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ABSTRACT: Long-range electron transfer (LRET) is a core
elementary step in a wealth of processes central to chemistry
and biology, including photosynthesis, respiration, and
catalysis. In nature, biological catalysis is performed by
enzymes. However, enzymes are structurally fragile and have
limited stability in vitro. Development of robust biomimetic
nanostructures is therefore highly desirable. Here, with
Prussian blue nanoparticles (PBNPs) as an example we have
demonstrated the preparation of highly stable and water-
soluble mixed-valence nanoparticles under mild conditions.
We have mapped their enzyme-mimicking catalytic properties
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and controlled LRET to single-nanoparticle resolution. PBNPs show high substrate binding affinity and tunable electrocatalytic
efficiency toward hydrogen peroxide reduction, resembling the patterns for similar size redox metalloenzymes. We have further
disclosed a correlation between electrocatalytic efficiency and distance-dependent interfacial ET kinetics. Given their high
stability and low cost, such enzyme-mimicking nanoparticles could offer new perspectives in the fields of catalysis, sensors, and

electrochemical energy conversion.

KEYWORDS: biomimetic nanoparticles, redox-active nanoparticles, enzyme-mimicking electrocatalysis, Prussian blue,
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1. INTRODUCTION

Nanoparticles (NPs) dominate a wide range of nanostructures
with different chemical compositions, sizes, and morphologies.
New types of NPs have been created over the past two decades,
with particular efforts toward controlling their size, shape,
crystal structure, and functionality. A recent review highlights
the current status and future perspectives of NP-based
nanoscience and nanotechnology." High priority is given to
develop further NP-based biotechnology and nanomedicine. In
this context, novel design and synthesis as well as an
understanding of the fundamental behavior of biomimetic
NPs are of particular interest.

Biomimetic NPs with physicochemical properties that
resemble those of natural macromolecules (e.g, proteins and
enzymes), have become attractive to both scientific commun-
ities and industry, because of their low cost and high stability in
comparison to natural biological macromolecules.”” These
biomimetic NPs can be designed as “smart” components and
assembled into versatile nanomaterials with desirable function-
alities.”* One of the most intriguing examples is enzyme-
mimicking structures.” Enzyme-like inorganic metallic or metal
oxide NPs are expected to display efficient biocatalysis and, at
the same time, high stability and low cost toward industrial
production. Such NPs can be used for a range of purposes: for
example, as catalysts in biosensing and energy conversion.”®

Electrocatalysis is an essential process in a wealth of chemical
and biological systems. Electrocatalytic processes have been
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widely explored for their applications in organic synthesis,”*
fuel cells,”' and biosensors.'”'? In particular, the electro-
catalytic reduction of dioxygen, hydrogen peroxide (H,0,), and
carbon dioxide is of current crucial importance in biosensing
technology, energy conversion, and environmental engineering.
The development of electrocatalysts is, however, currently
approached at the nanoscale. Understanding electrocatalysis
with the resolution of the single NPs is thus becoming a critical
focus for matching a variety of challenges in the rational design
of high-performance electrocatalysts."”~'> In many applications,
NPs need to be immobilized on a specific support material,
where their performance strongly depends on the surface
properties of both the electrocatalysts and support materials.
The support materials mostly used are electrochemical
electrodes of metals, metal oxides, and various carbon materials.

Among a large family of mixed-valence transition-metal
complex materials, Prussian blue (PB) is regarded as the first
coordination chemical compound, known for over three
centuries. PB materials have continued to pose new challenges
regarding their structural, electronic, and electrochemical
properties as well as new biocatalytic perspectives. As an
electroactive material, PB has proven to be of broad interest for
electrochemical sensors and biosensors by acting as an ET
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Figure 1. Synthesis and characterization of S—6 nm Prussian blue nanoparticles: (a) UV—vis spectrum of a PBNP dispersed solution with a
photograph of the solution in the inset; (b) AFM image of PBNPs deposited physically on mica surfaces recorded in air; (c, d) TEM image and the
PBNP size distribution; (e) schematic illustration of a single PBNP with the size emphasized; (f) three-dimensional structural representation of

horseradish peroxidase as a size comparison with PBNP.

mediator.'®™>* While electrodeposited PB polycrystalline thin
films have been intensely investigated,'°~>* much fewer reports
have focused on nanometer-size PBNPs** > that can offer
unique physical and chemical properties in comparison with
their bulk counterparts. Achieving a controlled ET process and
studying electrocatalytic efficiency at the single-NP level has
remained elusive but could be feasible by the use of pure
PBNPs and interdiscinplary instrumental methods.

