SPB.
Catalysts

Average 𝑘𝑘𝑎𝑎

[10 mol/m s]

Average 𝑘𝑘𝑏𝑏

[10 mol/m s]

𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁

[L/mol]

𝐾𝐾𝐵𝐵𝐵𝐵4

[L/mol]

[L/mol]

SPB-Au 75 Pd 25

85.4±23.2

13.4±7.6

3000±800

170±30

(170±20) *103

SPB-Au

9.3±2.5

5.1±1.5

3700±900

50±4

(160±15) *103

SPB-Pd

1.4±0.4

0.8±0.6

2000±600

70±10

(180±20) *103

-4

2

-5

2

𝐾𝐾𝐻𝐻𝐻𝐻

The surface structure of nanoparticles is one of the main aspects that influence the catalytic
performance. It is known that molecules prefer to adsorb at surface steps which may lead to a
lower work function.175 For example, Gaspari et al.176 demonstrated that steps on the Au (111)
surface have a pronounced influence on the molecular adsorption. Kesavan et al.177 suggested
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that the catalytic activity is related with the availability of exposed surface steps and edges of
the nanoparticles.
In order to elucidate the high catalytic activity of SPB-Au 75 Pd 25 nanoalloys, the surface
structure of this nanoalloys was investigated by aberration corrected high- resolution
transmission electron microscopy (HR-TEM, reference

178

). The central question for such

small particles with a size of 1~2 nm is the compositional homogeneity and structural
perfection of the nanoalloys.179 It has been reported that a co-reduction or subsequent
reduction of Au and Pd precursors in solution usually obtain segregated nanoparticles instead
of single-phase Au/Pd nanoalloy.180 Sometimes a core-shell structure occurs in which Au
core is surrounded by Pd shell (or vice versa) although Pd and Au are miscible in the
macroscopic state.181-182
Figure 28 displays the HR-TEM images of the SPB-Au 75 Pd 25 composite particles, which
were obtained by Kaiser.183 It should be noted that the nanoparticles are kept at the surface of
polystyrene cores by electrostatic interaction with the polyelectrolyte chains, as shown in
Figure 12d. Evidently, the nanoparticles are oriented randomly on the surface of the core
particles. The crystal lattice can be clearly observed for the Au/Pd nanoalloys, which have a
face-centered cubic (fcc) crystalline structure. The nanocrystals are polyhedrons bound by
{111} and {001} facets. Usually monoatomic steps are observed on the {111} facets. Many
of the particles exhibit stacking faults and twins. However, no multiply twinned particles are
observed. There is no indication of core-shell structures in the HR-TEM images. The EXAFS
analysis also demonstrates that the SPB-Au 75 Pd 25 sample has the structure which is close to a
random alloy.173
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Figure 28: HR-TEM images of the SPB-Au75Pd25 nanoalloys. The red lines indicate the surface steps while
the red arrows represent the defects of the nanocrystals. This experiment was conducted by Kaiser, and
more images are shown in the work of Kaiser.185

Figure 28 clearly demonstrates that the SPB-Au75Pd25 nanoalloys exhibit a large number of
surface defects. The atomistic structure of steps and defects are clearly seen as indicated
by red lines and red arrows. These surface steps and defects may be attributed to the rapid
co-precipitation of Au and Pd during the synthesis. Evidently, these surface steps and
defects will contribute to the enhanced catalytic activity of SPB-Au75Pd25 nanoalloys.
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3.2.4

Influence of SPB carrier on catalysis

Until now, most of the nanoparticles used for the kinetic study of the reduction of Nip are
stabilized by carriers such as spherical polyelectrolyte brushes

74-75, 78

and dendrimers.

100-101

As ligands and carriers used during the preparation processes are often reported to decrease
the catalytic activity, doubts may be raised to what extend the carrier may influence the
catalytic activity of the nanoparticles.44-45 Though there are many methods to clean the
nanoparticle from ligands such as calcination,184 centrifugation,185 solvent extraction,45 and
ozone exposure,186 it is difficult to remove the ligands quantitatively without changing the
structure of the colloids. A more promising method is to synthesize ligand-free nanoparticles
by laser ablation in liquids.187-188 In this technique, a solid target is ablated in a liquid solution
by laser pulse. The laser converts the target material to plasma and evaporates fragments
which will condensate to nanoparticles in the solvents. It is possible to prepare nanoparticles
from any base materials (metals, semiconductors, ceramics) and in numerous liquids by this
method.187 The obtained nanoparticles are usually defect-rich,189-190 which are preferred in
catalysis.
The nanoparticles obtained in water are attached by OH− ions which lead to the electrostatic
repulsion to stabilize the nanoparticles.191 Such nanoparticles are highly pure because no

ligands or residues will adsorb on the surface. Therefore, such nanoparticles can be used as
reference materials to study the catalytic activity of nanoparticles in carrier systems.
In order to study the influence of SPB carrier on the catalytic activity of Au nanoparticles,
ligand free Au nanoparticles fabricated by laser ablation in water were used as catalysts for
the reduction of Nip.192 Then the kinetic data was analyzed by the full kinetic scheme shown
in Figure 14. All the data were taken from the work of Kaiser.183 Figure 29 displays the fits of
the experimental data at different initial concentrations of Nip and BH4− . The solid lines are

the fits by the kinetics presented by equation 3.3 and 3.5. The experimental data can be well

fitted even when the conversion reaches 70%. For SPB-Au nanoparticles good fits could only
be obtained up to a conversion of 30% as shown in Figure 16-19. Due to the bare, ligand-free
surface, any effect of the carrier system on the catalytic activity can be fully eliminated,
which may facilitate the agreement between theory and experiment.
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Figure 29: Fits of the concentration of Nip as the function of time, catalyzed by ligand-free Au nanoparticles at
20°C. The data points are the experimental data taken from the work of Kaiser,183 while the error bars are
merging errors of three parallel experiments. The concentration of Nip was normalized by c Nip,0 . The solid lines
refer to the fits by equation 3.3 and 3.5.

50

Results and Discussion
As indicated by Figure 20, the parameters derived from high Nip concentrations are less
reliable and are not taken into account. The rate constants 𝑘𝑘𝑎𝑎 and 𝑘𝑘𝑏𝑏 obtained with Nip no

more than 0.1 mM are displayed in Figure 30. As seen, 𝑘𝑘𝑏𝑏 is ten times smaller than 𝑘𝑘𝑎𝑎 which
dictates the intermediate Hx is fast formed and slowly reduced. The constant 𝑘𝑘𝑎𝑎 and 𝑘𝑘𝑏𝑏

scatter around a mean value indicated by a dashed line. Therefore, they are independent on
the concentrations of BH4− and Nip within the limits of error.

Figure 30: Kinetic constants k a and k b derived from fitting for the reaction catalyzed by ligand-free Au
nanoparticles. The solid points and hollow points with the same shape represent the same concentration of Nip
as labelled. The dashed lines indicate the average value of each set of data.
Table 5: Comparison of the fit parameters for reactions catalyzed by ligand-free Au and SPB-Au nanoparticles.
Catalysts

Average 𝑘𝑘𝑎𝑎

[10 mol/m s]

[10 mol/m s]
8.7±2.4

𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 [L/mol]

[L/mol]

8.8±4.3

Average 𝑘𝑘𝑏𝑏

1800±700

60±10

(160±25) *103

9.3±2.5

5.1±1.5

3700±900

50±4

(160±15) *103

-4

Ligand-free Au
SPB-Au

2

-5

2

𝐾𝐾𝐵𝐵𝐵𝐵4

𝐾𝐾𝐻𝐻𝐻𝐻 [L/mol]

The kinetic parameters have been compared with kinetic data of SPB-Au as shown in Table 5.
Ligand-free gold nanoparticles have a smaller 𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 , a slightly larger 𝐾𝐾𝐵𝐵𝐵𝐵4 and the same 𝐾𝐾𝐻𝐻𝐻𝐻

compared to that of SPB-Au. This indicates the bare surface of ligand-free gold nanoparticles
does not increase the adsorption of reactants. The adsorption of Nip is even lower. This may
be related to the negative zeta potential of laser-generated nanoparticles. For the adsorption of
Nip, a negatively charged nitrophenolate ion must approach a negatively-charged
nanoparticle surface before it can exchange one of the Stern layer anions,192 leading to a
lower adsorption constant compared to that of SPB-Au nanoparticles.
However, 𝑘𝑘𝑎𝑎 and 𝑘𝑘𝑏𝑏 of ligand-free gold nanoparticles are quite similar to those of SPB-Au

and the difference is within the experimental uncertainty. This indicates that SPB is an
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excellent carrier that hardly impedes the catalytic activity of the nanoparticles. Thus, the
catalytic active sites are not blocked by the SPB carriers.
In summary, a kinetic study of the reduction of p-nitrophenol (Nip) by sodium borohydride is
presented in Chapter 3.2. A full kinetic scheme including the intermediate of this reaction phydroxylaminophenol (Hx) has been presented. Kinetic equations based on the LangmuirHinshelwood mechanism allow us to describe the temporal evolution of the concentration of
Nip. The kinetic scheme is evaluated by the experimental data catalyzed by different
nanoparticles immobilized in the spherical polyelectrolyte brushes (SPB). Good agreement is
found indicating the validity of the scheme. The full kinetic fits also provide more precise
parameters to characterize the catalytic activity of Au/Pd nanoalloys. It is found that the much
better catalytic activity of the nanoalloys is mainly due to the acceleration of the surface
reduction of Nip in the first step. The influence of SPB carrier on the catalytic behavior of the
metal nanoparticles has also been investigated by using ligand-free Au nanoparticles as
reference materials. The temporal evolution of the concentration of Nip can be well modelled
up to a conversion of 70 %, which is much higher than the case of SPB-Au nanoparticles. The
fit parameters prove that SPB is an excellent carrier that hardly impedes the catalytic activity
of the metal nanoparticles.
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3.3

Oxidation of TMB by hydrogen peroxide

The oxidation of 3,3’,5,5’-tetramethylbenzidine (TMB) by hydrogen peroxide (H 2 O 2 ) is a
frequently used model reaction for testing the catalytic activity of nanoparticles as discussed
in the Introductory Chapter.107-113 However, the mechanism of this catalysis is still a central
question to be solved. Many investigations have modelled the oxidation of TMB by
nanoparticles by Michaelis-Menten kinetics in terms of Ping-Pong mechanism. 112-113, 140 The
Michaelis constant K m thus obtained however is of thousand times larger than that of
peroxidase, 112-113, 141 which points to a different reaction mechanism. An alternative approach
to analyze the catalysis by nanoparticles is based on standard surface chemistry, in which the
adsorption and desorption of reactants are incorporated into the elementary step. As the
whole reaction can be precisely monitored by UV-vis spectroscopy,107 which can be used to
check the validity of different kinetic models.
3.3.1

Evaluation of UV-vis spectra for the oxidation of TMB

Pt nanoparticles immobilized in poly(2-methylpropenoyloxyethyl trimethyl ammonium
chloride) (PMPTAC) brushes (SPB-Pt) were used as catalysts for the oxidation of TMB by
H 2 O 2 . Figure 31 shows the evolution of the UV-vis spectra. At the beginning of the reaction,
the absorptions at 370 and 652 nm increase with time. When the peaks reach the maximum,
the absorptions keep constant for some time before decreasing. There is an isosbestic point at
310 nm. During this period another peak at 450 nm appears and increases gradually, which
represents the further oxidation of TMB 2 . The peak at 450 nm appears at the early stage of
the reaction but does not contribute much to the spectra. The UV-vis spectra evolution is the
same as that of reaction catalyzed by the peroxidase.
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Figure 31: UV-vis spectra for the oxidation of TMB by H 2 O 2 catalyzed by SPB-Pt nanoparticles. The spectra
in the left panel show the beginning 12 min of the reaction. The residue spectra are shown in the right panel. At
the beginning of the reaction, the absorptions at 370 and 652 nm increase with time. After reaching the
maximum, the absorptions keep constant for certain plateau time, then decrease slowly. During this period, the
absorption at 450 nm increases gradually. The isosbestic points are indicated by the dashed lines.

The UV-vis spectra show that TMB is first oxidized to the charge-transfer complex (TMB 2 ,
absorption at 370 and 652 nm), which is further oxidized to diimine (absorption at 450 nm)
slowly after a long plateau time. Therefore, the two successive one-electron reaction can be
analyzed separately, as discussed in the Introductory Chapter.112 In the following we only
investigate the first step, namely the oxidation of TMB to TMB 2 . The absorption at 652 nm is
used for kinetic study because the peak at 370 nm overlaps with the peak of diimine at 450
nm.107 A typical time-dependent UV-vis absorption at 652 nm is shown in Figure 32. The
generation of the blue TMB 2 takes place immediately after the addition of H 2 O 2 . The
absorption increases in a hyperbolic manner before reaching the plateau. The oxidation of
TMB by H 2 O 2 without catalysts is very slow and can be safely neglected as shown in Figure
33.
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Figure 32: Typical time dependent absorption at 652 nm with different starting concentrations of TMB (a) and
H 2 O 2 (b) catalyzed by SPB-Pt nanoparticles. The absorption increases in a hyperbolic way before reaching the
maximum. At lower TMB concentrations, clear plateaus can be seen, indicating shorter time is needed for the
maximum conversion of TMB to TMB 2 . Extending the reaction time, the plateau for higher TMB concentration
is also expected.

Figure 33: The time dependent absorption at 652 nm. The concentrations of TMB and H 2 O 2 are 0.25mM and
81.6 mM except special mentioned. All these reactions were repeated three times. These results prove this
reaction can only proceed with H 2 O 2 which means trace amount of oxygen that possible exists in the reaction
solution cannot oxidize TMB. Oxidation of TMB by H 2 O 2 without catalysts is very slow which can be
neglected. The addition of carrier polymer cannot influence the reaction rate.
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3.3.2

Kinetic analysis by the Michaelis-Menten model

3.3.2.1 Michaelis-Menten model
In the MM model, it is assumed that the substrate combines with the enzyme to form
enzyme-substrate complex which will convert to the product in the rate-determining step.150
Recently, this model has been introduced to analyze the oxidation of TMB by H 2 O 2
catalyzed by nanoparticles in terms of Ping-Pong mechanism.112-113 As shown in Figure 8, the
enzyme has an active pocket to which H 2 O 2 binds first. In the first step, H 2 O 2 is decomposed
via heterolytic cleavage of the oxygen-oxygen bond and a water molecule is generated.117-118
At the same time, the active pocket is oxidized to the first enzyme intermediate (EI).
Afterwards, TMB transfers one electron to EI and yields the second enzyme intermediate
(EII). EII receives another electron to reverse to the native enzyme E in the third step.
Reactive radical cations are released during the catalytic cycle.
As reported by Josephy et al.107( see Figure 7), the radical cation (TMB +∙ ) is unstable and in
rapid equilibrium with the charge-transfer complex (TMB2 ), and the concentration of the

TMB+∙ is negligible. Therefore, TMB 2 formation is used to study the kinetics of this reaction.

In the absence of product or substrate inhibition the Ping-Pong mechanism can be written as:
120

𝑣𝑣 =

d𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇2
𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇 𝑐𝑐𝐻𝐻2𝑂𝑂2
= 𝐻𝐻2𝑂𝑂2
(3.16)
𝑇𝑇𝑇𝑇𝑇𝑇
d𝑡𝑡
𝐾𝐾𝑚𝑚 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇 + 𝐾𝐾𝑚𝑚
𝑐𝑐𝐻𝐻2𝑂𝑂2 + 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇 𝑐𝑐𝐻𝐻2𝑂𝑂2

𝐻𝐻2𝑂𝑂2
𝑇𝑇𝑇𝑇𝑇𝑇
where 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 is the limitation rate of the reaction, 𝐾𝐾𝑚𝑚
and 𝐾𝐾𝑚𝑚
are the Michaelis-Menten

constants.

At the beginning of the reaction, 𝑣𝑣 can be approximatedly calculated from the slope of the

product formation curve, called as initial rate 𝑣𝑣0 . In this short period, 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇 and 𝑐𝑐𝐻𝐻2𝑂𝑂2 can also

be approximately regarded as the starting concentration 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝐻𝐻2𝑂𝑂20 .

