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A scanning electrochemical microscopy (SECM) approach for the analysis of heterogeneous catalytic reactions
at solid-liquid interfaces is described and applied. In this scheme, reactant, generated at a tip, undergoes a
reaction (e.g., disproportionation) at the substrate. The theoretical background for this study, performed by
digital simulations using a finite difference method, considers a chemical reaction at the substrate with general
stoichiometry. In this case, the fraction of regenerated mediator (νS) may differ with respect to a substrate
reaction that is the reverse of the tip reaction, resulting in an asymmetric mediator loop. Simulated tip current
transients and approach curves at different values of the kinetic rate constant for reactions whereνS < 1 were
used to analyze this new SECM situation. This approach was used to study the catalytic decomposition of
hydrogen peroxide (HO2- f 1/2O2 + OH-), whereνS ) 0.5, on supported catalysts. A gold-mercury amalgam
tip was used to quantitatively reduce dissolved O2 (mediator) to HO2

-, which was decomposed back to oxygen
at the catalyst substrate. Rate constants for the decomposition reaction on immobilized catalase and Pt particles
were measured at different pH values by the correlation of experimental approach curves with the theoretical
dependencies.

Introduction

Heterogeneous catalytic reactions at the liquid-solid interface
are important in chemistry (e.g., in synthesis and electrode
reactions). One important case is the heterogeneous decomposi-
tion of hydrogen peroxide into O2 and OH- (eq 1) that occurs
at a high rate on noble metals such as Pt and its alloys,1-3 on
oxides,4-7 immobilized complexes8,9 and enzymes such as
catalase.10-13 There is also interest in H2O2 removal from final
products and wastes10-14 and in fundamental studies of the
reaction mechanism in electrode reactions, like oxygen elec-
troreduction.15

or

In studying the kinetics of hydrogen peroxide decomposition
catalyzed by solids, the catalyst is often dispersed into a solution
containing hydrogen peroxide. The concentration of peroxide
or the volume of evolved oxygen is monitored with the time
over a time frame of hours.2-14,16Thus, the heterogeneous rate
constant (cm s-1) can be calculated from a pseudo-homogeneous
rate constant (s-1) estimated from the dependency of peroxide
concentration on time.17 The method is time-consuming and may
require significant amounts of material to reach the desired
detection limits. Scanning electrochemical microscopy (SECM)
is a good alternative method because of its simple and efficient
way of studying many types of surfaces.18 The usefulness of
this technique to the study of electrode reaction kinetics is well-
known.19 Catalyzed heterogeneous processes have been exten-
sively analyzed by SECM, mainly enzyme-assisted reactions20

and corrosion processes.21 Chemical reactions catalyzed by

metals, such us the reduction of protons by methyl viologen on
platinum, have been analyzed by SECM, allowing the direct
measurement of the heterogeneous rate constant.22 Moreover,
gas evolution is not necessary, and the quantification is
performed through electrochemical signals, significantly more
sensitive than the currently used analytical methods.

The study of catalytic decomposition reactions by SECM is
different from earlier studies, and the theoretical formulation
for this type of problem has not yet been reported. Figure 1a
shows the main difference from the usual system with an
electrode reaction at the substrate. In this case, the mediator

Figure 1. (a) Schematic of the SECM feedback mode operating with
a generic asymmetric mediator loop. (b) Cylindrical coordinate system
for digital simulations.

2H2O2 f O2 + 2H2O (1a)

HO2
- f 1/2O2 + HO- (strongly alkaline media) (1b)
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Ox is electroreduced at the tip under mass-transport control
generating Red, which diffuses toward the substrate. The
substrate surface catalyzes the decomposition of Red to Ox,
which diffuses back to the tip, thus closing the feedback loop.
However, because the substrate and tip reactions are different,
they may have dissimilar Ox stoichiometric coefficients. As a
consequence, the flux of Ox that is regenerated at the substrate
will decrease by a factorνS with respect to the reverse reaction.
Questions that need to be addressed include how the asymmetry
in the mediator regeneration affects the transient tip current
response and how an approach curve is modified by the value
of νS. In this paper, we report a theoretical treatment of this
system based on a numerical simulation that addresses these
issues. Working curves are given to treat experimental results.
Finally, to illustrate this approach, we perform an SECM-based
kinetic study of hydrogen peroxide decomposition (νS ) 0.5)
in alkaline solution on well-known metal and enzyme im-
mobilized catalysts.