We have proven the feasibility of controlling the molecular
orientation and LRET of metalloproteins, by combining surface
self-assembly chemistry, single-crystal electrochemistry, and
scanning tunneling microscopy (STM).**™* This has been
followed by other later reports.3l_37 In the present work, we
combine environmentally friendly wet-chemical synthesis, two-
dimensional (2D) surface assembly on well-defined, atomically

2729

planar electrode surfaces, electrochemistry, and atomic force
microscopy (AFM) to probe both the LRET and catalytic
properties of PBNPs. We aim at controlling both ET and
electrocatalysis, evaluating electrocatalytic efficiency at the
single-nanoparticle level, and understanding the correlation
between interfacial ET and electrocatalysis. Such a compre-
hensive approach to high-resolution PBNP surface dynamics in
a well-defined microenvironment has not been reported before.

2. EXPERIMENTAL SECTION
The experimental details are provided in the Supporting

Information. The present section briefly summarizes the
synthesis, characterization, and 2D surface assembly of
PBNPs as well as the main instrumental methods.
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2.1. Synthesis and Characterization of PBNPs. Pure
PBNPs were obtained by a three-step procedure including
synthesis of PB pigments, redispersion, and purification. The
resulting nanoparticles were systematically characterized by
spectroscopy and microscopy to map their morphology, size
distribution, and stability.

2.2, Two-Dimensional Surface Assembly of PBNPs on
Au(111) Surfaces. Single-crystal Au(111) electrodes were
used as supporting substrates for both electrochemistry and
AFM. To prepare SAMs on Au(111) electrode surfaces, the
electrodes were annealed in a H, flame and quenched in
ultrapure water saturated with H, gas. They were then
immersed overnight in freshly prepared NH,(CH,),SH
solutions (1—10 mM in ethanol). After rinsing with ethanol
and Milli-Q water, the electrodes were transferred to PBNP
aqueous solutions (around 2 mg mL™") and incubated at room
temperature for several hours. Prior to use, the electrodes were
rinsed with Milli-Q_water.

2.3. Instrumental Methods. All electrochemical measure-
ments were carried out at room temperature (23 + 2 °C) using
an Autolab System (Eco Chemie, The Netherlands) controlled
by general-purpose electrochemical system software (GPES) or
Nova 10. A three-electrode system was used, consisting of a
reversible hydrogen electrode (RHE) as the reference electrode
(RE), a platinum coiled wire as the counter electrode (CE), and
a PBNP-NH;"(CH,),S-Au(111) electrode as the working
electrode (WE). The RHE was freshly prepared just before
measurements and checked against a saturated calomel
electrode (SCE) after the measurements. All electrode
potentials are referenced to the SCE. Purified argon (S N,
Chrompack, Varian) was applied to purge dioxygen from
electrolyte solutions before the measurements, and an argon
gas stream was maintained over the solution during the
measurements.

AFM was performed using a S500 AFM System (Agilent
Technologies, Chandler, AZ) by AAC (acoustic alternating
current) mode AFM, with the cantilever spring constant of
oxide-sharpened Si;N, probes (Bruker, SNL) 0.06 N m™". The
tapping mode was mostly used, with a scan speed of 1.6 Hz and
an amplitude of between 2.0 and 2.5 V. All AFM images in the
figures are topographic images (512 pixels) and were recorded
in the constant force mode using applied forces of 0.1-0.2 nN.
The radius of the SNL tip is about 2 nm (according to the
manufacturer’s homepage). The scanner was calibrated by a
Veeco 10 mm pitch calibration grating (each square with a 200
nm depth). All images for PBNP-NH;*(CH,),S-Au(111)
systems were recorded in liquid environments (0.1 M KCI):
i.e., the same environments as for electrochemical measure-
ments.