For the kinetic measurements, the starting concentration of one substrate is kept constant,
while the other one is changed. At fixed values of 𝑐𝑐𝐻𝐻2𝑂𝑂20 , equation 3.16 can be cast in the
form of a rectangular hyperbola: 120

in which
56

𝑣𝑣0 =

𝐾𝐾𝐻𝐻2𝑂𝑂2
𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0
𝑚𝑚

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 𝑐𝑐𝐻𝐻2𝑂𝑂20
+

𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇
𝑚𝑚 𝑐𝑐𝐻𝐻2𝑂𝑂20

+ 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 𝑐𝑐𝐻𝐻2𝑂𝑂20

=

𝐴𝐴𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0
(3.17)
𝐵𝐵 + 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0
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𝐴𝐴 =
𝐵𝐵 =

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚
𝐻𝐻2𝑂𝑂2
(𝐾𝐾𝑚𝑚 /𝑐𝑐𝐻𝐻2𝑂𝑂20 )

1+

(3.18)

𝑇𝑇𝑇𝑇𝑇𝑇
𝐾𝐾𝑚𝑚
(3.19)
𝐻𝐻2𝑂𝑂2
1 + (𝐾𝐾𝑚𝑚
/𝑐𝑐𝐻𝐻2𝑂𝑂20 )
𝑎𝑎𝑎𝑎𝑎𝑎

𝑎𝑎𝑎𝑎𝑎𝑎

The constants A and B are usually called apparent 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 and 𝐾𝐾𝑚𝑚 , which are dependent on
𝑐𝑐𝐻𝐻2𝑂𝑂20 that is kept constant during the measurements. Equation 3.17 can be re-written as: 120
1
1 𝐵𝐵
1
= + ∙
𝑣𝑣0 𝐴𝐴 𝐴𝐴 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0

(3.20)

Thus, A and B can be obtained by keeping 𝑐𝑐𝐻𝐻2𝑂𝑂20 constant while changing 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 . If the

reaction follows a Ping-Pong mechanism, a set of parallel lines should be obtained at

different 𝑐𝑐H2O20 , as discussed in Chapter 2.2.2.

Equation 3.18 and 3.19 can also be cast in the double reciprocal form:
𝐻𝐻2𝑂𝑂2
1
1
𝐾𝐾𝑚𝑚
1
=
+
∙
𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 𝑐𝑐H2O20
𝐴𝐴 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚

(3.21)

𝐻𝐻2𝑂𝑂2
1
𝐾𝐾𝑚𝑚
1
1
= 𝑇𝑇𝑇𝑇𝑇𝑇 + 𝑇𝑇𝑇𝑇𝑇𝑇 ∙
(3.22)
𝑐𝑐H2O20
𝐵𝐵 𝐾𝐾𝑚𝑚
𝐾𝐾𝑚𝑚

𝐻𝐻2𝑂𝑂2
𝑇𝑇𝑇𝑇𝑇𝑇
From plots of 1⁄𝐴𝐴 or 1⁄𝐵𝐵 against 1⁄𝑐𝑐H2O20 , the respective values of 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 , 𝐾𝐾𝑚𝑚
, 𝐾𝐾𝑚𝑚

can be extracted. Plots based on equation 3.21 and 3.22 are called secondary plots.
The same procedure can be done by keeping 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 constant in equation 3.16: 120
𝑣𝑣0 =

𝐴𝐴′ =

𝐵𝐵′ =

𝐴𝐴′ 𝑐𝑐𝐻𝐻2𝑂𝑂20
𝐵𝐵′ + 𝑐𝑐𝐻𝐻2𝑂𝑂20

1+

(3.17a)

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚
𝑇𝑇𝑇𝑇𝑇𝑇
(𝐾𝐾𝑚𝑚 /𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 )

(3.18a)

𝐻𝐻2𝑂𝑂2
𝐾𝐾𝑚𝑚
(3.19a)
𝑇𝑇𝑇𝑇𝑇𝑇 /𝑐𝑐
1 + (𝐾𝐾𝑚𝑚
𝑇𝑇𝑇𝑇𝑇𝑇0 )

The double reciprocal forms of these three equations are:
1 𝐵𝐵′
1
1
= ′+ ′∙
𝐴𝐴 𝑐𝑐𝐻𝐻2𝑂𝑂20
𝑣𝑣0 𝐴𝐴

(3.20a)
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𝑇𝑇𝑇𝑇𝑇𝑇
1
𝐾𝐾𝑚𝑚
1
1
=
+
∙
𝐴𝐴′ 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0

(3.21a)

𝑇𝑇𝑇𝑇𝑇𝑇
1
1
𝐾𝐾𝑚𝑚
1
=
+
∙
(3.22a)
𝐻𝐻2𝑂𝑂2
𝐻𝐻2𝑂𝑂2 𝑐𝑐
𝐵𝐵′ 𝐾𝐾𝑚𝑚
𝐾𝐾𝑚𝑚
𝑇𝑇𝑇𝑇𝑇𝑇0

The constants derived from these two sets of equations 3.20-3.22 and 3.20a-3.22a should
agree and the entire procedure provides a check for internal consistency. The analysis with
the initial rates based on these equations will be discussed in the following.
3.3.2.2 Analysis of the initial rates
As discussed in the Introduction chapter, the Michaelis-Menten kinetics has been frequently
used to evaluate the activity of various nanoparticles, such as iron oxide nanomaterials,113, 122126

MFe 2 O 4 (M = Co, Mn, Zn)131-133, Pd,127 Pt,128 Au129 and carbon based nanocomposites.134-

137

Some results taken from the literature are listed in Table 6.

Table 6: Michaelis-Menten parameters of different nanoparticles by fixing c H2O2 0 or c TMB 0 for the oxidation of
TMB taken from literature.
Catalyst
Fe 3 O 4

Diameter
(nm)

𝑎𝑎𝑎𝑎𝑎𝑎

-8

3.44×10
9.78×10-8
1.06×10-6
1.17×10-6
13.3×10-8
7.7×10-8
1.15×10-7
2.81×10-8
8.7×10-8
1.92×10-7
4.22×10-8
6.51×10-8
1.80×10-7
7.40×10-7
1.31×10-7
5.31×10-8

𝐾𝐾𝑚𝑚
(mM)

𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐

a

(s-1)
3.02×103
8.85×103
3.43×103
8.79×103
4.36×1010
2.54×1010

pH

Temperature(°C)

0.098
3.5
40
154
Fe 2 O 3 @PB
10.5
0.307
4.6
323.6
ZnFe 2 O 4
200
0.85
4.5
40
1.66
FeWO 4
1.18
3.0
architectures
0.59
FeS nanosheets
0.0082
4
9.36
FeSe
6
0.0089
2.32
4
8.09
3.58
Fe 3 O 4 @C
100
0.072
3.0
45
0.38
Fe 3 O 4 /GO
6-8
0.43
4.0
40
0.71
CuO
30
0.031
4.0
40
85.6
Co 3 O 4
20
6.27×10-8 0.037 1.38×102 5.0
25
12.1×10-8 140.07 3.53×102
GO
3.45×10-8 0.0237
4.0
35
3.85×10-8
3.99
C-Dots
2.1±0.7 3.61×10-8 0.039
0.060
3.5
35
30.6×10-8 26.77
0.512
a
𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 ⁄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 , 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the concentration of the catalyst in particle number.
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150

𝑎𝑎𝑎𝑎𝑎𝑎

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚
(M s-1)

Reference
113
193
132
194
195

195
196
135
197
198
134
137
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𝑎𝑎𝑎𝑎𝑎𝑎

As summarized in Table 6, most authors calculated only the apparent parameters 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 and
𝑎𝑎𝑎𝑎𝑎𝑎

𝐾𝐾𝑚𝑚

(A, B values in equation 3.20 and 3.20a), which depends strongly on the concentrations

of reactants, temperature and the concentration of catalyst. A direct comparison of the
catalytic activities is difficult.
𝐻𝐻2𝑂𝑂2
𝑇𝑇𝑇𝑇𝑇𝑇
𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 , 𝐾𝐾𝑚𝑚
and 𝐾𝐾𝑚𝑚
should be extracted and used for comparison. The initial rate was

calculated from the slope of the time-dependent UV-vis absorption at 652 nm. The initial rate
is the slope at zero time. However, it is difficult to obtain. Therefore, the slope of the initial
five seconds was used as the initial rate in the following.
3.3.2.2.1 Nonlinear fits
At the beginning of the reaction, the initial rate 𝑣𝑣0 can be regarded as the function of the

starting concentration 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝐻𝐻2𝑂𝑂20 , as shown by equation 3.17:
𝑣𝑣0 =

𝐾𝐾𝐻𝐻2𝑂𝑂2
𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0
𝑚𝑚

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 𝑐𝑐𝐻𝐻2𝑂𝑂20

+ 𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇
𝑚𝑚 𝑐𝑐𝐻𝐻2𝑂𝑂20 + 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 𝑐𝑐𝐻𝐻2𝑂𝑂20

(3.17)

Figure 34: The initial rates at different starting concentrations of TMB and H 2 O 2 for the oxidation of TMB
catalyzed by Fe 3 O 4 nanoparticles. The initial rates were calculated from the slope of time-dependent absorption
at 652 nm at the beginning five seconds. The error bars represent the standard error derived from repeated
measurements.

With 𝑣𝑣0 at different 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝐻𝐻2𝑂𝑂20 , all the Michaelis-Menten parameters can be extracted
by a nonlinear fit. For the reactions catalyzed by Fe 3 O 4 and SPB-Pt nanoparticles, 𝑣𝑣0 was

plotted against 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝐻𝐻2𝑂𝑂20 in Figure 34(a, b) and 35(a, b). The initial rate first

increases upon the increase of the concentration and then reaches a plateau. We tried to fit
these data by least squares. However, the results are unsatisfactory because the nonlinear fit
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𝐻𝐻2𝑂𝑂2
𝑇𝑇𝑇𝑇𝑇𝑇
curves are not sensitive to the values of 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 , 𝐾𝐾𝑚𝑚
and 𝐾𝐾𝑚𝑚
. It is difficult to extract all

the Michaelis-Menten parameters accurately by nonlinear fits.

Figure 35: The initial rates at different starting concentrations of TMB and H 2 O 2 for the oxidation of TMB
catalyzed by SPB-Pt nanoparticles. The initial rates were calculated from the slope of time-dependent absorption
at 652 nm at the beginning five seconds. The error bars represent the standard error derived from repeated
measurements.

3.3.2.2.2 Lineweaver-Burk plots
The Lineweaver-Burk plots of 1/𝑣𝑣0 vs. 1/𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 at constant 𝑐𝑐𝐻𝐻2𝑂𝑂20 and 1/𝑣𝑣0 vs. 1/𝑐𝑐𝐻𝐻2𝑂𝑂20 at

constant 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 are shown in Figure 36. For the reactions catalyzed by SPB-Pt nanoparticles
parallel lines were obtained, which seems to indicate a Ping-Pong mechanism that H 2 O 2

reacts with the catalysts first and TMB reacts subsequently. The obtained apparent
parameters are displayed in Table 7.
The oxidation of TMB catalyzed by Fe 3 O 4 nanoparticles were also conducted in this work
because of their widely usage in literature. 113, 123-127 The 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐 value of Fe 3 O 4 obtained in this
work is smaller than that reported in literature.113 Compared with SPB-Pt, Fe 3 O 4 has larger

𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐 value, which represents better reactivity towards the oxidation of TMB. However, the
𝑎𝑎𝑎𝑎𝑎𝑎

𝐾𝐾𝑚𝑚

of Fe 3 O 4 and Pt at constant 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 are much larger than that of Horseradish

Peroxidase,113, 120 which indicates these nanoparticles bind H 2 O 2 with much smaller affinities.
There are no specific interactions between H 2 O 2 and nanoparticles as the case with
peroxidase. This is in agreement with the experimental fact that much more H 2 O 2 (~ 1 M) is
necessary to initiate the reaction catalyzed by nanoparticles, while for peroxidase several
millimolar of H 2 O 2 is enough to oxidize TMB.
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A Fenton and/or Haber-Weiss reaction mechanism has been adopted to explain the catalysis
with Fe 3 O 4 nanoparticles.108, 122, 126 Tang et al. proposed that H 2 O 2 molecules first adsorbed
on the surface of Fe 3 O 4 nanoparticles and reacted with surface Fe2+ and Fe3+, then the
generated ∙ 𝑂𝑂𝑂𝑂, ∙ 𝑂𝑂𝑂𝑂𝑂𝑂 and 𝑂𝑂2∙− radicals oxidized the organic substrates.122 However, Atomic

Absorption Spectroscopy (AAS) measurements found that Fe2+ and Fe3+ ions could be
released from the Fe 3 O 4 nanoparticles.113, 122 Therefore, Fe 3 O 4 nanoparticles are not model

catalysts for the kinetic study. SPB-Pt nanoparticles which are stable at acidic pH are used for
the kinetic study in the following.
Table 7: Comparison of the apparent Michaelis-Menten parameters obtained from the Lineweaver-Burk plots
Catalyst

Fixed concentrations
(M)

Fe 3 O 4
SPB-Pt

Fe 3 O 4 113
Horseradish
peroxidase 113
Fe 3 O 4
SPB-Pt

Fe 3 O 4 113
Horseradish
peroxidase 113
a

𝑎𝑎𝑎𝑎𝑎𝑎 a

𝑎𝑎𝑎𝑎𝑎𝑎 b

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚

(Ms-1)

𝐾𝐾𝑚𝑚

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

c

(s-1)

(M)

( M)

8.43×10-7

6.78×10-4

7.13×10-10

𝑐𝑐𝐻𝐻2𝑂𝑂20 =0.0816

2.80×10-7

1.27×10-5
1.77×10

-5

2.52×10

-5

𝑐𝑐𝐻𝐻2𝑂𝑂20 =0.522

𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐

1.18×103
2.15

1.30×10

-7

𝑐𝑐𝐻𝐻2𝑂𝑂20 =0.1142

3.58×10

-7

𝑐𝑐𝐻𝐻2𝑂𝑂20 =0.1631

4.90×10

-7

𝑐𝑐𝐻𝐻2𝑂𝑂20 =0.530

3.44×10-8

9.8×10-5

1.14×10-12

3.02×104

𝑐𝑐𝐻𝐻2𝑂𝑂20 =8.8×10-3

10.00×10-8

4.34×10-4

2.5×10-11

4.0×103

𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 =3.13×10-4

8.55×10-7

1.59

7.13×10-10

1.20×103

𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 =2.50×10-5

5.25×10-7

0.158

-5

1.04×10

-6

0.312

-5

1.60×10

-6

0.426

9.78×10-8

0.154

1.14×10-12

8.58×104

8.71×10-8

3.7×10-3

2.5×10-11

3.48×103

𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 =5.00×10
𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 =7.50×10

𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 =8.16×10-4
𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 =8.16×10-4

2.75
3.77

4.04
1.30×10

-7

8.00
12.31

A at constant c H2O20 , A’ at constant c TMB0 , b B at constant c H2O20 , B’ at constant c TMB0 ; c 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 ⁄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ;
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Figure 36: Lineweaver-Burk plots for the oxidation of TMB by equation 3.20 and 3.20a. (a, b) catalyzed by
Fe 3 O 4 nanoparticles, (c, d) SPB-Pt nanoparticles, (a, c) at constant c H2O20 , (b, d) at constant c TMB0 . The solid
lines are the linear fits of the experimental data points.

3.3.2.2.3 Consistency check
𝐻𝐻2𝑂𝑂2
𝑇𝑇𝑇𝑇𝑇𝑇
As discussed in Chapter 3.3.2.1, the values of 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 , 𝐾𝐾𝑚𝑚
, 𝐾𝐾𝑚𝑚
can be extracted with the

equations of 3.20-22 or 3.20a-22a. And these two sets of equations provide a consistency
check for the analysis with the initial rates. The Michealis-Menten constants obtained by each
set of equations should agree.
𝑎𝑎𝑎𝑎𝑎𝑎

𝑎𝑎𝑎𝑎𝑎𝑎

With the apparent parameters 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 and 𝐾𝐾𝑚𝑚

(A, B and A’, B’) obtained by the Lineweaver-

Burk plots, all the Michaelis-Menten parameters can be extracted by two more linear fits with
equation 3.21-22 and 3.21a-22a. The corresponding plots of 1/A vs. 1/𝑐𝑐𝐻𝐻2𝑂𝑂20 , 1/B vs.

1/𝑐𝑐𝐻𝐻2𝑂𝑂20 as well as 1/A’ vs. 1/𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 , 1/B’ vs. 1/𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 are shown in Figure 37. All the

parameters thus obtained are listed in Table 8. As seen, inconsistent results are found. For

parameters derived at fixed 𝑐𝑐𝐻𝐻2𝑂𝑂20 are about ten times smaller than those obtained at constant

𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 . This can be attributed to the fact that the averaged initial rates at different

concentrations are weighted differently when taking reciprocals in Lineweaver-Burk plots.
The slopes and the intercepts of the Lineweaver-Burk lines are mainly determined by the data
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at low concentrations. A, B and A’, B’ obtained by the Lineweaver-Burk plots are incorrect.
The Michaelis-Menten parameters extracted from the linear fits of these incorrect values are
undoubtedly inconsistent.