Theory

Consider a typical SECM experiment where the mediator Ox,
initially present at a concentrationcOx*, is electroreduced to
Red under diffusion control through reaction 2 at the tip. At
the substrate, Red undergoes the irreversible first-order chemical
reaction 3 catalyzed by the substrate surface that regenerates
Ox only partially (depending on the value ofνS) and other
products (P). The rate of this reaction will be a function of the
catalytic activity of the substrate material, reflected on the value
of the first-order heterogeneous rate constant (ks in cm s-1).

The boundary conditions to treat this problem are similar to
typical feedback-mode SECM situations with an irreversible
reaction at the substrate.19 They are presented in eqs 4-10 in
terms of fluxes of species (JOx, JRed) for the cylindrical
coordinate system defined in Figure 1b. The only difference
with previous treatments is the condition at the substrate surface
given by eq 9a, which takes into account the effect of a generic
stoichiometric coefficient at the substrate reaction.

Initial condition (t ) 0):

t > 0:

cOx and cRed are the concentrations of species Ox and Red,
respectively, at the coordinate (r, z), cOx* is the bulk concentra-
tion of Ox, jT(r) is the tip current density atr, and D is the
diffusion coefficient of Ox or Red. The superscript (r or z) on
J indicates the direction for the flux. Note that the tip current is
defined by eq 11.

Transient and steady-state approach curves were simulated
by a two-dimensional finite difference (FD) method in cylindri-
cal coordinates previously described for another SECM mode.23

Normalized variables19 were used in the calculations. The system
presented in Figure 1b was mapped into ring-shaped boxes with
normalized length and height of 0.02 (no expanding grid was
used). Typically, the number of boxes in ther direction that
were used in the bulk solution region (rg < r < rs) was the
same as that used beneath the tip surface (0< r < rg), for
example, 250 boxes for an RG) 5, where RG) rg/a. A total
of 500 boxes were used in thez direction in the region-zT <
z < d; this number was kept constant regardless of the tip-
substrate distance. The normalized time interval (τ ) tD/a2)
length was 0.0001. Each calculation started from the initial
conditions, and iterations were performed until the normalized
tip current (I ) iT/iT,∞, whereiT,∞ ) 4nFDacOx*) changed less
than 10-6/step. This situation was considered to be the steady-
state condition, and that value ofI was recorded as a function
of the normalized tip-substrate distance (L ) d/a). To perform
the simulation at a new distance (to make complete approach
curves), the tip-substrate distance was decreased by removing
a full row of boxes from the center of the tip-substrate gap.
The steady-state concentration values in each remaining box,
that were calculated at the previous distance, were used as initial
conditions. That procedure speeded up the attainment of the
new steady-state situation. All the data presented in this work
are tabulated as Supporting Information.

Experimental Details

Chemicals and Materials.A gold wire of 25-µm diameter
was obtained from Goodfellow (Devon, PA). Bovine liver
catalase (EC 1.11.1.6) powder from Sigma-Aldrich (Saint-Louis,
MO) was used without further purification. Triethyloxonium
tetrafluoroborate (TOTFB), 1,4-diaminobutane (DAB), dichlo-
romethane, and methanol from Sigma-Aldrich were used as
received. Glutaraldehyde was obtained in nitrogen-filled ampules
of 8% (v/v) aqueous solutions at electron microscopy grade from
Polysciences, Inc. (Warrington, PA). The nylon samples used

Tip: Ox + ne- f Red (2)

Substrate: Redf νSOx + P (3)

0 e r e rs, 0 e z e d, andrg e r e rs, -zT e z < 0

cOx(r, z) ) cOx*, cRed(r, z) ) 0 (4)

Ultramicroelectode (UME) disk surface: 0e r e a, z ) 0
cOx(r, 0) ) 0 (5a)

jT(r) ) nF JOx
z(r, 0) ) -nFD
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JOx
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r(rg, z) ) JRed
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JRed(r, z) ) -D∇cRed(r, z) (10b)

iT ) 2π∫0
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(Durethan A30) were 1-cm-diameter, 3-mm-thick disks (Bayer
Corp., Pittsburgh, PA). Prior to each sample preparation, the
shaped disks were cleaned by ultrasonication in methanol for
30 min followed by 30 min ultrasonication in water. 3-Mer-
captopropyltrimethoxysilane (MPTS) was from Sigma-Aldrich
(Saint-Louis, MO). Sodium borohydride (NaBH4) and hexachlo-
roplatinic acid (H2PtCl6) were used as received from Alfa Aesar
(Ward Hill, MA). All glassware was cleaned in 70/30 HNO3/
H2SO4 before use. Milli-Q purity water was used.