3. RESULTS AND DISCUSSION

3.1. Synthesis, Characterization, and Electroactivity of
PBNPs. Highly pure PBNP samples were prepared by a three-
step procedure, detailed in the Supporting Information. This
procedure represents an effective approach to obtain highly
pure and stable PBNPs with relatively small sizes (<10 nm).
The as-synthesized PBNPs are well dispersed in pure water or
buffer solutions and have unusually high stability. The PBNPs
prepared with the present method are in fact among the most
stable to date for all NPs ever synthesized in liquid
environments. After storage of the PBNP samples in pure
water at room temperature even for 3.5 years, no aggregation or
changes in physicochemical properties could be detected by
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UV—vis spectroscopy, transmission electron microscopy
(TEM), atomic force microscopy (AFM), or electrochemistry.
The stability of PBNP suspensions were further checked in
various chemical environments. In phosphate buffers (PBS; 10
mM), PBNPs are stable in the pH range of 5—8, which is
compatible for their use in biosensing applications. In the
presence of H,0,, the stability depends on the concentration of
H,0,. At low concentrations (<2 mM), the stability is not
affected significantly: ie., it is similar to that in pure water.
When the H,0, concentration is higher than 10 mM, the
stability notably decreases to days. For long-term storage, we
thus always suspend PBNPs in pure Milli-Q water.

The morphology, size distribution, and electroactivity were
systematically characterized. UV—vis spectra show a strong
maximum absorbance around 700 nm (Figure 1a and Figure S1
in the Supporting Information). Figure Sla,b shows the UV—
vis spectra for different PBNP concentrations. The notion of
fundamental absorbing units, Fe,[Fe(CN)¢];, is addressed in
the Supporting Information. The intensity is proportional to
the PB concentration (Figure Slc,d), indicating that the PB
spectral characteristics are retained for colloid PBNP
dispersions, and the solubilized PBNPs behave as independent,
noninteracting molecular-scale entities. The molar extinction
coeflicient, referenced to the formal molar concentration of
stochiometric Fe,[Fe(CN),]; units, is 1.150 X 10° L mol™
cm™", The blue color is associated with photoinduced charge
transfer of Fe(II) — Fe(lll) ET between largely localized
single-center states,” classifying PB as a class II complex.””~*

TEM and AFM images show that the PBNPs are spherical
with an average size of ~6 nm (Figure 1b—d and Figure S2 in
the Supporting Information). A single PBNP with the size
emphasized is schematically illustrated in Figure le. This PBNP
size is very close to that of horseradish peroxidase (HRP, Figure
1f), an enzyme crucial in electrochemical biosensors.**~*° The
size distribution is fairly narrow (Figure 1lc), with the fitting
histogram of Figure 1d by Gaussian distribution size of 5.7 +
0.3 nm of one PBNP, even though the preparation of
monodisperse PBNPs remains a challenge.

PBNPs are highly electroactive, as proven by their electro-
chemical properties. We first recorded the voltammetry of
PBNPs freely dispersed in solution. Well-defined cyclic
voltammograms (CVs) were observed at both graphite (Figure
S3 in the Supporting Information) and single-crystal Au(111)
electrodes (Figure S4 in the Supporting Information). Graphite
electrodes with a wide available potential window allow
observing the full range of PBNP electroactivity, reflected by
two pairs of redox peaks with formal potentials at 0.16 and 0.85
V (vs SCE) (Figure S3a,b), respectively. The pair at 0.16 V
shows the higher electroactivity, while the pair of high-potential
peaks has much weaker signals. The high-potential pair of redox
peaks (at 0.85 V) can catalyze electrooxidation of H,0,, but
with low efficiency.'” Most importantly, electrocatalytic H,O,
reduction is driven by the lower-potential pair of peaks around
0.16 V. It is well-known that one of the most important
applications for PB is as an electron-transfer mediator for the
fabrication of enzyme-based biosensors, which allows the
detection of targeted analytes at low potentials to avoid redox
interferences coming from compounds such as ascorbic and
uric acids. In addition, this potential window is also the range
appropriate for electrochemical studies using gold as the
working electrode. In this work, our focus is thus on the 0.16 V
peaks in catalytic electroreduction of H,0,. The linear
dependence of both anodic and cathodic peak currents on
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Figure 2. Two-dimensional surface assembly, characterization, and electroactivity of Prussian blue nanoparticles: (a) chemical structures of linking
molecules drawn by Chemical Sketch with 3D structure optimization; (b) schematic representation of PBNPs self-assembled on SAM modified
Au(111) surfaces; (c) 3D AFM image of PBNPs represented by the PBNP-NH;*(CH,)4S-Au(111) system, acquired in the liquid environment; (d)
histogram of the size distribution for immobilized PBNPs obtained from the measurements of PBNP heights in the AFM images; (e) dependence of
the PBNP population on the chain length of linking molecules; (f) cyclic voltammograms obtained at the low scan rate of 0.1 V s for the PBNP-
NH;*(CH,)sS-Au(111) system. Electrolyte used in AFM imaging (c) and voltammetric measurements (f): 0.1 M KCL