Figure 37: Plots of 1/A vs. 1/c H2O20 , 1/B vs. 1/c H2O20 , 1/A’ vs. 1/c TMB0 , 1/B’ vs. 1/c TMB0 for the reactions
catalyzed by SPB-Pt nanoparticles. The hollow points are based on the fit results of the Lineweaver-Burk plots
by equation 3.20 and 3.20a.
Table 8: Comparison of the Michaelis-Menten parameters obtained by different approaches
Fixed

Equations

(Ms-1)

concentration
Lineweaver-Burk
plots
Lineweaver-Burk
plots
Fit cTMB2 curves

𝑐𝑐𝐻𝐻2𝑂𝑂20
𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0
-

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚

3.20-22

8.11×10

3.20a-22a
3.26

(M)

-7

𝑇𝑇𝑇𝑇𝑇𝑇
𝐾𝐾𝑚𝑚

(M)

𝐾𝐾𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇2
(M)

-5

0.11

2.95×10

6.44×10-6

1.25

2.94×10-4

-

(2.52±0.27)

6.56±0.67

(1.02±0.002)

-

×10

(1%, no

𝐻𝐻2𝑂𝑂2
𝐾𝐾𝑚𝑚

-5

×10

-

-3

inhibition)a

Fit cTMB2 curves
(40%, with

-

3.27

(3.64±0.34)
×10

-4

95.27±11.70

(15.72±0.02)
×10

-3

(5.96±0.61)
×10-6

inhibition) b
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a

averaged parameters for all individual fits of TMB 2 formation as the function of time without product

inhibition at conversion of 1%. b averaged parameters for all individual fits of TMB 2 formation as the function
of time with product inhibition at conversion of 40% (see Figure 41-42).

These inconsistent results demonstrate that this approach is not correct to analyze the data
catalyzed by nanoparticles. Since the formation of the product during the whole reaction can
be monitored by UV-vis spectroscopy, there is no need to restrict the analysis within the
initial short period. The curve of time-dependent product formation will be simulated by the
Michaelis-Menten model at extended reaction time in the following.
3.3.2.3 Analysis the product formation as the function of time
In spite of the extensive usage in published data, the analysis with Lineweaver-Burk plots has
some clear drawbacks.150 Most of the information is inevitably lost if only the initial period is
analyzed. Actually, equation 3.16 can be solved numerically when the concentrations of the
reactants are much larger than that of the catalyst.150 The solution of this equation describes
the TMB 2 formation as the function of time, which can be directly compared with the
experimental data.
3.3.2.3.1

Fit procedure

The data curves were fitted by using a genetic approach.199 1000 parameter sets were first
randomly chosen within a wide range interval 𝑟𝑟𝑖𝑖 . With the target function, 5 sets of kinetic
parameters with the minimum sum deviation between theory and experiment can be screened
out. Subsequently, each parameter of these parameter sets was slightly changed by randomly

chosen factors between 0.99 and 1.01 (mutation step). The parameter set obtained was
compared with the original parameter to the respect of deviation between theory and
experiment. The best set was set as the new generation. The mutation step was repeated 1000
times and the best parameter set s with the lowest 𝜀𝜀𝑗𝑗 was picked as the final parameter set.

64

Results and Discussion

Figure 38: Flow chart of the global fit based on the genetic algorithm.200 The mutation loop is in the dashed box.
The target function is equation 3.23. The spline fit was used to obtain smooth curves.

The target function is:
𝜀𝜀𝑗𝑗 (𝑡𝑡) =

𝐾𝐾=48

𝐾𝐾=48

′

′
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𝑠𝑠𝑚𝑚𝑠𝑠𝑠𝑠
models, 𝑐𝑐𝑘𝑘 (𝑡𝑡) is the average concentration of TMB 2 of the parallel experimental runs. The

two items of the target function are the ordinary average residuum and the average residuum
of the first derivative which takes the curvature of the data into account. With this definition

of the target function all 48 curves have the same weight for the final assessment of the fits.
All the 48 experimental curves were first fitted together (global fit). According to the
parameters of the global fit, each experimental curve was then fitted (individual fit) with the
target function:
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The third item is the deviation of the parameters of the individual fit from the parameters of
the global fit. The flow charts of the fit procedure are shown in Figure 38 and 39, and the
fitting program is attached in the Experimental part.

Figure 39: Flow chart of the individual fit based on the genetic algorithm.200 The mutation loop is in the dashed
box. The target function is equation 3.24. The spline fit was used to obtain smooth curves.

3.3.2.3.2

Fit without product inhibition

As reported by Josephy et al.107, the concentration of the radical cation TMB +∙ is negligible.
Thus, the concentration of TMB can be calculated through:

𝑐𝑐TMB ≈ 𝑐𝑐TMB0 − 2𝑐𝑐TMB2 (3.25)

Together with the stoichiometry relationship that the generation of one mole of TMB 2
consumes one mole of H 2 O 2 , we have:
d𝑐𝑐𝑇𝑇𝑇𝑇𝐵𝐵2
𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚𝑚𝑚 (𝑐𝑐TMB0 − 2𝑐𝑐TMB2 )(𝑐𝑐𝐵𝐵2𝑂𝑂20 − 𝑐𝑐TMB2 )
= 𝐵𝐵2𝑂𝑂𝑂
𝑇𝑇𝑇𝑇𝐵𝐵 (𝑐𝑐
𝐾𝐾𝑚𝑚 (𝑐𝑐TMB0 − 2𝑐𝑐TMB2 ) + 𝐾𝐾𝑚𝑚
d𝑡𝑡
𝐵𝐵2𝑂𝑂20 − 𝑐𝑐TMB2 ) + (𝑐𝑐TMB0 − 2𝑐𝑐TMB2 )(𝑐𝑐𝐵𝐵2𝑂𝑂20 − 𝑐𝑐TMB2 )

(3.26)

This equation describes the TMB 2 formation as the function of time, which can be compared
𝑇𝑇𝑇𝑇𝐵𝐵
with the experimental data. The values of 𝑉𝑉𝑚𝑚𝑎𝑎𝑚𝑚𝑚𝑚 , 𝐾𝐾𝑂𝑂2𝑂𝑂2
, 𝐾𝐾𝑚𝑚
obtained by simulation should
𝑚𝑚

be the same as the analysis with initial rates (equation 3.21 and 3.22).
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The individual fits thus obtained are shown in Figure 40. The data points with error bars are
the average of the parallel experimental data. The data up to a conversion of 40% were fitted.
As seen, the fits of Michaelis-Menten model without product inhibition show a wrong
curvature and fail to describe the experimental data. In order to compare with the results
obtained by Lineweaver-Burk plots, the curves of 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇2 were fitted up to a conversion of

1 %. As listed in Table 8, the parameters obtained by curves fitting here are much larger than
those of the Lineweaver-Burk plots. This inconsistent result indicates the Michaelis-Menten
model without product inhibition cannot describe the experimental data of TMB oxidation
catalyzed by nanoparticles.

Figure 40: Individual fits of MM model without product inhibition (equation 3.26). The reactions were
catalyzed by SPB-Pt nanoparticles. The data points with error bars are the average of the parallel experimental
data. The starting concentration of TMB and H 2 O 2 for each experiment is as labelled. The time-dependent
concentration of TMB is normalized by the starting concentration of TMB c TMB0 .

3.3.2.3.3

Fit with product inhibition

For the oxidation of TMB catalyzed by nanoparticles, the experimental curves bend over
earlier than the fit lines as seen in Figure 40. This can be attributed to the inhibition of the
product. Actually, no matter what concentration of the product is at the beginning of the
reaction, it will accumulate as the reaction proceeds. The influence of the first product H 2 O is
negligible. Then, the inhibition of the product TMB 2 has to be taken into account for time
course simulation, as follows150:
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d𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇2
𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇 𝑐𝑐𝐻𝐻2𝑂𝑂2
=
(3.27)
𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇2
d𝑡𝑡
𝐻𝐻2𝑂𝑂2
𝑇𝑇𝑇𝑇𝑇𝑇
𝐾𝐾𝑚𝑚 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇 �1 + 𝑇𝑇𝑇𝑇𝑇𝑇2 � + 𝐾𝐾𝑚𝑚 𝑐𝑐𝐻𝐻2𝑂𝑂2 + 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇 𝑐𝑐𝐻𝐻2𝑂𝑂2
𝐾𝐾𝑖𝑖

where 𝐾𝐾𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇2 represents the inhibition of TMB 2 . 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇2 as the function of time can be
obtained from this equation.

The theory and experiment should be compared by both global fits and individual fits. In
global fits, a single set of constants is used to fit all the data deriving from different
concentrations of TMB and H 2 O 2 . The global fits should be possible to describe all the data
with an overall satisfactory, though some of the fits may deviate a little from the experimental
curves. If the global fits deviate systematically from the experimental data or do not describe
the data at all, the underlying model can be safely excluded. If an overall satisfactory global
fit has been achieved, the parameters of this particular model can be refined by individual fits
for data obtained at a given initial concentration of TMB and H 2 O 2 . The fit parameters thus
obtained should statistically scatter around the mean values, no trend should be visible.
As shown by the solid lines in Figure 41 and 42, a satisfactory global fit of equation 3.27 can
be obtained for all data if product inhibition is taken into account. The experimental data up
to a conversion of 40% can be fitted. At even higher conversions, the decay of TMB 2 may
occur as indicated by the peak at 450 nm in Figure 31. Thus, the data up to 40% were
analyzed. These gratifying global fits prove the general validity of the model. The fits were
further refined by the individual fits as displayed in dashed lines in Figure 41 and 42. The
𝐻𝐻2𝑂𝑂2
and
averaged parameters of these individual fits are listed in Table 8. As shown, both 𝐾𝐾𝑚𝑚

𝑇𝑇𝑇𝑇𝑇𝑇
are much larger than those obtained without considering the product inhibition in Table
𝐾𝐾𝑚𝑚

8. This means the binding affinities of the substrates are over-estimated by the analysis within
𝐻𝐻2𝑂𝑂2
of Pt is tens of thousands times larger than that of peroxidase in
the initial period. The 𝐾𝐾𝑚𝑚

Table 6, which means there are no specific interactions between H 2 O 2 and nanoparticles as
𝐻𝐻2𝑂𝑂2
𝑇𝑇𝑇𝑇𝑇𝑇
and 𝐾𝐾𝑚𝑚
,
the case with peroxidase. 𝐾𝐾𝑖𝑖𝑇𝑇𝑇𝑇𝑇𝑇2 of Pt nanoparticle is much smaller than 𝐾𝐾𝑚𝑚

which means the affinity of the product TMB 2 is the strongest. Thus, the inhibition of the
product has to be taken into account.

The corresponding parameters of the individual fits with product inhibition are plotted against
the starting concentrations of TMB and H 2 O 2 in Figure 43. The dashed line in each panel
denotes the average value of the respective parameter. As seen, 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 increases with the
𝐻𝐻2𝑂𝑂2
increase of the starting concentration of H 2 O 2 . 𝐾𝐾𝑚𝑚
is non-randomly distributed around the
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average value. Such systematical deviation means the Michaelis-Menten model cannot
provide a satisfactory description of all the data.

Figure 41: Global fits (solid lines) and individual fits (dashed lines) of Michaelis-Menten model with product
inhibition. The points with error bars are the average of the repeated experimental runs of respective starting
concentrations of TMB and H 2 O 2 . The data were fitted according to equation 3.27 by using a genetic approach.
The time-dependent concentration of TMB is normalized by the starting concentration of TMB c TMB0 .

Figure 42: Global fits (solid lines) and individual fits (dashed lines) of Michaelis-Menten model with product
inhibition. The points with error bars are the average of the repeated experimental runs of respective starting
concentrations of TMB and H 2 O 2 . The data were fitted according to equation 3.27 by using a genetic approach.
The time-dependent concentration of TMB is normalized by the starting concentration of TMB c TMB0 .
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Figure 43: Kinetic parameters obtained from the individual fits by the Michaelis-Menten kinetics with product
inhibition in Figure 41 and 42. The starting concentrations of TMB are represented by different colors as
labelled. The dashed lines indicate the average values.

In summary, the Michaelis-Menten model in the frame of Ping-Pong mechanism has been
used to analyze the oxidation of TMB by H 2 O 2 catalyzed by SPB-Pt and Fe 3 O 4 nanoparticles
in Chapter 3.3.2. SPB-Pt nanoparticles which are stable at acidic pH were used as the model
catalysts for the kinetic study. Here it is assumed that substrates H 2 O 2 and TMB react with
the catalyst in two well separated steps the same as the catalysis of peroxidase. The initial
rates at different starting concentrations of TMB and H 2 O 2 were first analyzed by nonlinear
fits and Lineweaver-Burk plots. The consistency was checked for the first time. Inconsistent
fit parameters indicate that the frequently used analysis by Michaelis-Menten model is not
correct to analyze the kinetics of reactions catalyzed by nanoparticles. Furthermore, the
curves of product formation as the function of time have been fitted. It is found that the
product inhibits the reaction. The experimental data up to a conversion of 40% can be fitted
by the model with product inhibition. However, the parameters of the individual fits deviate
systematically from the mean values indicating the Michaelis-Menten model cannot provide a
satisfactory description of the entire set of data.
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3.3.3

Kinetic analysis by the Langmuir-Hinshelwood model

3.3.3.1 Reaction model
In principle, the oxidation of TMB by H 2 O 2 may occur directly on the surface of
nanoparticles by reaction of two surface-bound species (Langmuir-Hinshelwood mechanism)
or in solution by a species approaching from the bulk phase (Eley-Rideal mechanism). In the
following we discuss the resulting expressions for the conversion as the function of time that
may then be compared to experimental results.
Let us start by considering the interaction of H 2 O 2 with Pt nanoparticles. Density-functional
calculations (DFT) by Gao et al. indicate H 2 O 2 adsorbs on the surface of the nanoparticles for
further reactions.141 H 2 O 2 catalyzed by nanoparticles can break down into different reactive
oxygen species (ROS) such as ∙ 𝑂𝑂𝑂𝑂, ∙ 𝑂𝑂𝑂𝑂𝑂𝑂 and 𝑂𝑂2∙− .

115, 138-139, 141, 200-201

Measurements with

Electron Spin Resonance (ESR) found that the OH radicals are dominant when the
decomposition is catalyzed by Pt nanoparticles at acidic pH.202-203 Similar results were also
reported when the decomposition is catalyzed by Ag, Au, Pd nanoparticles.141,

204-205

Calculations based on DFT indicate that H 2 O 2 molecule adsorbed onto the Pt surface
generally dissociates into two hydroxyl radicals,206-209 and the interaction of Pt-OH is
partially covalent.208, 210 This means OH radicals adsorb strongly on the surface of Pt.211 The
surface adsorbed OH radicals are unlikely to convert back to H 2 O 2 , because it is kinetically
unfavorable.211-213 H 2 O 2 can also break down into water and oxygen through non-radical
ways,214-215 yet the generation of OH radicals determines the oxidizing properties.

216-217

Therefore, it is not totally clear which species acts as the oxidation agent at the surface of the
nanoparticles in presence of H 2 O 2 . There may be several species that are able to oxidize dyes
adsorbed on the surface of nanoparticles.
The Langmuir-Hinshelwood mechanism assumes that two molecules adsorb on neighboring
surface sites and the rate-determining step is given by the reaction of these adsorbed species.
Figure 44 displays this model in detail. Firstly, H 2 O 2 molecules adsorb on the surface of Pt
nanoparticles and generate reactive oxygen species (ROS). As discussed above, the
interaction of H 2 O 2 with the nanoparticles may comprise several steps and involve several
species. Modeling these processes by a single adsorption step may be regarded an
approximation that is validated mainly by the following analysis. TMB molecules also adsorb
on the free sites of the nanoparticles. The adsorption- and desorption-equilibrium is assumed
to be fast. The rate-determining step is the reaction of adsorbed TMB with the surface-ROS.
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The products desorb from the surface quickly and a new catalytic cycle starts again. A
problem to be considered is product inhibition because the resulting dimer TMB 2 may adsorb
on the surface as well and block the active sites. Depending on the adsorption constant this
effect may appear already at the beginning of the reaction.

Figure 44: Mechanistic model for the oxidation of TMB by H 2 O 2 in the presence of nanoparticles according to
the Langmuir-Hinshelwood kinetics. The black spheres represent the Pt nanoparticles. The reaction takes place
on the surface of nanoparticles: H 2 O 2 molecules adsorb on the surface and decompose into reactive oxygen
species (ROS). Concomitantly, TMB molecules adsorb onto the surface and react with surface OH radicals to
generate the radical cation TMB+ ∙. Finally, the radical cations are quickly dimerized to the charge-transfer
complex TMB 2 . The generated products desorb from the surface, and the new catalytic cycle can start again.