SECM Probes. Gold-mercury amalgam 25-µm-diameter
UME disks were used as SECM tips. They were prepared
following the procedure described by Mandler et al.22 A 25-
µm-diameter gold disk tip is prepared by heat-sealing a gold
wire into a borosilicate glass capillary following the standard
procedure previously described.18 The tip is then polished and
sharpened. Then, mercury is electrodeposited on the Au disk
from a 0.1 M HgNO3 (Alfa Aesar) solution at-0.2 V vs Hg/
Hg2SO4 for 3 min. This procedure generates an Hg hemisphere
deposited on the Au disk. A rough and soft Au-Hg amalgam
is spontaneously formed onto the electrode in less than 5 min.
To make a smooth disk of this material, the tip is softly polished
over a polishing cloth containing a diluted dispersion of alumina
0.05 µm in water, rinsed thoroughly with water, and cleaned
by ultrasonication for 30 s.

SECM Substrates. Catalase Immobilized on Nylon.A
modified Morris O-alkylation24 can be used to immobilize the
protein on the nylon surface through external free amine groups.
However, because of the high number of accessible free lysine
residues on the catalase, the protein will not adopt a preferred
orientation once on the surface. First, the nylon surface was
activated by immersion in 0.1 M TOTFB in dichloromethane
for 6 min. This step also removed any aged layer on top of the
nylon disks. After rinsing with methanol, the disks were
immersed in a 1 M DAB solution in 0.1 M carbonate buffer
(pH ) 9.8) and left at room temperature for 20 h in a calcium
chloride desiccator. After thorough rinsing in the same carbonate
buffer, the samples were immersed in 4% (v/v) glutaraldehyde
in 20 mM phosphate buffer (pH) 8.1) for 3 h. Another rinsing
step in the same phosphate buffer preceded the enzyme coupling.
A drop of a 6 mg/mL (96µM) catalase solution in 0.1 M
carbonate buffer (pH) 9.8) was deposited on the treated nylon
disk surfaces for 30 min at room temperature. The catalase
solution was finally diluted to 2 mg/mL with buffer and left
for 20 additional immersion hours at room temperature in a
calcium chloride desiccator. Finally, the disks were rinsed with
and stored in 0.1 mM carbonate buffer (pH) 9.8) for not more
than 3 h.

Platinum Particles Immobilized on Glass.Platinum nano-
particles were synthesized and immobilized on 1-mm-thick plain
glass microscope slides (Fisher Scientific, Pittsburgh, PA) via
silanization with a thiol-terminated molecule. A 10 mM NaBH4

solution was added dropwise to a 2.6 mM H2PtCl6 solution
under stirring, reducing the Pt salt to nanometer-sized Pt particles
in suspension.25 NaBH4 was added until the solution showed a
persistent yellow-gray color. Completion of this process was
checked by UV-vis spectroscopy. The glass supports were
prepared as follows: New glass microscope slides were cleaned
in a 30/70 H2O2/H2SO4 solution heated to 80°C for 20 min,
rinsed with water, and dried at 100°C. They were then
immersed in a 1% (v/v) MPTS solution in methanol for 20 h at
room temperature in a calcium chloride desiccator. After intense
rinsing with methanol, they were placed in the fresh platinum
colloidal suspension for 3 h atroom temperature. Finally, they
were rinsed with water and used immediately.