the square root of the scan rate indicates that the electro-
chemical reactions are diffusion-controlled (Figures S3c,d, and
S4b) with no detectable adsorption of the PBNPs either on
graphite or on an Au(111) electrode, largely due to the high
solubility of PBNPs in aqueous solution. In short, the
synthesized PBNPs retain the intrinsic electroactivity of PB
and behave like redox macromolecules such as redox proteins
in homogeneous solution.

3.2. 2D Surface Assembly and Controlled LRET. We
employed molecular wiring self-assembly to confine PBNPs on
Au(111) electrode surfaces. The linker molecules are amine-
terminated alkanethiols with variable alkyl chain lengths (Figure
2a), which can form well-defined self-assembled monolayers
(SAMs) via thiol—gold bonding chemistry.”” Electrostatic
interactions between the positively charged ammonium groups
of the linking SAM and the negatively charged surface of the

2731

PBNPs drive the 2D self-assembly of PBNPs into monolayer or
submonolayer arrays (Figure 2b). We denote this system as
PBNP-NH;*(CH,),S-Au(111), where n is the number of
methylene groups in the alkyl chain (n = 2, 6, 8, 11, 16). The
advantages of single-crystal Au(111) electrodes are that they
offer low background current and highly ordered surface
structure, facilitating the characterization and functional
evaluation of the assembled PBNPs even at the single-NP level.

The 2D self-assembled PBNPs on Au(111) electrode
surfaces were visualized by AFM in electrochemical environ-
ments (0.1 M KCI solution). AFM images were recorded over
randomly chosen sample surface areas. A large number of AFM
images in the tapping mode were acquired for all PBNP-
NH,"(CH,),S-Au(111) systems (n = 2, 6, 8, 11, 16). Data for
PBNP-NH,*(CH,)¢S-Au(111) are used as representatives.
Figure 2¢ shows a representative AFM image, where isolated

DOI: 10.1021/acscatal.6b00411
ACS Catal. 2016, 6, 2728—2738


http://pubs.acs.org/doi/suppl/10.1021/acscatal.6b00411/suppl_file/cs6b00411_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.6b00411/suppl_file/cs6b00411_si_001.pdf
http://dx.doi.org/10.1021/acscatal.6b00411

ACS Catalysis

Research Article

600 T T T T T T 1000 T T T T T T T T T T T
400 4 a 750 b -
— 1 — 500 | ]
o 200 4 o 1
= ] £ 250 - -
o o
o] ] ]
s 7] ERLE ]
"™ -200 - 4 7250 1 =
-400 4 -500 ]
i - 1 -750 - - o
-600 =2] 1 n=
T T T T T T T T 1 -1000 T T " T T T T T
-01 00 01 02 03 04 -01 00 01 02 03 04
E/Vvs SCE E/Vvs SCE
1500 _ C| T T T T T T T ] 600 'dl T T T T T T -
1000 - 400 -
S 500 E ‘\.'Azoo _- -
£ S
o ]
< 0 b < 0+ -
500 | 900 4 |
-1000 ~ . 400 J ]
1500 4 n=8] 1 n=11;
T T T T T T T -600 LA L B B BN L L
01 00 01 02 03 04 -0.2-0.1 0.0 0.1 0.2 0.3 0.4 05 06
E/Vvs SCE E/Vvs SCE
800 4 T T T T T ]
600 4 -
o 400 -
§ 200 - ]
< o] :
200 -
-400 -
-600 - n=16.
T T T T T
-08 -04 0.0 0.4 0.8
E/Vvs SCE

Figure 3.