The surface coverages of different species can be modelled by the Langmuir isotherm:
𝜃𝜃𝑁𝑁 =

𝐾𝐾𝑁𝑁 𝑐𝑐𝑁𝑁
1 + ∑𝑁𝑁
𝑗𝑗𝑗𝑗 𝐾𝐾𝑗𝑗 𝑐𝑐𝑗𝑗

(3.28)

𝜃𝜃𝑁𝑁 represents the surface coverage of compound 𝑖𝑖 , 𝑐𝑐𝑁𝑁 is the corresponding concentration in

the solution, 𝐾𝐾𝑁𝑁 is the adsorption constant of compound 𝑖𝑖. If the rate-determining step is
irreversible, the reaction rate can be expressed as:

𝑑𝑑𝑑𝑑𝑑𝑑𝑇𝑇𝑇𝑇𝐵𝐵
= −𝑘𝑘𝑆𝑆𝜃𝜃𝐵𝐵2𝑂𝑂𝑂 𝜃𝜃𝑇𝑇𝑇𝑇𝐵𝐵 (3.29)
𝑑𝑑𝑡𝑡

in which S denotes the total surface area of the catalytic nanoparticles in the solution, 𝜃𝜃𝐵𝐵2𝑂𝑂𝑂

and 𝜃𝜃𝑇𝑇𝑇𝑇𝐵𝐵 are the surface coverages of H 2 O 2 and TMB. 𝑘𝑘 is the molar rate constant per unit

square meter of the catalyst, which provides a direct measure of the reactivity of the adsorbed
species inasmuch as it is related to the rate-determining step. As a tacit assumption in the LH

kinetics, the number of the adsorbed molecules of each species on the surface is much smaller
than that in the solution. Hence, the adsorption of each species does not shift the
concentration in the solution in a detectable way. Since H 2 O 2 was used in large excess, its
concentration can be regarded as constant during the reaction. Together with equation 3.28
and 3.25 we have
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𝑑𝑑𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇
=−
𝑑𝑑𝑡𝑡

𝑘𝑘𝑘𝑘𝐾𝐾𝐻𝐻2𝑂𝑂2 𝑐𝑐𝐻𝐻2𝑂𝑂2,0 𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇

1
�1 + 𝐾𝐾𝐻𝐻2𝑂𝑂2 𝑐𝑐𝐻𝐻2𝑂𝑂2,0 + 𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇 + 𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇2 �𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇,0 − 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇 ��
2

2

(3.30)

𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇 and 𝐾𝐾𝐻𝐻2𝑂𝑂2 are the adsorption constants of the two reactants while 𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇2 is the
adsorption constant of the product TMB 2 .

With definition of the conversion through 𝑥𝑥 = 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇 ⁄𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 we get
R

𝑑𝑑𝑑𝑑
=−
𝑑𝑑𝑑𝑑

𝑘𝑘𝑘𝑘𝐾𝐾𝐻𝐻2𝑂𝑂2 𝑐𝑐𝐻𝐻2𝑂𝑂2,0 𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇 𝑥𝑥

1
�1 + 𝐾𝐾𝐻𝐻2𝑂𝑂2 𝑐𝑐𝐻𝐻2𝑂𝑂2,0 + 𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇,0 𝑥𝑥 + 𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇2 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇,0 (1 − 𝑥𝑥)�
2

2

(3.31)

which can be integrated analytically to give
𝑡𝑡

𝑥𝑥

� d𝑡𝑡 ′ = � −
0

1

1
�1 + 𝐾𝐾𝐻𝐻2𝑂𝑂2 𝑐𝑐𝐻𝐻2𝑂𝑂2,0 + 𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇,0 𝑥𝑥 + 𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇2 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇,0 (1 − 𝑥𝑥 ′ )�
2
′

𝑘𝑘𝑘𝑘𝐾𝐾𝐻𝐻2𝑂𝑂2 𝑐𝑐𝐻𝐻2𝑂𝑂2,0 𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇 𝑥𝑥 ′

=

2

d𝑥𝑥 ′ (3.32)

1
(𝛾𝛾(1 − 𝑥𝑥)(−3𝛽𝛽 + 𝑥𝑥𝑥𝑥 − 𝛿𝛿) − 2𝛽𝛽2 Log[𝑥𝑥])
𝛼𝛼

where the constants are defined through

𝛼𝛼 = 8𝑘𝑘𝑘𝑘𝐾𝐾𝐻𝐻2𝑂𝑂2 𝑐𝑐𝐻𝐻2𝑂𝑂2,0 𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇

𝛽𝛽 = 2 + 2𝐾𝐾𝐻𝐻2𝑂𝑂2 𝑐𝑐𝐻𝐻2𝑂𝑂2,0 + 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇,0 𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇2
𝛾𝛾 = 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇,0 (𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇2 − 2𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇 )

(3.33)

𝛿𝛿 = 2 + 2𝐾𝐾𝐻𝐻2𝑂𝑂2 𝑐𝑐𝐻𝐻2𝑂𝑂2,0 + 2𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇,0 𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇

Equation 3.31 provides an implicit equation for the conversion x as the function of time t. The
constants defined by equation 3.32 can thus be determined from the experimental x(t). If
𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇2 = 0, equation 3.31 describes a reaction without product inhibition. If 𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇2 is treated

as an adjustable parameter, product inhibition is taken into account.

In principle, surface reactions following a Langmuir-Hinshelwood mechanism expressed
through equation 3.29 cannot be evaluated by assuming a simple rate equation of first or
second order. However, if the adsorption constants are rather small and there is no product
inhibition, equation 3.29 can be approximated by a first order rate equation in the substrate: at
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small conversions 𝑑𝑑𝑑𝑑𝑇𝑇𝑇𝑇𝑇𝑇 ⁄𝑑𝑑𝑑𝑑 ≈ 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇 if the oxidant H 2 O 2 is used in large excess. In this

case 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇 (𝑡𝑡) ≈ 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇0 exp(−𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡) and the catalytic activity can be captured by an apparent

rate constant 𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎 . This has been found for studies of the oxidation of the dye morin

catalyzed by nanoparticles.79, 218-221 However, if product inhibition comes into play, a second
term depending on x appears in the denominator of equation 3.31. Thus, after even small
conversions the denominators grows in magnitude and the rate is more diminished with time
as would be predicted by a first order reaction. In this case the temporal evolution of 𝑥𝑥(𝑡𝑡)

may resemble more a reaction of second order. In order to avoid problems inferred by using

rate equations of distinct order with apparent rate constants, all data obtained here will be
obtained by fitting equation 3.31 directly to the experimental data.
As an alternative model, we consider the Eley-Rideal mechanism in the following. Here ROS

is adsorbed on the surface of the nanoparticles and TMB is approaching from the solution.
The corresponding rate equation is:
𝑑𝑑𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇
= −𝑘𝑘𝑘𝑘𝜃𝜃𝐻𝐻2𝑂𝑂2 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇 (3.34)
𝑑𝑑𝑑𝑑

In general, TMB may be expected to adsorb, even though no role has been proposed for the
adsorbed TMB. If product inhibition is assumed, we have
𝑑𝑑𝑑𝑑
=−
𝑑𝑑𝑑𝑑

𝑘𝑘 𝑆𝑆 𝐾𝐾𝐻𝐻2𝑂𝑂2 𝑐𝑐𝐻𝐻2𝑂𝑂2,0 𝑥𝑥

1
�1 + 𝐾𝐾𝐻𝐻2𝑂𝑂2 𝑐𝑐𝐻𝐻2𝑂𝑂2,0 + 𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇,0 𝑥𝑥 + 𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇2 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇,0 (1 − 𝑥𝑥)�
2

(3.35)

The implicit equation for the time t as the function of conversion x is given by
𝑡𝑡 =

(𝐾𝐾𝑇𝑇2 − 2𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇 )𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇,0 (𝑥𝑥 − 1) − �2 + 2 𝐾𝐾𝐻𝐻2𝑂𝑂2 𝑐𝑐𝐻𝐻2𝑂𝑂2,0 + 𝐾𝐾𝑇𝑇2 𝑐𝑐𝑇𝑇𝑇𝑇𝑇𝑇,0 �log[𝑥𝑥]
(3.36)
2 𝑘𝑘 𝑆𝑆 𝐾𝐾𝐻𝐻2𝑂𝑂2 𝑐𝑐𝐻𝐻2𝑂𝑂2,0

It can be compared to experimental data in the same way as equation 3.31. The data curves
were fitted by using the genetic approach described in Chapter 3.3.2.3.1.
3.3.3.2 Analysis the conversion as the function of time
The influence of the adsorption of product is first discussed. Figure 45 displays the global fits
of data derived from different starting concentrations of TMB and H 2 O 2 . Here the solid lines
show the global fits by Langmuir-Hinshelwood model with product inhibition whereas the
dashed lines show the global fits obtained without product inhibition by setting 𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇2 = 0 in
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equation 3.31. It is evident that the fits taking into account product inhibition is far superior.
Neglecting this effect leads to a wrong curvature and in consequence to an unsatisfactory
description of the data.
More global fits by Langmuir-Hinshelwood with product inhibition are shown as solid lines
in Figure 46-47. It is evident that gratifying global fits can be obtained for all data measured
for a wide range of starting concentrations of TMB and H 2 O 2 if product inhibition is taken
into account. These global fits were refined by individual fits of each data obtained at a given
starting concentration of TMB and H 2 O 2 , see dashed lines in Figure 46-47. The dashed lines
give the respective individual fits which provide better fits of each curve but only slightly
deviate from the global fits.
The parameters obtained from these fits are listed in Table 9. The parameters of individual
fits were plotted in Figure 48. The dashed line in each panel denotes the average value of the
respective constant which is also given in the second row of Table 9. As seen, all points
scatter around the mean value. Here no systematical deviation can be observed, which is
different from the parameters of Michaelis-Menten model in Figure 43. In addition to this, the
mean values from the individual fits agree with the respective constants obtained from the
global fits (see Table 9) in good approximation. From this comparison it becomes obvious
that equation 3.31 including product inhibition provides a very good description of the entire
set of data.

Figure 45: Global fits of Langmuir-Hinshelwood model with (solid lines) and without (dashed lines) product
inhibition. The points with error bars are the average of the repeated experimental runs of respective starting
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concentrations of TMB and H 2 O 2 . The data were fitted according to equation 3.31 by using a genetic approach.
The time-dependent concentration of TMB is normalized by the starting concentration of TMB c TMB0 .

Figure 46: Global fits (solid lines) and individual fits (dashed lines) of Langmuir-Hinshelwood model with
product inhibition. The points with error bars are the average of the repeated experimental runs of respective
starting concentrations of TMB and H 2 O 2 . The data were fitted according to equation 3.31 by using a genetic
approach. The time-dependent concentration of TMB is normalized by the starting concentration of TMB c TMB0 .

Figure 47: Global fits (solid lines) and individual fits (dashed lines) of Langmuir-Hinshelwood model with
product inhibition. The points with error bars are the average of the repeated experimental runs of respective
starting concentrations of TMB and H 2 O 2 . The data were fitted according to equation 3.31 by using a genetic
approach. The time-dependent concentration of TMB is normalized by the starting concentration of TMB c TMB0 .
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Figure 48: Kinetic parameters obtained from individual fits according to the Langmuir-Hinshelwood
mechanism with the adsorption of the product in Figure 46-47. The starting concentrations of TMB are
represented by different colors as labelled. The dashed lines indicate the averages value of each parameter. The
stars are obtained by the individual fits of different catalyst amount in Figure 49.

Table 9: Kinetic parameters of fits by the Langmuir-Hinshelwood model with product inhibition
𝑘𝑘

-2

-1

𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇

-1

𝐾𝐾𝐻𝐻2𝑂𝑂2

-1

𝐾𝐾𝑇𝑇2

(mol∙m ∙s )

(L∙mol )

(L∙mol )

(L∙mol-1)

Global fit

1.11×10-3

1.33×104

1.39

8.71×104

Averaged individual fit

(1.13±0.14) ×10-3

(1.43±0.37) ×104

1.49±0.63

(10.20±4.39) ×104

Figure 49 shows a set of data obtained with different amounts of catalyst. In these individual
fits, the parameters of the global fit in Table 9 were used as the starting values. The
parameters of these individual fits were then randomly chosen around the given values using
the genetic approach. According to equation 3.31 the catalytic activity should be directly
proportional to the total surface S of the Pt nanoparticles. Figure 49b demonstrates that the
parameter kS obtained from these fits is strictly proportional to the surface area of catalyst.
This is a clear indication for the involvement of the surface of the catalysts in the ratedetermining step. The k obtained here describes the true catalytic active of the nanoparticles,
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which is independent on the catalysts amount and can be used for direct comparisons. The
parameters obtained from these individuals fits with different amount of catalysts are plotted
as stars in Figure 48. As seen, these parameters are within the range of the parameters for the
individual fits in Figure 46-47, which proves the scatter of the parameters of the individual
fits regardless of the amount of catalysts used.

Figure 49: Influence of the catalyst amount. (A) Time dependent conversions of TMB at different amount of
catalyst. Surface area of the catalysts was normalized to square meter per liter m2∙L-1. The starting
concentrations of TMB and H 2 O 2 are 0.250mM and 0.0816M, respectively. The solid lines are the individual
fits of the Langmuir-Hinshelwood model based on the global fit results in Table 9. (B) The corresponding fit
parameter k∙S at different amount of catalyst. All the parameters of these individual fits are inserted in Figure 48.

Figure 50: Global fits of Eley-Rideal model according to equation 3.35 by using a genetic approach. The points
with error bars are the average of the repeated experimental runs of respective starting concentrations of TMB
and H 2 O 2 . Only five different curves and every tenth point of each experimental curve are shown in this loglinear plot for the sake of clarity.
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As an alternative to the Langmuir-Hinshelwood model discussed so far, the Eley-Rideal
mechanism was also considered. Figure 50 displays the best global fit possible obtained with
equation 3.35. Evidently, no satisfactory overall description of the data can be achieved.
Therefore, the Eley-Rideal mechanism that the surface-ROS react with TMB approaching
from the bulk solution can be ruled out. It should be mentioned that the fits gets even worse if
product inhibition is not considered in these fits. As a result, the Langmuir-Hinshelwood
mechanism has been found to be the best model for the catalytic oxidation of TMB by H 2 O 2 .
In summary, the oxidation of TMB by H 2 O 2 catalyzed by SPB-Pt nanoparticles has been
analyzed by Langmuir-Hinshelwood model in Chapter 3.3.3. The equation of the kinetic
model was integrated analytically to yield the implicit relation of the type t = f(c TMB ), which
can then be compared directly to the experimental data in a global fit procedure, that is,
fitting all data for all parameters at once. In this way the most probable mechanism can be
found out by falsification of the other models. It is found that the Langmuir-Hinshelwood
model with product inhibition gives the best description of the kinetic data. In this model,
H 2 O 2 adsorbed on the surface of nanoparticles decomposes to surface bound reactive oxygen
species which react with TMB that also adsorbed on the surface. The involvement of the
surface is obvious from the fact that the reactivity is strictly proportional to the total surface
of the Pt nanoparticles. The product of this reaction is strongly adsorbed to the surface and
therefore impedes the reaction (product inhibition). Models in which the product inhibition is
not taken into account do not lead to a satisfactory description of the data. Also, an EleyRideal model in which TMB is approaching from the bulk solution fails to fit the data.
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4. Summary
This work contains two parts: one is the kinetic study of the reduction of p-nitrophenol (Nip)
by sodium borohydride and the other is the oxidation of 3,3’,5,5’-tetramethylbenzidine (TMB)
by hydrogen peroxide. Both reactions have been used as model reactions to evaluate the
catalytic activity of nanoparticles.
In the first part, a full kinetic scheme has been presented for the reduction of Nip. The
scheme is based on the direct reaction route: Nip is first reduced to p-hydroxylaminophenol
(Hx), which is further reduced to the final product p-aminophenol in the rate-determining
step. This catalytic reduction can be modelled by the Langmuir-Hinshelwood kinetics
including the intermediate Hx. The resulted equations are able to describe the temporal decay
of Nip. The constants extracted from fits with the kinetic scheme have been used to study the
catalytic activity of different nanoparticles.
(1) The kinetic scheme has been applied to reactions catalyzed by Au and Pd nanoparticles
immobilized in the spherical polyelectrolyte brushes (SPB). Good agreement is found
underlining the general validity of the scheme. In particular, the entire temporal decay of Nip
can be described for the first time. The full kinetic fits also provide more precise parameters
to investigate the catalytic activity of nanoparticles, which should be preferred in the analysis.
(2) The catalytic activity of Au/Pd nanoalloys immobilized in SPB has been studied by the
full kinetic scheme. Compared with the nanoparticles of neat Au and Pd components, the
reaction rate of the first step 𝑘𝑘𝑎𝑎 is strongly enhanced. Other parameters such as the adsorption
constants of different compounds remain more or less similar within the error. Therefore, the

much higher catalytic activity of the nanoalloys is mainly because of the acceleration of the

reduction of Nip in the first step.
(3) The influence of SPB carrier on the catalytic behavior of metal nanoparticles has also
been investigated by this full kinetic reaction scheme. Ligand-free Au nanoparticles
fabricated by laser ablation were used as reference materials. The temporal evolution of the
concentration of Nip can be well modelled up to a conversion of 70 %, which is much higher
than the case catalyzed by SPB-Au nanoparticles. The obtained adsorption constants indicate
the SPB carrier has no impact on the adsorption of the reactants and the intermediate. The
reaction rates of ligand-free gold nanoparticles are quite similar to those of SPB-Au, which