Measurements.The electrochemical studies were performed
in 0.2 M phosphate solutions of different pH values in the range
6 e pH e 12 at room temperature with a three-electrode cell,
using an Au-Hg tip as the SECM probe, a Pt wire as the counter
electrode, and Hg/Hg2SO4 as the reference electrode (Radiom-
eter Analytical, France). The substrate was tightened at the
bottom of the Teflon cell via an FETFE O-ring. SECM
measurements were carried out using a CHI 900 microscope
(CH Instruments, Austin, TX). Examination of Pt-immobilized
glass surfaces was performed by atomic force microscopy
(AFM) in the tapping mode with a Veeco Dimension 3100
microscope and a Nanoscope IV controller (Veeco Instruments,
Inc., Santa Barbara, CA) in air at room temperature. Standard
commercial silicon-etched probes (Nanosensors Point Probe Plus
NCH, Switzerland) with a nominal spring constant of 21-78
N m-1 were used. They typically had a resonant frequency of
around 265 kHz with a quality factor of about 450. To obtain
a pure attractive regime and reduce the effect of the damping
of the oscillation near the surface, a frequency smaller than the
resonant frequency for which the phase delay was equal to-π/4
was used, and the free oscillation amplitude for that frequency
was adjusted to values typically slightly smaller than 10 nm
until the phase signal was characteristic of an intermittent contact
situation in a purely attractive field.26 This also allowed the
exclusion of initial tip pollution before imaging the surface.

Results and Discussion

Simulations. Transients of the tip current for a diffusion-
controlled (kS f ∞) first-order reaction at the substrate are
plotted in Figure 2 for different tip-substrate distances and
different stoichiometric coefficients. These simulations were
performed for a tip with RG) 5, and the tip current values
were normalized taking into account the effect of RG on the
value of iT,∞.27 It is clear that the tip current reaches a steady-
state value in all cases, and the time to reach this steady state
depends on theL andνS values. The smaller theνS value, the
more time is necessary for the tip current to reach the steady-
state value. For example, at a distanceL ) 1, it takes a

Figure 2. Normalized tip current transients calculated from FD
simulations atL ) 3.0 (a), 1.0 (b), and 0.2 (c) (top to bottom) for
νS ) 1 (solid lines), 0.75 (dashed), 0.5 (dotted), 0.25 (dash-dotted).
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normalized timeτ ) 3 (typically ∼30 ms for a 1-µm-diameter
UME) to reach steady state whenνS ) 1, but it takesτ ) 40
(∼400 ms for a 1-µm UME) whenνS ) 0.5. Thus, experimental
approach curves must be measured at smaller approach rates
than usually used to ensure steady-state conditions at each point.
An important approximation in these calculations is the as-
sumption of similar diffusion coefficients for Ox and Red,
whereas in real situations, they may differ significantly, which
would affect the quantitative interpretation of results to some
extent.28

Simulated steady-state approach curves for reactions operating
under total diffusion control (kS f ∞), for different values of
νS, are shown in Figure 3. The curve calculated forνS ) 1 agrees
with those previously reported for total positive feedback (RG
) 5) for an electrode reaction at the substrate (B),27 and the
curve forνS ) 0 is similar to that corresponding to an insulating
surface (9).27 For intermediate values ofνS, the feedback due
to regeneration of the tip reactant decreases dramatically when
νS decreases from 1 to 0.5, and belowνS ) 0.5, the sensitivity
of the approach curves toνS is poor. The situation forνS )
0.5, relevant to the analysis of the hydrogen peroxide decom-
position and typical of many disproportionation reactions, was
analyzed in detail. Figure 4 shows the simulated dependenceI
) I(L, κ) for νS ) 0.5, whereκ is the normalized rate constant
(κ ) kSa/D) of the reaction at the substrate. TheI versusκ

projections indicate thatI is insensitive to theκ value whenκ
g 10 andκ e 10-3. This is also observed in theI versusL
projections (approach curves), where all the curves forκ g 1
correspond to total positive feedback for that value ofνS, while

for κ < 10-3, the approach curves correspond to an insulating
surface. For the range 10> κ > 10-3, the I-κ slope is
significant, and thus, the approach curves are very sensitive to
the κ value. Thus, in this domain of reaction rates, the rate
constant can be determined by fitting the experimental approach
curves.

For processing experimental results, analytical equations are
more useful and easier to use than working curves. For this
reason, the simulated dependenciesI ) I(L, κ) shown in Figure
4 were fit to the empirical eq 12, which reproduces the simulated
data (see Supporting Information) with an error of less than
0.5%. Although this equation does not have a physical meaning,
it is very useful in treating experimental approach curves (I vs
L), sinceκ is then the only adjustable parameter.