High-scan-rate cyclic voltammograms (CVs) of PBNP-H;N*(CH,),S-Au(111), obtained in 0.1 M KCl with the same scan rate of 5.0 V

s7': (a) PBNP-HyN*(CH,),S-Au(111); (b) PBNP-H,N*(CH,)¢S-Au(111); (c) PBNP-H,N*(CH,)sS-Au(111); (d) PBNP-H,N*(CH,),,S-

Au(111); (e) PBNP-H,N*(CH,) ,S-Au(111).

PBNPs are clearly imaged. The PBNP sizes were measured
from the cross-section profiles. From the height histogram
(Figure 2d), the mean diameter of the NPs is around S—6 nm,
consistent with the TEM data (Figure lc,d). The size
distribution of surface-confined PBNPs is in fact narrower
than that measured by TEM (comparison of Figure 2d with
Figure 1d), most likely due to selective surface-induced
adsorption where similar sized nanoparticles are favored to
form a 2D pattern. AFM images of other systems are given in
the Supporting Information (e.g, Figure S5). The results
clearly show that self-assembled PBNPs were well attached to
the Au (111) surfaces and stable in the electrochemical
environments.

The PBNP population was estimated by statistical AFM
analysis. The average number of PBNPs per unit area was taken
as the surface coverage.*® Quantifying the number of surface-
bound particles by AFM is a challenge (or even misleading)
without careful corrections for AFM convolution.*” We used a
simple but rational model,”® where all the particles were
assumed to be of regular spherical shape. The maximum surface
coverage could then be obtained by assuming that the surface is

2732

fully covered with a close-packed NP monolayer. The accurate
surface coverage is calculated as the percentage of apparent NP
population vs maximum population in a given surface area (e.g,
2 um X 2 um). The analysis showed that the PBNP population
on NH;"(CH,),S-Au(111) surfaces increases with increasing
linker molecular length and reaches a maximum at n = 8
(Figure 2e). This observation was compared with the
electrochemical results and is further discussed below.

Following AFM imaging and statistical analysis, we recorded
electrochemical data for the immobilized PBNPs. A CV of the
PBNPs-NH,"(CH,),S-Au(111) system as a representative is
shown in Figure 2f, with a pair of sharp redox peaks around
0.15 V. CVs at different scan rates are provided in Figure S6a in
the Supporting Information. Both anodic and cathodic peak
currents increase linearly with increasing scan rate (Figure
S6b), indicating that the PBNPs exhibit diffusionless electro-
chemical reactions.”’

The sharp peaks, with very narrow anodic and cathodic half-
peak widths, are strongly indicative of an interfacial multi-ET
process (Figure 2f). The electrochemical reaction can be
represented as
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Fe'',[Fe"(CN)s]; + 4K' + 4e” 2 K Fe" [Fe" (CN)],
1)

An apparent four-ET process (eq 1) has long been
recognized for PB-related electrochemistry,'*™" but a four-
ET process raises concerns regarding the microscopic nature of
such a process. The environmental reorganization free energy
thus rises strongly with the number of electrons transferred in a
single step (as the square of this number). Multi-ET is
therefore disfavored, unless unstable radical states are formed in
single-ET steps. The 5—6 nm PBNPs seem to behave
differently. Details of the PBNP multi-ET process are presently
unresolved, but two suggestions can be forwarded. One is that
counterions bound to the negatively charged PBNPs
significantly increase the effective particle radius. This would
at least diminish prohibitive multi-ET environmental reorgan-
ization barriers. Solvent structural effects (e.g., nonlocal
dielectric solvent effects) further attenuate the solvent
dynamics. The other, more palatable suggestion is that the
large number of mixed-valence Fe(II)/Fe(Ill) redox units
imposes collective properties on the PBNPs. With the PBNP
size, successive single-ET charging energy gaps are small
(«kyT where kj is Boltzmann’s constant and T the
temperature) and the redox potentials of successive single-ET
steps therefore very close. Other data generally related to
electronic and conductivity properties of PB and PB analogues
can be found in a comprehensive report and references
therein.**

Other chain lengths are in accord with behavior similar to
that of C4, which supports the generality of this voltammetric
pattern. In all cases, anodic and cathodic Faradaic signals
correspond to eq 1.'°™>* The formal PBNP redox potential
(E”’) is almost independent of the alkyl chain length for short
chains (Table S1 in the Supporting Information) and is around
0.15 V vs SCE but is shifted to slightly more positive values for
longer chain lengths. However, this effect is small, most likely
arising from the more rigid orientation of PBNPs on longer
chain SAMs.