Summary
proves that SPB is an excellent carrier that hardly impedes the catalytic activity of the
nanoparticles.
In the second part, the oxidation of TMB by H 2 O 2 has been investigated using SPB-Pt and
Fe 3 O 4 nanoparticles as catalysts. SPB-Pt nanoparticles which are stable at acidic pH were
used as the model catalysts for detailed kinetic study. The kinetic data has been analyzed by
two different models: Michaelis-Menten (MM) and Langmuir-Hinshelwood (LH).
(1) In the MM model, the reaction is inferred to the catalysis of peroxidase assuming the
Ping-Pong mechanism. The substrates H 2 O 2 and TMB react with the catalysts separately in
two successive steps in the catalytic cycle. The kinetics was first analyzed with the initial
rates by nonlinear fits and Lineweaver-Burk plots. The consistency of the analysis has been
checked for the first time. Inconsistent results indicate that the frequently used analysis with
the MM model is not correct to analyze the oxidation of TMB catalyzed by nanoparticles.
(2) The product formation as the function of time has also been fitted by the MM model. It is
found that the product inhibits the catalysts as the reaction proceeds. With the influence of the
product, the MM model can fit the experimental data up to a conversion of 40%. However,
the parameters of the individual fits deviate systematically from the mean values indicating
the Michaelis-Menten model cannot provide a satisfactory description of the entire kinetics of
TMB oxidation catalyzed by nanoparticles.
(3) In the LH model, it is assumed that both H 2 O 2 and TMB are adsorbed on the surface of
nanoparticles in the first step of the reaction. H 2 O 2 decomposes to reactive oxygen species,
which are further reacted with the adsorbed TMB in the rate-determining step. The equation
of the kinetic model was integrated analytically and compared directly to the experimental
data. It is found that the product of the reaction is strongly adsorbed on the surface and thus
inhibits the reaction. Therefore, the LH model is characterized by the adsorption constants of
TMB, H 2 O 2 and the product. The LH model with product inhibition gives satisfactory
description of the kinetic data up to a conversion of 40%. The involvement of the surface in
the rate-determining step is obvious from the fact that the reactivity is strictly proportional to
the total surface area of the catalysts. A kinetic constant k thus derived is independent on the
amount of catalysts used, which is suitable to evaluate the activity of nanoparticles. In
addition, an Eley-Rideal model in which TMB is approaching from the solution has been
falsified by unsatisfactory fits. The entire analysis demonstrates that the Langmuir-
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Summary
Hinshelwood model provides a superior approach to describe the kinetics of TMB oxidation
catalyzed by nanoparticles.
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5.

Experimental part

5.1

Chemicals

Styrene

BASF

Irgacure

BASF

Pyridine

Aldrich

Acetone

Sigma

Hexane

Sigma

Methacryloyl chloride

Sigma

Iron(III) chloride (FeCl 3 )

Fluka

Cetyltrimethylammonium bromide (CTAB)

Fluka

Poly(acrylic acid) (PAA, MW=1800)

Sigma

2-amino-ethylmethacrylate hydrochloride (AEMH)

Polyscience

2-methylpropenoyloxyethyl trimethyl ammonium chloride (MPTAC)

Aldrich

2,2’-azobis(2-amidinopropane)dihydrochloride (V50)

Aldrich

Tetrachloroauric acid trihydrate (HAuCl 4 ·3H 2 O)

Aldrich

Sodium tetrachloropalladate (Na 2 PdCl 4 )

Aldrich

Chloroplatinic acid hydrate (H 2 PtCl 6 ·xH 2 O)

Aldrich

p-nitrophenol (Nip)

Aldrich

Sodium borohydride (NaBH 4 )

Aldrich

Sodium hydroxide (NaOH)

Aldrich

Acetic acid (HAc)

Aldrich

3,3’,5,5’-tetramethylbenzidine (TMB)

Aldrich

Hydrogen peroxide (H 2 O 2 )

Aldrich

Diethylene glycol (DEG)

Aldrich

Dimethyl sulfoxide solution (DMSO)

Fluka

Experimental
5.2
5.2.1

Synthesis and purification
Synthesis of photo initiator

The photo initiator 2-[p-(2-hydroxy-2-methylpropiophenone)]-ethyleneglycol methacrylate
(HMEM) was synthesized by the method described in reference.222 94.8 g irgacure was
dissolved in 600 ml acetone, and 50 ml pyridine was added. The mixture was kept in the ice
bath. 43.1 g methacryloyl chloride was added dropwise in 4 hours under constant stirring.
Afterwards, the mixture was stirred overnight at room temperature. The reaction flask was
covered by aluminium foil. After reaction, the solvent was removed by a rotary evaporator.
The obtained yellowish solution was first cleaned by extraction with water, and further
purified by a silica column with the mixture of acetone: hexane (1:2) solvent. The final
product HMEM was stored in the refrigerator as a solution in acetone.
5.2.2

Synthesis of polystyrene cores

The polystyrene cores (PS) were synthesized by the emulsion polymerization of styrene. 0.99
g cetyltrimethylammonium bromide (CTAB) was first dissolve in 135 ml water. The solution
was degassed with nitrogen for half an hour, then 39 g styrene was added to the solution
under

stirring.

Afterwards,

0.3

g

initiator

2,2'-azobis(2-

methylpropionamidine)dihydrochloride (V50) dissolved in 5 ml degassed water was added.
The mixture was heated to 65 °C to initiate the reaction. After 2 hours of polymerization, 1.1
g photo initiator HMEM dissolved in 5 ml acetone was added drop wise over a period of 2
hours. The reaction was allowed to continue for another 2 hours at 65 °C and then cooled to
room temperature. The suspension was cleaned by ultrafiltration until the conductivity of the
serum reached 20~30 μScm-1. The core size was determined by TEM.
5.2.3

Synthesis of spherical polyelectrolyte brushes

The brushes were grafted on PS cores by photo-polymerization, which was carried out by
UV-vis irradiation. The PS-HMEM core suspension with 2 wt% solid content was put into
the photo reactor. The monomer solution of the respective polyelectrolyte brush (30 mol% in
reference to the styrene in the core particles) was added slowly under stirring. Then the
mixture was evacuated and flushed with nitrogen several times. Afterwards, the mixture was
irradiated for one hour by a mercury lamp (TQ 150 Z3, Haraeus Noblelight), which was
cooled continually. The suspension was then cleaned by ultrafiltration until the conductivity
of the serum reached 3 μScm-1.
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5.2.4

Synthesis of metallic nanoparticles immobilized in SPB

SPB supported metallic nanoparticles were prepared as described previously.70-71, 77 Generally,
the SPB latex dispersion (100 ml, 0.1 wt%) was plugged by nitrogen to remove oxygen for 30
min while stirring. The solution of metal precursor was added to the SPB latex dispersion
slowly. The mixture was allowed to stir for another one hour for the adsorption of metal ions
into the brush layer. Then 10 ml (0.011 g) NaBH 4 was added dropwise within 30 min to
reduce the metal ions under ice bath. The reaction was allowed to continue for another one
hour. Afterwards, the suspension was cleaned by ultrafiltration with water until the
conductivity of the serum reached 3 µScm-1. For SPB-Au, 2.5×10-5 mol HAuCl 4 was
dissolved in 10 ml water. For SPB-Pd, 4.5×10-5 mol Na 2 PdCl 4 was dissolved in 10 ml water.
For SPB-Au/Pd nanoalloys, 5 ml solution containing 3.375×10-5 mol HAuCl 4 and 1.125×10-5
mol Na 2 PdCl 4 was added to the SPB latex dispersion one by one. For SPB-Pt, 5 ml of
4.5×10-5 mol H 2 PtCl 6 solution was added. For Au, Pd and Au/Pd nanoalloys, SPB with
brushes of poly(2-aminoethyl methacrylate hydrochloride) (PAEMH) was used, while
brushes of poly(2-methylpropenoyloxyethyl trimethyl ammonium chloride) (PMPTAC) were
used for Pt nanoparticles.
5.2.5

Purification

Figure 51: Schematic ultrafiltration cell for the purification of nanoparticles.

The suspension of PS core as well as the SPB was cleaned by ultrafiltration as schematically
shown in Figure 51. The ultrafiltration cell contains a membrane of cellulose nitrate
(Schleicher & Schuell and Millipore) with pore size of 50 or 100 nm. 500 ml polymer latex
dispersion with solid content between 2.0 - 5.0 wt% was filled into the ultrafiltration cell.
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Millipore water was pushed in from a reservoir cell by an overpressure of N 2 . Unreacted
monomers, dissolved polymers as well as surfactant molecules can pass through the
membrane and be removed from the latex dispersion. The progress of the purification was
monitored by measuring the conductivity of the serum in the collecting container. Generally,
about 15 to 40 L of water was consumed by the purification process. For the purification of
PS cores, membranes with pores of 50 nm were used. And for the SPB particles, membranes
with pores of 100 nm were used. The polymer latex dispersion was stirred by a magnetic
stirring bar inside the cell to avoid sedimentation.
Metallic nanoparticles immobilized in SPB were also cleaned by ultrafiltration. As the crosslinking effort of the negatively charged metal nanoparticles reduce the thickness of the brush
layer, membranes of 50 nm pore size were used. Unreacted salt and reaction residues were
removed. Nanoparticles which were not confined within the brush layer were also washed off
during the ultrafiltration.
5.2.6

Synthesis of Fe3O4 nanoparticles

The Fe 3 O 4 nanoparticles were synthesized using the solvothermal method.157 Generally, 2 g
NaOH was dissolved in 20 ml diethylene glycol (DEG). This NaOH/DEG stock solution was
heated at 120 ºC under N 2 for one hour, then was cooled and kept at 70 ºC. A mixture of
poly(acrylic acid) (PAA, M W =1800, 2.016g), FeCl 3 (0.4542 g) and DEG (120 mL) was
heated to 220 ºC under N 2 with vigorous stirring to form a transparent, light yellow solution.
14 ml of NaOH/DEG stock solution was injected rapidly into the above hot mixture. This
mixture was heated at 220 ºC for another one hour under stirring. After cooling, the mixture
was centrifuged with water for three times.
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5.3
5.3.1

Characterization
Transmission electron microscopy

Transmission electron microscopy (TEM) was used to characterize the sizes of metal
nanoparticles. Carbon-coated copper TEM grids (200 mesh, Electron Microscopy Sciences)
were pre-treated for 15 s by glow discharge. Dispersion of nanoparticles (0.05-0.1 wt%, 4 ul)
was dropped onto the grid. After drying in the fume hood for 1 h, the sample grid was
inserted into the sample holder (EM21010, JEOL) and then transferred into a JEOL JEM2100 with a LaB 6 cathode at a 200 kV acceleration voltage.
High resolution-TEM (HR-TEM) was used to characterize the surface structure of the
nanoalloys. It was carried out by an objective lens aberration corrected FEI Titan 80-300 at
300 kV. The aberration corrector was set to small negative values smaller than -200 nm.
All images have been processed by ImageJ V1.47v (Wayne Rasband, National Institute of
Health, USA). The average size of metal nanoparticles was also measured by ImageJ with at
least 200 nanoparticles.
5.3.2

Thermogravimetric analysis

The amount of metallic nanoparticles immobilized in the spherical polyelectrolyte brushes
(SPB) was measured by thermogravimetric analysis (TGA) using Netsch STA 409PC LUXX
instrument. The dispersion of nanoparticles was frozen by liquid nitrogen and dried by Christ
Freeze Drying (ALPHA 1-2 with Vacuubrand HV pump). The alumina crucible was heated
to 1000 °C for 3 h before use to avoid contaminations. About 15 mg of the freeze-dried
sample was put into the crucible and heated to 800 °C with a heating rate of 10 K/min. The
sample was kept at 800 °C for 1 h. A constant argon flow (30 ml/min) was used during the
whole measurement. The weight loss was due to the decomposition of the polymer and the
measurement with pure polymer (PS-PAEMH) showed a weight loss of 99.9 wt%.
5.3.3

UV-vis spectroscopy

The UV-vis measurements for all the reactions were conducted using a Lambda 650
spectrometer (Perkin Elmer). For the measurements, the solutions were mixed and placed in a
quartz cuvette (Hellma Analytics, 100-QS). The temperature was controlled by a Julabo F30C thermostat.
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The spectrometer has a double-monochromator optical system, as seen in Figure 52. The
spectrum of the UV-range is generated by a deuterium lamp, and the visible spectrum
between 315-900 nm is generated by a tungsten-halogen-lamp. Source change is automatic
during monochromator slewing.
The light passes a filter wheel before entering the Monochromator I. The filter wheel is
driven by a stepping motor which is in synchronization with the monochromators. Depending
on the wavelength being produced, an appropriate optical filter is located in the beam path to
filter the light. The filtered light passes the entrance slit and is collimated to the grating table
of Monochromator I. The light is dispersed at the grating to produce a spectrum. The
rotational position of the grating effectively selects a segment of the spectrum. The exit slit
restricts the spectrum segment to a near-monochromatic beam. Grating change is automatic
during monochromator slewing. The exit beam from Monochromator II exhibits high spectral
purity with an extremely low stray radiation content. The monochromic light is reflected to
the rotatable chopper via a mirror. The chopper contains a window segment and a mirror
segment. With the rotating of the chopper, the light alternatively passes through the sample
and reference cuvette and is recorded by the detector.

Figure 52: Schematic optical path of Lambda 650 spectrometer.223

Generally, molecules containing π-electrons or non-bonding electrons can absorb the energy
in the form of ultraviolet or visible light to excite these electrons to higher anti-bonding
molecular orbitals. The more easily excited the electrons the longer the wavelength of light it
can absorb. UV-vis spectroscopy is used for quantitative determination of different species,
such as transition metal ions, highly conjugated organic compounds and biological
macromolecules.
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The extinction is recorded by the program with respect to the measurement time. The
concentration of the substrate in the solution can be obtained from the Beer-Lambert law:
𝐼𝐼0
𝐸𝐸(𝜆𝜆) = 𝑙𝑙𝑙𝑙𝑙𝑙10 � � = 𝜀𝜀(𝜆𝜆) ∙ 𝑐𝑐 ∙ 𝑑𝑑
𝐼𝐼

in which 𝐸𝐸(𝜆𝜆) is the extinction, 𝐼𝐼0 is the intensity of the incident light, I is the transmitted

intensity, 𝜀𝜀(𝜆𝜆) is the extinction coefficient, c is the concentration of the absorbing species, d

is the path length through the sample. The Beer-Lambert law is useful for many compounds
except for very large and complex molecules, such as Neutral Red, for which a second order
polynomial relationship is found between absorption and concentration.
5.3.4

Calculating the surface area of the metallic nanoparticles

The total surface area of the catalysts used in catalytic reaction (𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ) was calculated based
on the average size (D) of the metal nanoparticles and the metal content measured by TGA.