Study of Hydrogen Peroxide Decomposition.The decom-
position (disproportionation) of hydrogen peroxide (eq 1)
catalyzed by solid surfaces is a case whereνS ) 0.5. It can be
studied by this SECM approach by electrogenerating H2O2 or
HO2

- from dissolved O2 at a tip where the 2e reduction takes
place and monitoring the feedback of O2 from the substrate,
according to the scheme in Figure 5a.

Tip Preparation and Characterization., Mercury is a good
electrode material to carry out exclusively the two-electron (2e)
reduction of O2 to HO2

- under diffusion control at the tip,
because it produces two very well separated current plateaus
for two-electron (2e) and four-electron (4e) reductions of O2.29

While hemispheric Hg tips have been used as SECM probes,29,30

their application in this study is not convenient, because the
feedback sensitivity would be significantly lower than with a
disk.31 Moreover, the theoretical background in the previous
section was developed for a disk electrode. While solid electrode
tips such as gold and carbon can be efficient generators of HO2

-

from O2,32,33 at low pH (<8), the 4e pathway becomes
significant before the 2e pathway reaches the limiting current.
A solid material that possesses the electrochemical properties
of mercury is the amalgam Au-Hg, which has already been
used as an SECM disk probe.22 As described in the Experimental
Details section, its preparation by electrodeposition of Hg on
an Au tip is straightforward. Cyclic voltammograms with an

Figure 3. Steady-state SECM approach curves calculated from FD
simulations for the substrate reaction operating under diffusion control
(κ f ∞) at different values ofνS: (top to bottom) 1.0 (solid line), 0.75
(dashed), 0.5 (dotted), 0.25 (dash-dotted), 0.0 (short-dashed). Theoreti-
cal diffusion-controlled positive (B) and negative (9) feedback
approach curves given earlier forνS ) 1.027 are included as reference
curves. Tip RG) 5.

Figure 4. Steady-state normalized dependence of the tip current (I)
on the substrate heterogeneous rate constant (κ) and tip-substrate
distance (L). I vs L projections (approach curves) correspond (from
bottom to top) toκ ) 100, 50, 10, 5, 3, 1.8, 1, 0.75, 0.5, 0.3, 0.18, 0.1,
0.05, 0.01, 10-3, 10-4, and 10-5. I vs κ projections correspond (from
top to bottom) toL ) 5, 4.52, 4, 3.52, 3, 2.52, 2, 1.52, 1, 0.76, 0.52,
0.4, and 0.2.

I )
A1 - A2

1 + ( κ

A3
)A4

+ A2 (12)

A1 ) -0.00245+ 0.907[1 - exp(- L
0.99)] +

3.328× 107[1 - exp(- L

3.637× 109)] (13)

A2 ) -0.0028+ 0.972[1 - exp(- L
0.487)] +

0.0447[1 - exp(- L
5.05)] (14)

A3 ) 0.261

(0.214
L

+ 1)
+

0.222 exp[-
(L + 0.034)

1.195 ]{1 - exp[-
(L + 0.034)

0.236 ]}3.48

(15)

A4 ) 0.7826+ 0.22[1 - exp(- L
1.384)] (16)
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Au-Hg tip in air-saturated 0.2 M phosphate solutions at
different pH values (12, 7.1, and 5) are shown in Figure 6. In
alkaline solution, one can clearly identify two waves with half-
wave potentials of-0.9 V and-1.7 V for the overall 2e and
4e reduction of O2, respectively, before hydrogen evolution
occurs. As the solution pH decreases, the hydrogen evolution
reaction overlaps the 4e O2 reduction, but the 2e process is still
well-defined. At the anodic limit of∼-0.5 V, mercury oxidizes
to HgO in alkaline solutions. These voltammograms indicate
that the 2e reduction of oxygen is diffusion-controlled at a 25-
µm diameter Hg-Au disk tip at -1.25 V versus Hg/Hg2SO4

with a limiting currentiT,∞ ) 4.0 ( 0.1 nA. This value agrees
with the UME current of 3.95 nA that is calculated from the
equation for the UME disk limiting current (iT,∞ ) 4nFDac),34

assuming an oxygen diffusion coefficientD ) 1.5× 10-5 cm2/s
and a solubility c ) 0.27 mM at 0.21 atm in phosphate
solutions.35