Generally, the dispersion of nanoparticles was dried in an oven to get the solid content.
Because the solid content is usually below 0.15 wt%, the density of the dispersion is assumed
to be 1 g/ml. With the solid content, metal content from TGA and the volume of dispersion
used in the catalytic reaction, the total mass (𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ) of the metal nanoparticles can be

calculated. With the density of metal nanoparticles (𝜌𝜌), the total surface area can be obtained
by assuming a spherical shape of the nanoparticles (𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 9𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ⁄𝜌𝜌𝜌𝜌). The density of

each neat metal is taken as 19.32 g/cm3 for Au, 12.02 g/cm3 for Pd and 21.45 g/cm3 for Pt.
The

density

of

the

nanoalloys

was

calculated

by

𝜌𝜌𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = (𝑚𝑚𝐴𝐴𝐴𝐴 + 𝑚𝑚𝑃𝑃𝑃𝑃 )⁄(𝑚𝑚𝐴𝐴𝐴𝐴 ⁄𝜌𝜌𝐴𝐴𝐴𝐴 + 𝑚𝑚𝑃𝑃𝑃𝑃 ⁄𝜌𝜌𝑃𝑃𝑃𝑃 ). The surface area (S) used for the catalytic

analysis is the total surface area normalized by the volume of each reaction (𝑆𝑆 = 𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ⁄𝑣𝑣 ).
5.4

5.4.1

Catalytic analysis

Reduction of p-nitrophenol

5.4.1.1 Catalytic reactions
In a typical run, 0.5 ml, 1 mM p-nitrophenol (Nip) stock solution was first added to 4 ml
water in a small glass bottle. Then, 0.5 ml, 0.1 M freshly prepared sodium borohydride
(NaBH 4 ) was added. The solution became yellowish. Then a certain amount of catalyst
solution was added to initiate the reaction. After gently shaking, 3 ml of the reaction solution
was transferred to the UV-vis cuvette and was inserted into the UV-vis spectroscopy quickly.
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The absorption of p-nitrophenolate ion at 400 nm was monitored by UV-vis spectroscopy
using a Lambda 650 spectrometer (Perkin Elmer). Both the stock solutions and water had
been purged with nitrogen to remove the oxygen. The catalytic reductions were performed at
20 °C except specified. The initial concentration of p-nitrophenol and NaBH 4 were changed
at different runs, the time dependant absorption was collected. Each reaction was repeated at
least three times.
5.4.1.2 Data analysis
In all cases the delay time 𝑡𝑡0 has been subtracted as discussed previously.74 The concentration

of Nip as the function of time 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁,𝑒𝑒𝑒𝑒𝑒𝑒 was simulated by a numerical solution of equation 3.3
and 3.5 by two MatLab routines displayed in the following. The Matlab routines were used to

calculate the theoretical Nip concentration 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁,𝑡𝑡ℎ as the function of time at given values of

𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 , 𝐾𝐾𝐵𝐵𝐵𝐵4 , 𝐾𝐾𝐻𝐻𝐻𝐻 , 𝑘𝑘𝑎𝑎 , 𝑘𝑘𝑏𝑏 and n. The obtained curves were compared to the experimental data

and the values of these parameters are changed until agreement with the experimental was
reached. In the following we give the details of this procedure.
First, all 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁,𝑒𝑒𝑒𝑒𝑒𝑒 data obtained with certain catalysts at the same temperature were put into
R

MatLab routine I. The range of each parameter (𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 , 𝐾𝐾𝐵𝐵𝐵𝐵4 , 𝐾𝐾𝐻𝐻𝐻𝐻 , 𝑘𝑘𝑎𝑎 , 𝑘𝑘𝑏𝑏 and n ) was set by

hand. The values from reference75, 78 were used as a first trial. Routine I arbitrarily selected
certain sets of parameters and calculates all the 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁,𝑡𝑡ℎ . Then every theoretical 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁,𝑡𝑡ℎ curve
was compared to the corresponding experimental data 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁,𝑒𝑒𝑒𝑒𝑒𝑒 . The set of parameters with the

smallest sum deviation was displayed. Then the range of the parameters was changed

according to the results. The calculation was repeated until most of 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁,𝑡𝑡ℎ match the
corresponding experimental data 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁,𝑒𝑒𝑒𝑒𝑒𝑒 .

Second, the reaction rate of step A and B (𝑘𝑘𝑎𝑎 , 𝑘𝑘𝑏𝑏 ) should be different with different initial

concentrations of Nip and NaBH 4 . Therefore, the values of 𝑘𝑘𝑎𝑎 and 𝑘𝑘𝑏𝑏 were re-optimized
R

using MatLab routine II. This routine can only analyze one 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁,𝑒𝑒𝑒𝑒𝑒𝑒 at one time. The values of

𝑘𝑘𝑎𝑎 and 𝑘𝑘𝑏𝑏 were changed while keeping 𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁 , 𝐾𝐾𝐵𝐵𝐵𝐵4 , 𝐾𝐾𝐻𝐻𝐻𝐻 and n obtained by routine I constant
R

until full agreement was reached.

Third, the error bars of these parameters were double checked by MatLab routine II. The
parameters within the error bars should be able to fit the experimental data. Changing one
parameter at one time, 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁,𝑡𝑡ℎ was compared to the corresponding experimental data 𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁,𝑒𝑒𝑒𝑒𝑒𝑒
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to check whether the value was within the error bars can fit the experimental data. Evidently,
the consumption of the Hx intermediate cannot be measured directly and the fit values for 𝑘𝑘𝑏𝑏

and 𝐾𝐾𝐻𝐻𝐻𝐻 are less precise compared with the other parameters.
MATLAB routine I:

Kinetics.m
function [dx_dt]= kinetics(t,x,KBH4,ka,kb,knip,nu,CBH40,CNip0)
%function which returns a rate of change vector
x(x(:)<1e-15)=0;%Kill all very small values
CBH4=CBH40-2*(CNip0-x(1)-x(2))-x(2); %Two molecules of BH4 consumed per molecule
C + 1 BH4 consumed per molecule B.
c = KBH4*CBH4; % K_BH4 * C_BH4
khx = ;
kAS = (ka)*xx; %kA * S
kBS = (kb)*xx; % kB * S
n=;
m=;
dx_dt(1) =-((kAS *c* (knip* x(1))^n)/(1 + c + (knip* x(1))^n + (khx * x(2))^m)^2);
dx_dt(2) =(kAS * c * (knip* x(1))^n)/(1 + c + (knip* x(1))^n + (khx * x(2))^m)^2 - (kBS * c
* (khx * x(2))^m)/(1 + c + (knip* x(1))^n + (khx * x(2))^m)^2;
%transpose dx_dt so it is a column vector
% dx_dt(abs(dx_dt(:))<1e-12)=0;
dx_dt = dx_dt';
end
fitterkinetics.m
clear all
close all
clc
[params, FUN]=gamultiobj(@errorcalc,5,[],[],[],[],[1 1e-4 1e-5 2000 0.5]',[1000 1e-3 1e-4
9000 0.7]'); %Here the optimization is done.
for k=1:1:size(FUN,1)
normal(k)=norm(FUN(k,:)); %Compute the norm of the error vector for all experimental
set and parameter set of the pareto.
end
opt=params(normal(:)==min(normal),:);
[err X Y]=errorcalc(opt); %Send the best parameter set and compute the results
experimental;
for k=1:1:length(CNip1) %Plot everything
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figure(k)
plot(X{k},Y{k}(:,1),'-',CNip1{k}.T,CNip1{k}.Nip,'x');
title(num2str([CNip1{k}.CNip0 CNip1{k}.cBH4]))
axis([0 300 min(CNip1{k}.Nip) CNip1{k}.Nip(1) ])
end
disp('Optimal parameter set:')
disp('KBH4:')
disp(opt(1))
disp('ka:')
disp(opt(2))
disp('kb:')
disp(opt(3))
disp('Knip:')
disp(opt(4))
disp('n:')
disp(opt(5))
error.m
function [err X Y]=errorcalc(params)
experimental %Load experimental data
KBH4=params(1);
ka=params(2);
kb=params(3);
knip=params(4);
nu=params(5);
err=zeros(length(CNip1),1);
% options=odeset('MaxStep',0.1);
for k=1:1:length(CNip1)
[X{k} Y{k}]=ode45(@(t,x)
kinetics(t,x,KBH4,ka,kb,knip,nu,CNip1{k}.cBH4,CNip1{k}.CNip0),CNip1{k}.T,[CNip1{k}
.CNip0 0]);
err(k)=norm(Y{k}(1:250,1)-CNip1{k}.Nip(1:250)')/CNip1{k}.CNip0; %Normalized error,
you can change the time until which the error is calculated.
% err=norm(err);
end
end
experimental.m
%all the experiments are contained in the cell array named CNip1. Each one of these cells
contain a structure containing all the information about an experiment.
%To be inserted for each series k in CNip1{k}:
%CNip1{k}.cBH4: Initial BH4 concentration /M
%CNip1{k}.CNip0: Initial Nip concentration /M
CNip1{1}.cBH4= ;
CNip1{2}.cBH4= ;
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…
CNip1{1}.CNip0= ;
CNip1{2}.CNip0= ;
…
Tdum=[1…]
CNip1{1}.Nip=[…];
CNip1{2}.Nip=[…];
…
for k=1:1:20
CNip1{k}.T=[1:size(CNip1{k}.Nip,2)];
end
MATLAB routine II:

function [t,X]=main
global X
options=odeset('RelTol',1e-6);
%initial conditions
Xo = [0.00007;0]; % this is the initial CNip value in [mol/L], CHx is set equal to 0
%timespan
tspan = [0:1:500];
%call the solver
[t,X] = ode45(@fun,tspan,Xo,options);
%plot the results
[v,T,vT]=xlsread('25C_10_20.xlsx')
%v: Double
%T and vT : cell
%use v containing numbers
time=v(:,1);y=v(:,2)
figure
plot(time,y,'--')
hold on
plot(t,X(:,1));plot(t,X(:,2),':')
legend('CNip,expt','CNip','CHx');ylabel('c_N_i_p [mol/L]');xlabel('time [s]');
dlmwrite('sol.dat',[t,X],' ');
return
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
function [dx_dt]= fun(t,x)
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%function which returns a rate of change vector
knip = 5000;
c = 250*0.01; % K_BH4 * C_BH4
khx =;
kAS = (5.5*10^-4)*0.0108; %kA * S
kBS = (0.55*10^-4)*0.0108; % kB * S
b=1;
n=0.5;
m=1;
dx_dt(1) =-((kAS *(c)* (knip* x(1))^n)/(1 + c + (knip* x(1))^n + (khx * x(2))^m)^2);
dx_dt(2) =(kAS * (c) * (knip* x(1))^n)/(1 + c + (knip* x(1))^n + (khx * x(2))^m)^2 - (kBS *
(c^b) * (khx * x(2))^m)/(1 + c + (knip* x(1))^n + (khx * x(2))^m)^(b+1);
%transpose dx_dt so it is a column vector
dx_dt = dx_dt'
return
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5.4.2

Oxidation of TMB

5.4.2.1 Catalytic reactions
The oxidation of 3,3’,5,5’-tetramethylbenzidine (TMB) by hydrogen peroxide (H 2 O 2 )
catalyzed by SPB-Pt nanoparticles was conducted at 20 ºC in the sodium acetate buffer
solution (NaAc, 0.1M, pH=4). Different amounts of a solution of TMB in dimethyl sulfoxide
solution (DMSO) (12 mg/ml) were first added to the buffer solution in the UV-vis cuvette
under gently stirring. The dispersion of catalysts was added. At last, a given amount of H 2 O 2
(30 wt%) solution was added to initiate the reaction. The total reaction volume was kept as 2
ml. For catalysis with Fe 3 O 4 nanoparticles, buffer solution of 0.1M NaAc and pH=5 was
used. The absorption at 652 nm was monitored in-situ by a Lambda 650 UV-vis spectrometer
from Perkin-Elmer. All the mixing procedures were conducted in the dark. The TMB/ DMSO
solution was prepared daily and protected with aluminum foil. The H 2 O 2 solution was stored
in the refrigerator. All catalytic runs were repeated at least three times.
5.4.2.2 Data analysis
The concentration of the charge-transfer complex ( 𝑐𝑐TMB2 ) was first obtianed with the

absorption measured at 652 nm by the molar extinction coefficient, 3.9×104 M-1cm-1 reported
by Josephy et al..107 The fit was generally done in two main steps. Firstly, all the

experimental data were fitted together by one set of kinetic parameters to minimize the sum
deviation between theory and experimental. We name this as overall-fit. Then, the parameters
were randomly chosen around the parameters of overall-fit to get the best fit for each
experimental data. This is termed as individual-fit. The program sheets are attached below.
The detailed fitting procedures are as following:
Overall-fit:
1) Set a range 𝑟𝑟𝑖𝑖 for each parameter 𝑝𝑝𝑖𝑖 (The initial range can be very large)

2) Arbitrarily pick parameters 𝑝𝑝𝑖𝑖 from rage 𝑟𝑟𝑖𝑖 to form 1000 parameter sets 𝑠𝑠𝑗𝑗

3) Calculate theoretical concentration curves 𝑐𝑐𝑘𝑘𝑡𝑡ℎ (𝑡𝑡) from each parameter set 𝑠𝑠𝑗𝑗
𝑒𝑒𝑒𝑒𝑒𝑒

4) Assess all parameter sets with all 𝐾𝐾 experimental curves 𝑐𝑐𝑘𝑘 (𝑡𝑡) and their respective
𝑒𝑒𝑒𝑒𝑒𝑒 ′

derivatives 𝑐𝑐𝑘𝑘

1
𝑡𝑡
∑𝐾𝐾
(𝑡𝑡). Target function: 𝜀𝜀𝑗𝑗 (𝑡𝑡) = 2𝐾𝐾
𝑘𝑘=1 �∑0

5) Pick the top 5 parameter set 𝑠𝑠𝑗𝑗∗ with the lowest 𝜀𝜀𝑗𝑗

𝑒𝑒𝑒𝑒𝑒𝑒

�𝑐𝑐𝑘𝑘𝑡𝑡ℎ (𝑡𝑡)−𝑐𝑐𝑘𝑘

𝑒𝑒𝑒𝑒𝑒𝑒
𝑐𝑐𝑘𝑘 (𝑡𝑡)

(𝑡𝑡)�

�+

1

2𝐾𝐾

𝑡𝑡
∑𝐾𝐾
𝑘𝑘=1 �∑0

′

𝑒𝑒𝑒𝑒𝑒𝑒 ′

�𝑐𝑐𝑘𝑘𝑡𝑡ℎ (𝑡𝑡)−𝑐𝑐𝑘𝑘

𝑒𝑒𝑒𝑒𝑒𝑒 ′
(𝑡𝑡)
𝑐𝑐𝑘𝑘

(𝑡𝑡)�

�
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6) Arbitrarily vary the parameter set 𝑠𝑠𝑗𝑗∗ with a randomly chosen factor 𝑓𝑓𝑟𝑟 ∈ [0.95,1.05] to

generate a mutated population of 20 new parameter sets 𝑠𝑠𝑗𝑗∗∗ . 𝑠𝑠𝑗𝑗∗ and 𝑠𝑠𝑗𝑗∗∗ are called sample and

mutant parameter set in the flow chart

7) Calculate theoretical concentration curves 𝑐𝑐𝑘𝑘𝑡𝑡ℎ (𝑡𝑡) from each parameter set 𝑠𝑠𝑗𝑗∗∗ . Assess all
𝑒𝑒𝑒𝑒𝑒𝑒

parameter sets with all 𝐾𝐾 experimental curves 𝑐𝑐𝑘𝑘 (𝑡𝑡) and their respective derivatives
𝑒𝑒𝑒𝑒𝑒𝑒 ′

𝑐𝑐𝑘𝑘

(𝑡𝑡).

Target function: 𝜀𝜀𝑗𝑗 (𝑡𝑡) =

1

∑𝐾𝐾 �∑𝑡𝑡0
2𝐾𝐾 𝑘𝑘=1

𝑒𝑒𝑒𝑒𝑒𝑒

�𝑐𝑐𝑘𝑘𝑡𝑡ℎ (𝑡𝑡)−𝑐𝑐𝑘𝑘

𝑒𝑒𝑒𝑒𝑒𝑒
𝑐𝑐𝑘𝑘 (𝑡𝑡)

(𝑡𝑡)�

�+

1

∑𝐾𝐾 �∑𝑡𝑡0
2𝐾𝐾 𝑘𝑘=1

′

𝑒𝑒𝑒𝑒𝑒𝑒 ′

�𝑐𝑐𝑘𝑘𝑡𝑡ℎ (𝑡𝑡)−𝑐𝑐𝑘𝑘

𝑒𝑒𝑒𝑒𝑒𝑒 ′
(𝑡𝑡)
𝑐𝑐𝑘𝑘

(𝑡𝑡)�

�

8) If 𝜀𝜀𝑗𝑗 gets smaller, set the best mutant parameter set as sample. If not, quit the mutant
parameter sets and treat the origin 𝑠𝑠𝑗𝑗∗ as sample again

9) Repeat step 6 to step 8 for 200 generations and then pick the best parameter set s with the
lowest 𝜀𝜀𝑗𝑗 as final result
Individual-fit:
1) Set the best parameter set 𝑠𝑠 from the overall-fit as 𝑠𝑠𝑗𝑗∗

2) Arbitrarily vary the parameter set 𝑠𝑠𝑗𝑗∗ with a randomly chosen factor 𝑓𝑓𝑟𝑟 ∈ [0.95,1.05] to
generate a mutated population of 30 new parameter sets 𝑠𝑠𝑗𝑗∗∗

𝑒𝑒𝑒𝑒𝑒𝑒

3) Assess every parameter set 𝑠𝑠𝑗𝑗∗∗ with one experimental curve 𝑐𝑐𝑘𝑘 (𝑡𝑡), their respective
𝑒𝑒𝑒𝑒𝑒𝑒 ′

derivatives 𝑐𝑐𝑘𝑘
overall-fit 𝑠𝑠

(𝑡𝑡) and the deviation of parameters from the original parameters of the

Target function: 𝜀𝜀𝑗𝑗 = 13 �∑𝑡𝑡0

𝑒𝑒𝑒𝑒𝑒𝑒

�𝑐𝑐𝑘𝑘𝑡𝑡ℎ (𝑡𝑡)−𝑐𝑐𝑘𝑘

𝑒𝑒𝑒𝑒𝑒𝑒
𝑐𝑐𝑘𝑘 (𝑡𝑡)

(𝑡𝑡)�

1

� + �∑𝑡𝑡0
3

′

𝑒𝑒𝑒𝑒𝑒𝑒 ′

�𝑐𝑐𝑘𝑘𝑡𝑡ℎ (𝑡𝑡)−𝑐𝑐𝑘𝑘

𝑒𝑒𝑒𝑒𝑒𝑒 ′
(𝑡𝑡)
𝑐𝑐𝑘𝑘

(𝑡𝑡)�
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4) If 𝜀𝜀𝑗𝑗 gets smaller, set the best mutant parameter set as sample. If not, quit the mutant
parameter sets and treat the origin 𝑠𝑠𝑗𝑗∗ as sample again

5) Repeat step 2 to step 4 for 200 generations and then pick the parameter set s with the
𝑒𝑒𝑒𝑒𝑒𝑒

lowest 𝜀𝜀𝑗𝑗 as the best individual-fit parameter for the experimental curve 𝑐𝑐𝑘𝑘 (𝑡𝑡)
Mathematica of Overall-fit for MM with product

sol=ParametricNDSolve[{CT2'[t]==(Vmm
CT2[t])
)/((1+CT2[t]/PIT2)Kh2o2(Ctmb0-2
CT2[t])(Ch2o20-CT2[t])),CT2[0]==0},

(Ctmb0-2
CT2[t])(Ch2o20CT2[t])+Ktmb(Ch2o20-CT2[t])+(Ctmb0-2

{CT2},{t,0,410},{Vmm,Kh2o2,Ktmb,PIT2,Ctmb0,Ch2o20}];
SetDirectory[NotebookDirectory[]];
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pos={#[[1]]+1,#[[2]]-1}&/@Partition[Insert[#[[1]]&/@Position[Import["__CTsplines.txt","Table"],"stop"],0,1],2,1];
DR02spl0=Table[Take[Import["__CT-splines.txt","Table"],pos[[i]]],{i,1,Length[pos]}];
Off[NSolve::ifun];
Off[InterpolatingFunction::dmval];
Off[ParametricNDSolve::ndsz];
Off[ParametricNDSolve::mxst];
Off[ParametricNDSolve::ndcf];
df[y_]:=Transpose[{Transpose[Take[y,{4,-1}]][[1]],D[Interpolation[Take[y,{4,-1}]][x],x]/.x>Transpose[Take[y,{4,-1}]][[1]]}];
points=25;
PopNo0=1000;
PopNo=20;
GEN=200;
TopPop=5;
Dynamic[Grid[{{"TopPop
Res"},{h,gen,RES,yield,BESTRES}},Frame->All]]

#","GEN","Residual","yield","Best-

yields={0.01,0.02,0.03,0.04,0.05,0.10,0.15,0.2,0.25,0.3,0.35,0.4};
yi=0;
Do[
{Vmmmin0,Vmmmax0}={Vmmmin,Vmmmax}={10^-5,10^-1};
{Kh2o2min0,Kh2o2max0}={Kh2o2min,Kh2o2max}={10^0,10^3};
{Ktmbmin0,Ktmbmax0}={Ktmbmin,Ktmbmax}={10^-3,10^0};
{PIT2min0,PIT2max0}={PIT2min,PIT2max}={10^-6,10^-1};
IntervalTest[{p1_,p2_,p3_,p4_}]:={
If[p1<Vmmmin,Vmmmin,If[p1>Vmmmax,Vmmmax,p1]],
If[p2<Kh2o2min,Kh2o2min,If[p2>Kh2o2max,Kh2o2max,p2]],
If[p3<Ktmbmin,Ktmbmin,If[p3>Ktmbmax,Ktmbmax,p3]],
If[p4<PIT2min,PIT2min,If[p4>PIT2max,PIT2max,p4]]};
yi=yi+1;
yield=yields[[yi]];
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gen=0;
j=0;
DR02SPL={};
Inter[x_]:=Interpolation[Take[x,{3,-1}]];
Do[
j=j+1;
tMAX=If[(2Max[Transpose[Take[DR02spl0[[j]],{3,1}]][[2]]])/DR02spl0[[j,1,1]]<=yield,DR02spl0[[j,1,1]],(x/.NSolve[Inter[DR02spl0[[j]]][x]==yield DR02spl0[[j,1,1]]/2,x])[[1]]];
DR02SPL0=ReplacePart[Insert[Insert[Table[{i,Inter[DR02spl0[[j]]][i]},{i,0,tMAX,tMAX/(p
oints-1)}],DR02spl0[[j,2]],1],DR02spl0[[j,1]],1],{3,-1}->0];
DR02SPL=Insert[DR02SPL,DR02SPL0,-1];
,{Length[DR02spl0]}];
DR02spl=DR02SPL;
PARS=IntervalTest/@Table[{10^RandomReal[{Log10[Vmmmin],Log10[Vmmmax]}],10^R
andomReal[{Log10[Kh2o2min],Log10[Kh2o2max]}],10^RandomReal[{Log10[Ktmbmin],L
og10[Ktmbmax]}],10^RandomReal[{Log10[PIT2min],Log10[PIT2max]}]},{PopNo0}];
k=0;
BEST0={};
Do[
k=k+1;
Error={};
j=0;
Do[
j=j+1;
E0=100Mean[Flatten[{Abs[((Evaluate[CT2@@Flatten[{PARS[[k]],{DR02SPL[[j,1]],DR02
SPL[[j,2]]}}]][Transpose[Take[DR02SPL[[j]],{4,-1}]][[1]]]/.sol)Transpose[Take[DR02SPL[[j]],{4,-1}]][[2]])/Transpose[Take[DR02SPL[[j]],{4,-1}]][[2]]],
Abs[((Evaluate[CT2@@Flatten[{PARS[[k]],{DR02SPL[[j,1]],DR02SPL[[j,2]]}}]]'[Transpo
se[Take[DR02SPL[[j]],{4,-1}]][[1]]]/.sol)Transpose[df[DR02SPL[[j]]]][[2]])/Transpose[df[DR02SPL[[j]]]][[2]]]}]];
Error=Insert[Error,E0,-1];
,{Length[DR02spl0]}];
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BEST0=Insert[BEST0,Insert[PARS[[k]],Mean[Error],1],-1];
,{Length[PARS]}];
TOPPOPS=Take[SortBy[BEST0,First],TopPop];
h=0;
ALLBEST10={};
BESTRES=Min[{10^10}];
ALLRES={};
Do[
h=h+1;
BEST=Take[TOPPOPS[[h]],{2,-1}];
gen=0;
Do[
gen=gen+1;
PARS=IntervalTest/@Insert[Table[RandomSample[Join[Table[1,{(Length[BEST])(RI=RandomInteger[{1,Length[BEST]1}])}],RandomReal[{0.95,1.05},RI]],Length[BEST]]*BEST,{PopNo}],BEST,1];
k=0;
BEST0={};
Do[
k=k+1;
Error={};
j=0;
Do[
j=j+1;
E0=100Mean[Flatten[{Abs[((Evaluate[CT2@@Flatten[{PARS[[k]],{DR02SPL[[j,1]],DR02
SPL[[j,2]]}}]][Transpose[Take[DR02SPL[[j]],{4,-1}]][[1]]]/.sol)Transpose[Take[DR02SPL[[j]],{4,-1}]][[2]])/Transpose[Take[DR02SPL[[j]],{4,-1}]][[2]]],
Abs[((Evaluate[CT2@@Flatten[{PARS[[k]],{DR02SPL[[j,1]],DR02SPL[[j,2]]}}]]'[Transpo
se[Take[DR02SPL[[j]],{4,-1}]][[1]]]/.sol)Transpose[df[DR02SPL[[j]]]][[2]])/Transpose[df[DR02SPL[[j]]]][[2]]]}]];
Error=Insert[Error,E0,-1];
,{Length[DR02spl0]}];
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BEST0=Insert[BEST0,Insert[PARS[[k]],Mean[Error],1],-1];
,{Length[PARS]}];
BEST=Take[SortBy[BEST0,First][[1]],{2,-1}];
RES=SortBy[BEST0,First][[1,1]];
,{GEN}];
ALLRES=Insert[ALLRES,RES,-1];
BESTRES=Min[ALLRES];
ALLBEST10=Insert[ALLBEST10,SortBy[BEST0,First][[1]],-1];
,{Length[TOPPOPS]}];
ALLBEST=SortBy[ALLBEST10,First][[1]];
Print[Grid[{{"Yield",yield},{"Av. Residum %","Vmm","Kh2o2","Ktmb","PIT2"},
ScientificForm[#,3]&/@ALLBEST},Frame->All,ItemStyle->{Bold,Red,FontSize->20}]];
Export[StringJoin[{"_MM
with
product
inhibition_block-tmb_yield",ToString[Round[yield*100,1]],"pct.txt"}],ALLBEST10,"Table"];
,{Length[yields]}]
Individual-fit for MM with product
solMMwith=ParametricNDSolve[{CT2'[t]==(Vmm
(Ctmb0-2
CT2[t])(Ch2o20CT2[t])
)/((1+CT2[t]/PIT2)Kh2o2(Ctmb0-2
CT2[t])+Ktmb(Ch2o20-CT2[t])+(Ctmb0-2
CT2[t])(Ch2o20-CT2[t])),CT2[0]==0},
{CT2},{t,0,410},{Vmm,Kh2o2,Ktmb,PIT2,Ctmb0,Ch2o20}];
SetDirectory[StringInsert[SetDirectory[NotebookDirectory[]],"\\CT2-curves",-1]];
fn=FileNames["CT2*.txt"];
DR=Table[Import[fn[[i]],"Table"],{i,1,Length[fn]}];
DR01=SplitBy[SortBy[DR,Total[Flatten[Take[#,{1,2}]]/{0.000375,0.625}]&],Total[Flatten[
Take[#,{1,2}]]/{0.000375,0.625}]&];
SetDirectory[NotebookDirectory[]];
pos={#[[1]]+1,#[[2]]-1}&/@Partition[Insert[#[[1]]&/@Position[Import["__CTsplines.txt","Table"],"stop"],0,1],2,1];
DR02spl0=Table[Take[Import["__CT-splines.txt","Table"],pos[[i]]],{i,1,Length[pos]}];
yields={0.05,0.1,0.15,0.2,0.25,0.3,0.35,0.4};
GEN=50;
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ROUNDS=2;
PopNo=30;
Needs["ErrorBarPlots`"];
yield=yields[[l]];
SetDirectory[NotebookDirectory[]];
fnMMwith=SortBy[FileNames["_MM*with*.txt"],Abs[ToExpression[StringTake[#,{-9,8}]]]&];
sel[x_]:=Select[x,Abs[ToExpression[StringTake[#,{-9,-8}]]]==100yield&][[1]];
imp[x_]:=Take[SortBy[Import[sel[x],"Table"],First][[1]],{2,-1}];
Off[NSolve::ifun];
DR02SPL={};
points=25;
Inter[x_]:=Interpolation[Take[x,{3,-1}]];
df[y_]:=Transpose[{Transpose[Take[y,{4,-1}]][[1]],D[Interpolation[Take[y,{4,-1}]][x],x]/.x>Transpose[Take[y,{4,-1}]][[1]]}];
j=0;
Do[
j=j+1;
tMAX=If[(2Max[Transpose[Take[DR02spl0[[j]],{3,1}]][[2]]])/DR02spl0[[j,1,1]]<=yield,DR02spl0[[j,1,1]],(x/.NSolve[Inter[DR02spl0[[j]]][x]==yield DR02spl0[[j,1,1]]/2,x])[[1]]];
DR02SPL0=ReplacePart[Insert[Insert[Table[{i,Inter[DR02spl0[[j]]][i]},{i,0,tMAX,tMAX/(p
oints-1)}],DR02spl0[[j,2]],1],DR02spl0[[j,1]],1],{3,-1}->0];
DR02SPL=Insert[DR02SPL,DR02SPL0,-1];
,{Length[DR02spl0]}];
k=0;
SET="MMwith";
PARSMMwith={};
Do[
k=k+1;
BESTr={};
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Do[
BESTstart=BEST=imp[fnMMwith];
gen=0;
Do[
gen=gen+1;
PARS=Insert[Table[RandomSample[Join[Table[1,{(Length[BEST])(RI=RandomInteger[{1,Length[BEST]1}])}],RandomReal[{0.95,1.05},RI]],Length[BEST]]*BEST,{PopNo}],BEST,1];
best0={};
j=0;
Do[
j=j+1;
E0=2*100Mean[Flatten[{Abs[((Evaluate[CT2@@Flatten[{PARS[[j]],{DR02SPL[[k,1]],DR
02SPL[[k,2]]}}]][Transpose[Take[DR02SPL[[k]],{4,-1}]][[1]]]/.solMMwith)Transpose[Take[DR02SPL[[k]],{4,-1}]][[2]])/Transpose[Take[DR02SPL[[k]],{4,-1}]][[2]]],
Abs[((Evaluate[CT2@@Flatten[{PARS[[j]],{DR02SPL[[k,1]],DR02SPL[[k,2]]}}]]'[Transpo
se[Take[DR02SPL[[k]],{4,-1}]][[1]]]/.solMMwith)Transpose[df[DR02SPL[[k]]]][[2]])/Transpose[df[DR02SPL[[k]]]][[2]]]}]]+Mean[Abs[100
(PARS[[j]]-BESTstart)/BESTstart]];
best0=Insert[best0,Insert[PARS[[j]],E0,1],-1];
,{Length[PARS]}];
BEST=Take[SortBy[best0,First][[1]],{2,-1}];
RES=SortBy[best0,First][[1,1]];
,{GEN}];
BESTr=Insert[BESTr,BEST,-1];
,{ROUNDS}];
PARSMMwith=Insert[PARSMMwith,Flatten[{{DR02SPL[[k,1]],DR02SPL[[k,2]]},SortBy[
BESTr,First][[1]]}],-1];
,{Length[DR02SPL]}];
Export[StringJoin[{"PARSMMwith-IndiFit_Conv",ToString[100yield],"pct.txt"}],PARSMMwith,"Table"];
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Figure 1: Upper panel: Synthesis of nanoparticles inside of the brush layer of spherical
polyelectrolyte brushes (SPB) by sodium borohydride. The metal ions are immobilized in the
brush layer as counter ions. Reduction of these embedded metal ions with NaBH 4 leads to
nanoparticles of the respective metal. Lower panel: Cryo-TEM images of gold (left),
palladium (middle) and platinum (right) nanoparticles encapsulated in SPB. Reprinted with
permission from ref. 77 Copyright 2007 WILEY-VCH. .............................................................. 3
Figure 2: Reduction of p-nitrophenol by sodium borohydride, (a) absorption spectra of the
reaction solution as a function of time; (b) typical time course of the absorption at 400 nm.
Reprinted with permission from ref.74 Copyright 2010 American Chemical Society................ 4
Figure 3: Scheme of the Langmuir-Hinshelwood (LH) mechanism of the reduction of pnitrophenol by sodium borohydride catalyzed by nanoparticles. The grey spheres are metallic
nanoparticles. First the reactants adsorb onto the surface of nanoparticles. For borohydride,
surface hydrogen species are transferred to the surface during the adsorption. Then both
adsorbed species react in the rate-determining step. Finally, the generated Amp molecules
desorb from the surface, new catalytic cycle can start again. .................................................... 5
Figure 4: The dependence of apparent rate constant k app on the concentration of pnitrophenol (a) and borohydride (b). The reaction was catalyzed by Au nanoparticles
immobilized in spherical polyelectrolyte brushes. The green lines are fits to the data by the
Langmuir-Hinshelwood (LH) kinetics. Reprinted with permission from ref.74 Copyright 2010
American Chemical Society. ...................................................................................................... 6
Figure 5: Reaction scheme for the reduction of nitroarenes to anilines. In the direct route, the
nitroarenes are first reduced to nitroso compounds and then further to the corresponding
hydroxylamines quickly, which are reduced to anilines in a relatively slow step. In the
condensation route, the intermediate nitroso compounds can react with hydroxylamines to
form azoxy compounds which are reduced to anilines finally. Reprinted with permission from
ref. 102 Copyright 2006 American Association for the Advancement of Science. ...................... 7
Figure 6: The crystal structure of horseradish peroxidase C (HRP C, PDB: 1KZM). The
image was generated using PyMOL and the structural data was obtained from PDB.
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inserted green circle indicates the active pocket. ....................................................................... 9
Figure 7: Reaction scheme for the oxidation of 3,3’,5,5’-tetramethylbenzidine. Reprinted
with permission from ref. 107.................................................................................................... 10
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Figure 8: Scheme of the Ping-Pong mechanism of the oxidation of TMB by H 2 O 2 catalyzed
by peroxidase.107, 112, 119 The catalysis is initiated by binding of H 2 O 2 to the active pocket of
the peroxidase. Then, H 2 O 2 is decomposed and a water molecule is generated. The
peroxidase is oxidized to the first enzyme intermediate EI at the same time. Subsequently,
TMB transfers one electron to EI and yields a second enzyme intermediate (EII). EII receives
another electron to convert back to native peroxidase E. Radical cations TMB+ ∙ are generated
during the catalytic cycle. ........................................................................................................ 10
Figure 9: The dependence of initial rates on the substrate concentrations for the oxidation of
3,3’,5,5’-tetramethylbenzidine by H 2 O 2 in the presence of Fe 3 O 4 nanoparticles. The solid
lines are fits to the data according to Michaelis-Menten mechanism. Reprinted with
permission from ref.113 Copyright 2007 Nature Publishing Group......................................... 11
Figure 10: Primary plots of 1/v against 1/a for reactions obeying Ping-Pong mechanism at
constant values of b.151 These lines are obtained at different concentrations of substrate B,
b/K mB =0.5, 1, 3, 5(not every b value is labelled). Since the slope of these primary plots is
K m app/Vapp=K mA /V which is independent on b, parallel lines are obtained. ............................. 20
Figure 11: Primary plots of 1/v against 1/a for reactions obeying the ternary-complex
mechanism at constant values of b.151 These lines are obtained at different concentrations of
substrate B, b/K mB =0.5, 1, 2, 3, 5(not every b value is labelled). ............................................ 21
Figure 12: (a) Structure of the spherical electrolyte brushes (SPB). SPB with brushes of
poly(2-aminoethyl

methacrylate

hydrochloride)