Hydrogen Peroxide Decomposition on Immobilized Catalase.
Bovine liver catalase specifically catalyzes the conversion of
hydrogen peroxide to oxygen and water. It is a homotetrameric
hemoprotein36 of a subunit (molecular weight) 60 000-65 000)
with 27 lysine residues. A large portion (21) of them are located
on the external protein surface and are therefore accessible for
surface chemistry.37 This enzyme, immobilized on different
surfaces such as polymer and oxide pellets, is used for the
elimination of hydrogen peroxide from industrial fluids such
as textile effluents and food products.10-14 Thus, the described
SECM approach was applied as a demonstration to study this

type of material. Some approach curves obtained on nylon-
immobilized catalase in 0.2 M phosphate solutions at different
pH values using a 25-µm Au-Hg tip with RG= 5 are presented
in Figure 7 (symbols). These curves were measured at a scan
rate of 1µm s-1, which is sufficiently slow to ensure that steady-
state conditions are reached for each point. At each pH value,
the approach curves were measured on 3 different spots on the
substrate surface separated by∼400 µm. Then, the cell was
thoroughly rinsed with the new solution and refilled. After 10
min, a new set of 3 approach curves was taken. The correlations
of these approach curves using eq 12 (solid lines) are shown in
Figure 7 on top of the respective experimental points. Even when
O2 feedback is small, the approach curves clearly differ from
the curve obtained on an inert surface, and it is possible to
extract precise values of the rate constant. To perform the fitting,
experimentaliT,∞ and offset distance values must be estimated
first.18 This is performed by overlapping the approach curve
over a family of simulated curves, manually adjusting these two
parameters in a narrow, physically meaningful range. Once these
two parameters are established, the value ofκ is calculated by
nonlinear correlation of the experimental curve with eq 12.

Figure 5. (a) Schematic of the tip-substrate O2/HO2
- feedback process to study the hydrogen peroxide decomposition reaction by SECM. (b)

Schematic of the effect of the lateral reaction involving electron transfer (O2 electroreduction) on the tip-substrate O2/HO2
- feedback process.

Figure 6. Cyclic voltammogram of a Au-Hg amalgam tip (25-µm
diameter) in air-saturated 0.2 M phosphate solution at pH) 12.0 (a),
7.1 (b), and 5.0 (c). Scan rate: 0.1 V s-1.

Figure 7. Experimental approach curves (0) measured on immobilized
catalase-nylon substrate using the O2/H2O2 mediator feedback to an
Au-Hg amalgam tip (25-µm diameter, RG= 5) in air-saturated 0.2
M phosphate solutions of pH) 5.5 (a), 7.1 (b), 9.1 (c), and 10.3 (d).
Scan rate: 1µm s-1. Solid lines are the theoreticalI vsL dependencies
generated from eq 12 using theκ values resulting from the best
correlations with the experimental results forκ ) 0.1521 (a), 0.2555
(b), 0.1667 (c), and 0.1218 (d). The theoretical negative feedback
approach curve for a tip with RG) 5 (dashed line)27 is included as a
reference.
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Figure 8 shows the dependence of the rate constant (cm s-1)
determined on immobilized catalase on the pH. Each point is
the mean value of 3 measurements. To convert the dimensionless
rate constant (κ) measured from the approach curves into the
kS value, values ofD ) 1.5× 10-5 cm2 s-1 35 anda ) 12.5×
10-4 cm were used. The highest activity is observed at around
pH ) 7, in agreement with results obtained on catalase
immobilized on alumina pellets and chitosan beads.10-13 The
catalyst became deactivated after testing at pH> 12, probably
because the amide bonds to the nylon surface were irreversibly
hydrolyzed at that pH value. A comparison of the values
obtained in this work with the results reported for immobilized
catalase11 is not directly possible because of the lack of
information to convert the reported apparent pseudo-homoge-
neous rate constants (k′, in s-1) into kS. If nylon-immobilized
catalase (10-µm-radius pellets, specific area) 2.6 cm2 mg-1)
operates in a discontinuous reactor similar to that used by Tarhan
et al. (60 mg in 20 mL of solution),11 it would have a pseudo-
homogeneous rate constantk′ ) 2.3 × 10-2 s-1 at pH ) 7
derived from the value ofkS measured by our technique. This
value agrees very well with those reported for immobilized
catalase on other materials such as alumina (k′ ) 1.6 × 10-2

s-1) and polymer pellets (k′ ) 7.8 × 10-3 s-1).11 On the other
hand, the calculatedkS values, between 1× 10-3 and 3× 10-3

cm s-1, are similar to those found on other immobilized enzymes
for other reactions, such as glucose oxidase for the oxidation
of glucose.38