(PAEMH)

and

poly(2-

methylpropenoyloxyethyl trimethyl ammonium chloride) (PMPTAC) are synthesized,
respectively. TEM images of the (b) SPB-Au, (c) SPB-Pd, (d) SPB-Au/Pd and (e) SPB-Pt
nanoparticles. Au, Pd nanoparticles and Au/Pd nanoalloys are embedded in the brushes of
PAEMH, while Pt nanoparticles are embedded in the brushes of PMPTAC. ......................... 23
Figure 13: TEM image of Fe 3 O 4 nanoparticles. ..................................................................... 24
Figure 14: Proposed direct route for the reduction of p-nitrophenol by metallic nanoparticles:
The p-nitrophenol is first reduced to p-nitrosophenol, which is quickly converted to phydroxylaminophenol. This compound is the first relative stable intermediate. It is reduced to
the final product p-aminophenol in the rate-determining step. There is an adsorption and
desorption equilibrium for all compounds. All reductions take place on the surface of the
nanoparticles. ........................................................................................................................... 25
Figure 15: Idealized time dependence of the concentration of p-nitrophenol (Nip) and
definition of the different stages of the reaction. The black line shows the concentration of
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Nip as a function of time, while the red dashed line is that of p-hydroxylaminophenol (Hx).
The concentration of Nip is normalized by the starting concentration C Nip,0 . The early stage I
is dominated by step A, the reduction of Nip to Hx. The reaction rate is approximated by
k app,I given by equation 3.10. Stage II, starting at time t S , is the stationary state characterized
by k app,II which can be approximated by equation 3.11. Here the concentration of Hx is
approximately constant. In this idealized scheme the stationary concentration of the
intermediate Hx, c Hx,stat follows the balance of its generation and decay, which is
approximated by equation 3.8. This concentration equals the concentration of Nip consumed
at time t S . .................................................................................................................................. 27
Figure 16: Fits of the concentration of Nip as the function of time, catalyzed by SPB-Au
nanoparticles at 10°C. The data points are the experimental data taken from the work of
Wunder,75 while the error bars are merging errors of three parallel experiments. The
concentration of Nip was normalized by the respective initial concentration c Nip,0 . The solid
lines refer to the fits by equation 3.3 and 3.5. .......................................................................... 32
Figure 17: Fits of the concentration of Nip as the function of time, catalyzed by SPB-Au
nanoparticles at 20°C. The data points are the experimental data taken from the work of
Wunder,75 while the error bars are merging errors of three parallel experiments. The
concentration of Nip was normalized by the respective initial concentration c Nip,0 . The solid
lines refer to the fits by equation 3.3 and 3.5. .......................................................................... 33
Figure 18: Fits of the concentration of Nip as the function of time, catalyzed by SPB-Au
nanoparticles at 25°C. The data points are the experimental data taken from the work of
Wunder,75 while the error bars are merging errors of three parallel experiments. The
concentration of Nip was normalized by the respective initial concentration c Nip,0 . The solid
lines refer to the fits by equation 3.3 and 3.5. .......................................................................... 34
Figure 19: Fits of the concentration of Nip as the function of time, catalyzed by SPB-Au
nanoparticles at 30°C. The data points are the experimental data taken from the work of
Wunder,75 while the error bars are merging errors of three parallel experiments. The
concentration of Nip was normalized by the respective initial concentration c Nip,0 . The solid
lines refer to the fits by equation 3.3 and 3.5. .......................................................................... 35
Figure 20: Fits of the concentration of Nip as the function of time, catalyzed by SPB-Au
nanoparticles at different temperatures with initial concentration c Nip,0 of 0.15 mM. The data
points are experimental data taken from the work of Wunder,75 while the error bars are
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merging errors of three parallel experiments. The concentration of Nip was normalized by
c Nip,0 . The solid lines refer to the fits by equation 3.3 and 3.5. ................................................ 36
Figure 21: Kinetic constants k a and k b from fits for the reactions catalyzed by SPB-Au
nanoparticles at (a, b) 10°C, (c, d) 20°C, (e, f) 25°C and (g, h) 30°C, respectively. The values
within the error bars can fit all the corresponding experimental curves. The dashed lines
indicate the average value of the constants. ............................................................................. 38
Figure 22: Dependence of the adsorption constant K Nip of Nip (a), the adsorption constant
K BH4 of borohydride (b), the adsorption constant K Hx of p-hydroxyaminophenol (c), the
reaction rate of step A k a (d) on the inverse of temperature. The lines are linear fits according
to equation 3.15........................................................................................................................ 39
Figure 23: Calculated concentrations of Nip and hydroxylamine as the function of time. The
initial concentration of Nip and BH 4 - is 0.04 mM and 5 mM, respectively. The reaction
temperature is 20°C. ................................................................................................................ 40
Figure 24: Fits of the concentration of Nip as the function of time, catalyzed by SPB-Pd
nanoparticles at 20°C. The data points are the experimental data taken from the work of
Kaiser,78 while the error bars are merging errors of three parallel experiments. The
concentration of Nip was normalized by c Nip,0 . The solid lines refer to the fits by equation 3.3
and 3.5. ..................................................................................................................................... 42
Figure 25: Kinetic constants k a and k b obtained from fitting for the reactions catalyzed by
SPB-Pd nanoparticles at 20°C. The values within the error bars can fit all the corresponding
experimental curves. The dashed lines indicate the average value of the constants................ 43
Figure 26: Fits of the concentration of Nip as the function of time, catalyzed by SPBAu 75 Pd 25 nanoalloys at 20°C. The data points are the experimental data taken from the work
of Kaiser,78 while the error bars are merging errors of three parallel experiments. The
concentration of Nip was normalized by c Nip,0 . The solid lines refer to the fits by equation 3.3
and 3.5. ..................................................................................................................................... 45
Figure 27: Kinetic constants k a and k b derived from fitting for the reaction catalyzed by SPBAu 75 Pd 25 nanoalloys (solid points) and SPB-Pd nanoparticles (hollow points). The solid
points and hollow points with the same shape represent at the same Nip concentration as
labelled. The dash lines indicate the average value for each set of data. ................................. 46
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Figure 28: HR-TEM images of the SPB-Au 75 Pd 25 nanoalloys. The red lines indicate the
surface steps while the red arrows represent the defects of the nanocrystals. This experiment
was conducted by Kaiser, and more images are shown in the work of Kaiser.185 ................... 48
Figure 29: Fits of the concentration of Nip as the function of time, catalyzed by ligand-free
Au nanoparticles at 20°C. The data points are the experimental data taken from the work of
Kaiser,183 while the error bars are merging errors of three parallel experiments. The
concentration of Nip was normalized by c Nip,0 . The solid lines refer to the fits by equation 3.3
and 3.5. ..................................................................................................................................... 50
Figure 30: Kinetic constants k a and k b derived from fitting for the reaction catalyzed by
ligand-free Au nanoparticles. The solid points and hollow points with the same shape
represent the same concentration of Nip as labelled. The dashed lines indicate the average
value of each set of data. .......................................................................................................... 51
Figure 31: UV-vis spectra for the oxidation of TMB by H 2 O 2 catalyzed by SPB-Pt
nanoparticles. The spectra in the left panel show the beginning 12 min of the reaction. The
residue spectra are shown in the right panel. At the beginning of the reaction, the absorptions
at 370 and 652 nm increase with time. After reaching the maximum, the absorptions keep
constant for certain plateau time, then decrease slowly. During this period, the absorption at
450 nm increases gradually. The isosbestic points are indicated by the dashed lines. ............ 54
Figure 32: Typical time dependent absorption at 652 nm with different starting
concentrations of TMB (a) and H 2 O 2 (b) catalyzed by SPB-Pt nanoparticles. The absorption
increases in a hyperbolic way before reaching the maximum. At lower TMB concentrations,
clear plateaus can be seen, indicating shorter time is needed for the maximum conversion of
TMB to TMB 2 . Extending the reaction time, the plateau for higher TMB concentration is also
expected. .................................................................................................................................. 55
Figure 33: The time dependent absorption at 652 nm. The concentrations of TMB and H 2 O 2
are 0.25mM and 81.6 mM except special mentioned. All these reactions were repeated three
times. These results prove this reaction can only proceed with H 2 O 2 which means trace
amount of oxygen that possible exists in the reaction solution cannot oxidize TMB. Oxidation
of TMB by H 2 O 2 without catalysts is very slow which can be neglected. The addition of
carrier polymer cannot influence the reaction rate. ................................................................. 55
Figure 34: The initial rates at different starting concentrations of TMB and H 2 O 2 for the
oxidation of TMB catalyzed by Fe 3 O 4 nanoparticles. The initial rates were calculated from
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the slope of time-dependent absorption at 652 nm at the beginning five seconds. The error
bars represent the standard error derived from repeated measurements. ................................. 59
Figure 35: The initial rates at different starting concentrations of TMB and H 2 O 2 for the
oxidation of TMB catalyzed by SPB-Pt nanoparticles. The initial rates were calculated from
the slope of time-dependent absorption at 652 nm at the beginning five seconds. The error
bars represent the standard error derived from repeated measurements. ................................. 60
Figure 36: Lineweaver-Burk plots for the oxidation of TMB by equation 3.20 and 3.20a. (a,
b) catalyzed by Fe 3 O 4 nanoparticles, (c, d) SPB-Pt nanoparticles, (a, c) at constant c H2O20 , (b,
d) at constant c TMB0 . The solid lines are the linear fits of the experimental data points. ......... 62
Figure 37: Plots of 1/A vs. 1/c H2O20 , 1/B vs. 1/c H2O20 , 1/A’ vs. 1/c TMB0 , 1/B’ vs. 1/c TMB0 for
the reactions catalyzed by SPB-Pt nanoparticles. The hollow points are based on the fit
results of the Lineweaver-Burk plots by equation 3.20 and 3.20a........................................... 63
Figure 38: Flow chart of the global fit based on the genetic algorithm.200 The mutation loop
is in the dashed box. The target function is equation 3.23. The spline fit was used to obtain
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Figure 39: Flow chart of the individual fit based on the genetic algorithm.200 The mutation
loop is in the dashed box. The target function is equation 3.24. The spline fit was used to
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Figure 40: Individual fits of MM model without product inhibition (equation 3.26). The
reactions were catalyzed by SPB-Pt nanoparticles. The data points with error bars are the
average of the parallel experimental data. The starting concentration of TMB and H 2 O 2 for
each experiment is as labelled. The time-dependent concentration of TMB is normalized by
the starting concentration of TMB c TMB0 . ................................................................................ 67
Figure 41: Global fits (solid lines) and individual fits (dashed lines) of Michaelis-Menten
model with product inhibition. The points with error bars are the average of the repeated
experimental runs of respective starting concentrations of TMB and H 2 O 2 . The data were
fitted according to equation 3.27 by using a genetic approach. The time-dependent
concentration of TMB is normalized by the starting concentration of TMB c TMB0 . ................ 69
Figure 42: Global fits (solid lines) and individual fits (dashed lines) of Michaelis-Menten
model with product inhibition. The points with error bars are the average of the repeated
experimental runs of respective starting concentrations of TMB and H 2 O 2 . The data were
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concentration of TMB is normalized by the starting concentration of TMB c TMB0 . ................ 69
Figure 43: Kinetic parameters obtained from the individual fits by the Michaelis-Menten
kinetics with product inhibition in Figure 41 and 42. The starting concentrations of TMB are
represented by different colors as labelled. The dashed lines indicate the average values. .... 70
Figure 44: Mechanistic model for the oxidation of TMB by H 2 O 2 in the presence of
nanoparticles according to the Langmuir-Hinshelwood kinetics. The black spheres represent
the Pt nanoparticles. The reaction takes place on the surface of nanoparticles: H 2 O 2
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Concomitantly, TMB molecules adsorb onto the surface and react with surface OH radicals to
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charge-transfer complex TMB 2 . The generated products desorb from the surface, and the new
catalytic cycle can start again. ................................................................................................. 72
Figure 45: Global fits of Langmuir-Hinshelwood model with (solid lines) and without
(dashed lines) product inhibition. The points with error bars are the average of the repeated
experimental runs of respective starting concentrations of TMB and H 2 O 2 . The data were
fitted according to equation 3.31 by using a genetic approach. The time-dependent
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Figure 46: Global fits (solid lines) and individual fits (dashed lines) of LangmuirHinshelwood model with product inhibition. The points with error bars are the average of the
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Figure 49: Influence of the catalyst amount. (A) Time dependent conversions of TMB at
different amount of catalyst. Surface area of the catalysts was normalized to square meter per
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Abbreviations

AEMH

2-aminoethyl methacrylate hydrochloride

Amp

p-aminophenol

Au 75 Pd 25

nanoalloys with Au:Pd molar ratio of 75:25

BH4

borohydride

cryo-TEM

cryogenic temperature transmission electron microscopy

DaII

Damköhler number

E

enzyme

EI

the first intermediate of enzyme during the catalysis reaction

EII

the second intermediate of enzyme during the catalysis reaction

HR-TEM

high resolution transmission electron microscopy

Hx

p-hydroxylaminophenol

H2O2

hydrogen peroxide

𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎

apparent reaction rate

k

rate constant describing the surface reactivity of the adsorbed

𝑘𝑘1

surface normalized rate constant

𝑘𝑘𝑎𝑎

rate constant for reduction Nip to Hx

𝑘𝑘𝑏𝑏

species
rate constant for reduction Hx to Amp

𝑘𝑘𝐵𝐵

Boltzmann constant

𝐾𝐾𝐵𝐵𝐵𝐵4

adsorption constant of sodium borohydride

𝐾𝐾𝑁𝑁𝑁𝑁𝑁𝑁

adsorption constant of p-nitrophenol

𝐾𝐾𝐻𝐻𝐻𝐻

adsorption constant of intermediate p-hydroxylaminophenol

𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇

𝐾𝐾𝑇𝑇𝑇𝑇𝑇𝑇2
𝐾𝐾𝑂𝑂𝑂𝑂

𝐾𝐾𝐻𝐻2𝑂𝑂2

adsorption constant of 3,3’,5,5’-tetramethylbenzidine
adsorption constant of charge-transfer complex
adsorption constant of hydroxyl radical
adsorption constant of sodium borohydride

𝐾𝐾𝑚𝑚

Michaelis-Menten constant

𝐻𝐻2𝑂𝑂2
𝐾𝐾𝑚𝑚

Michaelis-Menten of Hydrogen peroxide

𝑇𝑇𝑇𝑇𝑇𝑇
𝐾𝐾𝑚𝑚

Michaelis-Menten of 3,3’,5,5’-tetramethylbenzidine

LH

Langmuir-Hinshelwood

m, n

Langmuir-Freundlich exponent

MM

Michaelis-Menten

Abbreviations
MPTAC

[2-methylpropenoyloxyethyl trimethyl ammonium chloride]

Nip

p-nitrophenol

PAA

poly (acrylic acid)

𝑝𝑝𝑖𝑖

partial pressure of compound i

PS

polystyrene

PSS

poly (styrene sulfonate)

PNIPAM

poly(N-isopropylacrylamide)

𝑟𝑟

reaction rate

ROS

reactive oxygen species

S

surface area of nanoparticles

SPB

spherical polyelectrolyte brushes

t0

induction time

tS

the time stationary state begins

TMB

3,3’,5,5’-tetramethylbenzidine

TMB+∙

cation radical

TEM

transmission electron microscopy

TMB2

charge-transfer complex

TGA

thermogravimetric ananlysis

UV-vis

ultra violet spectroscopy

𝑣𝑣0

initial rate the beginning period

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚
𝜃𝜃𝑖𝑖

∆𝐻𝐻
∆𝑆𝑆

limit rate of the reaction in Michaelis-Menten kinetics
surface coverage of compound i on the surface of catalysts
enthalpy of adsorption
entropy of activation
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