Hydrogen Peroxide Decomposition on Immobilized Pt Nano-
particles. Pt is a very efficient material for decomposing
hydrogen peroxide, and studies of its activity (mechanism, pH
dependency, effects of alloying) have been reported since the
middle of the past century.1 In this work, Pt nanoparticles were
immobilized on silanized glass surfaces from dilute colloid
solutions prepared by reduction of H2PtCl6 with NaBH4. UV-
vis spectroscopy was used to check for the completion of
platinum reduction. PtCl6

2- shows a strong absorption peak at
260 nm, which disappears once the reduction with an excess of
NaBH4 is complete.39 A remaining broad absorption signal was
observed after completion of the reaction, characteristic of light
scattering by colloidal solutions.40 The conductivity of this
surface was analyzed by performing SECM approach curves
using the oxidation of ferrocene methanol. On conductive
surfaces, the reduction of tip-generated ferrocenium is driven
at the substrate at open circuit potential because of a lateral
electron transfer process.41 Thus, a positive approach curve is
expected on a conductive surface. However, pure negative
feedback was observed in the approach curves obtained on the
Pt-immobilized samples under such conditions, which reveals
a surface with essentially no contact between the small conduc-
tive particles. AFM scans of the immobilized material (Figure

9) show a surface roughened by particle immobilization. The
particles have an average apparent lateral diameter of 40-50
nm. However, lateral sizes can generally not be trusted in AFM
experiments because of tip convolution. The apparent height
of the particles is about 4-5 nm, but this value is uncertain,
because the height reference (glass surface) is not clear in the
scan because of limitations from the tip size. We therefore
estimate an average particle slightly larger than 5 nm. The AFM
scan also shows several types of aggregates made of 2-5
particles on the surface. Aggregation is caused by the absence
of capping agent during the synthesis step. Nevertheless, the
platinum particles covering the glass surface are clearly not
totally interconnected. For instance, in the surface cross-section
in Figure 9, the central 200-nm wide structure delimitated by
the black symbols is separated from the neighboring aggregates
by 15-nm-wide gaps. Several wider gaps also appear in the
probed area. Therefore, the surface is essentially insulating over
the micrometer range, explaining the SECM results previously
described.

The activity of these surfaces for hydrogen peroxide decom-
position at different pH values was examined by the described
SECM approach. The approach curves measured on these
surfaces at different pH values showed significant activity for
this reaction, as shown in Figure 10 (symbols). They were
correlated with eq 12 (solid lines), following the same procedure
described for immobilized catalase to calculate the heteroge-
neous rate constants. The activity of immobilized Pt particles

Figure 8. Dependence of the hydrogen peroxide decomposition
heterogeneous rate constant (kS) on the pH, measured by SECM on
immobilized catalase-nylon substrate in air-saturated 0.2 M phosphate
solutions.

Figure 9. Top image: Tapping mode AFM image of Pt nanoparticles
chemically immobilized on glass. The image is flattened to the second
order to remove tilt and scan curvature artifacts. Height scale: 0-6
nm. Bottom graph: Cross-section along the black line in the AFM
image.
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shows a maximum at pH= 12 (kS ) 5 × 10-3 cm s-1), as
shown in Figure 11, similar to other noble metals.2 The value
of kS at nearly neutral pH is 10-4 cm s-1, close to∼1.6× 10-4

cm s-1 determined on Pt black.2

The Problem of Lateral Electron Transfer on ConductiVe
Surfaces.There is a limitation when this SECM approach is
applied to study hydrogen peroxide decomposition on conduc-
tive surfaces that are active for oxygen electroreduction, for
example, a Pt sheet. The open circuit potential of Pt and other
electrode surfaces such as Au and carbon in air-saturated
phosphate solution is a mixed potential at about-0.5 V versus
Hg/Hg2SO4 (depending on the material and the solution pH).
This potential is governed by the interaction between dissolved
oxygen and the electrode surface.15 When a small fraction of
the electrode area (underneath the tip) is exposed to hydrogen
peroxide, a corrosion process occurs which is schematically
presented in Figure 5b. Hydrogen peroxide is electrooxidized
to oxygen at this electrode potential, while dissolved oxygen is
electroreduced to water on the rest of the electrode surface. The
corrosion current of this process is so small that large-area

electrodes are able to sustain the process even when they are
poor catalysts for oxygen electroreduction. Thus, the feedback
of oxygen observed at the tip is, in fact, generated in the
electrooxidation of hydrogen peroxide at that potential, which
is a process withνS ) 1. Thus, the approach curves measured
on large conductive electrodes, for example, those shown in
Figure 12 for a substrate with radiusas ) 0.5 mm, do not
represent the decomposition reaction but rather the electrooxi-
dation reaction. However, as the electrode area becomes smaller
and comparable to the tip-affected area, this process is less
significant, as shown in Figure 12, and is negligible, as expected
when the substrate is about the size of the tip.19 For this last
condition, however, a new theoretical treatment considering the
effect of substrate size would be necessary to correlate the
experimental approach curves for hydrogen peroxide decom-
position measured on small substrates (as = a). If the catalyst
is deposited on an insulator surface (e.g., glass or nylon) as
described here, the problem of substrate size does not arise.

Conclusion

We have demonstrated the use of SECM operating with an
asymmetric feedback loop to study heterogeneous chemical
reactions in liquid solutions. Results from digital simulations
verified that even when there is an asymmetry between the
reactions at the tip (electrode reaction) and at the substrate
(chemical reaction) a steady-state feedback process is reached.
The feedback-affected tip current is strongly dependent on the
stoichiometry of the substrate reaction relative to the tip reaction.
The dependence of steady-state tip current versus tip-substrate
distance can be used to determine the rate constant of the
chemical reaction, similarly to the classical procedure for SECM
kinetic studies of electron transfer processes. The use of this
approach was demonstrated in the study of hydrogen peroxide
decomposition on different types of well-known catalysts
including enzymatic and metallic materials. Catalase-modified
nylon surfaces show significant activity (kS = (1-3) × 10-3

cm s-1) in the pH range 5< pH < 10, well covered by the
detection limits of this technique, with a maximum at pH)
7.05. Pt particles (5-10 nm average diameter) immobilized on
silanized glass present optimum activity for this reaction at pH
) 11.9 with an apparent rate constant (kS = 5 × 10-3 cm s-1).
This material retains its good activity in the pH range 10< pH
< 13. Conductive surfaces can be studied by this technique only
if the size of the analyzed substrate is decreased to the
dimensions of the tip probe. Otherwise, the electrooxidation of
hydrogen peroxide driven at the substrate open circuit potential
would interfere with the measurements.

Figure 10. Experimental approach curves (0) measured on im-
mobilized Pt nanoparticles glass using the O2/HO2

- mediator feedback
to an Au-Hg amalgam tip (25-µm diameter, RG= 5) in air-saturated
0.2 M phosphate solutions of pH) 12.8 (a), 11.9 (b), 11.3 (c), and
9.56 (d). Scan rate: 1µm s-1. Solid lines are the theoreticalI vs L
dependencies generated from eq 12 using theκ values resulting from
the best correlations with the experimental results forκ ) 0.0706 (a),
0.4181 (b), 0.1472 (c), and 0.0165 (d). The theoretical negative feedback
approach curve for a tip with RG) 5 (dashed line)27 is included as a
reference.

Figure 11. Dependence of the hydrogen peroxide decomposition
heterogeneous rate constant (kS) on the pH, measured by SECM on
chemically immobilized Pt particles (5-10-nm diameter) over glass,
in air-saturated 0.2 M phosphate solutions.

Figure 12. Experimental approach curves obtained on smooth Pt disks
with different radii (aS) at open circuit potential, using the O2/HO2

-

mediator feedback to an Au-Hg amalgam tip (25-µm diameter, RG
= 5) in air-saturated 0.2 M phosphate solutions of pH) 12.0.aS )
12.5 µm (dashed), 25µm (dotted), 62.5µm (dash-dotted), 0.5 mm
(dash-dot-dotted). Scan rate: 1µm s-1. Solid line: negative feedback
approach curve.
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