It is noted from Table S1 in the Supporting Information that
the surface coverage of PBNPs estimated from voltammetry
first increases with increasing chain length and then passes a
maximum. This observation follows the AFM population
analysis and suggests that the stability of the PBNP adlayer is
enhanced by increasing alkyl chain length. The packing order of
the monolayer on the electrode surface thus first increases with
increasing alkyl chain length, in accordance with other
observations for long-chain alkanethiol SAMs.”>** As for the
AFM population statistics (Figure 2e), this effect reaches
saturation at a chain length of about eight methylene groups,
but the outcomes from the two methods reflect different
physical properties. The AFM images count the number of
PBNPs. Voltammetry measures the number of active PBNP
redox units (eq 1). By comparing the two results, we are able to
calculate the number of effective redox units per PBNP (Table
S2 in the Supporting Information). This number is consistently
around 21-28 units, with a slightly increasing value as the
molecular chain length increases. To the best of our knowledge,
this is the first time that the numbers of active units for
structurally complex NPs such as PBNPs have been
determined, which sets a solid basis for probing electrocatalytic
efficiency at the single-NP level (see section 3.3).

The systems are highly stable toward fast voltammetry (up to
300 V s7'), enabling us to disentangle the ET kinetics.
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Variation of the CVs with increasing alkyl chain length is
reflected by the peak separation and shape (e.g., Figure 3 and
Figure S7 in the Supporting Information), both indicative of
strongly distance dependent ET kinetics. To obtain interfacial
ET rate constants (k,), a series of CVs with different scan rates
(e.g, 1-300 V s7") for each system were recorded. The data

were analyzed on the basis of Laviron’s method,”* using eq 254
RT k,
m=——
nF o 2)

where m is a parameter determined by the peak separation
obtained from the CVs, n is the number of electrons
transferred, v is the scan rate, F is the Faraday constant, and
the other symbols have their usual meaning. Thus, the rate
constant can be estimated from the slope of the plot of m vs 1/
v. As an example, the linear relation between the Laviron
parameter m~"' and scan rate (v) for the PBNP-NH,"(CH,)4S-
Au(111) system is shown in Figure S8 in the Supporting
Information. The rate constants for the different layers
investigated are summarized in Table 1. The ET rate constant

Table 1. Comparison of Electron-Transfer Rates and
Electrocatalytic Efficiency of PBNPs Attached to Au(111)
Surfaces via Various Chain Length Alkanethiols

H3NIil(3gI{)Iz)nS- ET rate constant catalytic current per nanoparticle
Au(111) ko (s1) (10%jyc (uA))
n=2 1706 46.9
n=6 1166 294
n=38 599 24.7
n=11 15 18.7
n=16 0.4 S.1

(k;) dependence on the PBNPs/electrode surface distance
(Figure 4a) is in accord with eq 3 for the longer chains

k= ko exp(=pn) ()
where k, is the rate constant when n = 0, f§ is the decay factor,
and n is the distance between the PBNPs and the electrode
surface (number of C atoms in the linker molecules). The rate
constant is largely independent of the chain length up to six
methylene groups (n = 6). A clear exponential decay with a
decay factor of # = 0.85 per CH, (equivalent to ca. 0.7 A™"),
strongly indicative of electron tunneling through the alkanethiol
SAM, is observed only for longer chain lengths. This bimodal
distance dependence is also encountered for electrochemical
ET of the redox metalloproteins azurin®” and cytochromes ¢
and ¢,*® which is explained by a dynamic configurational
prearrangement (“gated” ET) of protein molecules”” or, in the
present case, PBNPs.

3.3. Electrocatalytic Activity and Correlation with
Interfacial ET Kinetics. One of the most important functions
of PB materials is their selective and strong electrocatalysis in the
reduction of hydrogen peroxide,'®™>* the electrocatalytic cycle
of which is illustrated in Figure S9 in the Supporting
Information. The electrocatalysis of H,0, reduction by
immobilized PBNPs on all linkers was evaluated systematically
by CV. As a representative, a comparison of CVs at PBNPs-
NH;*(CH,)¢S-Au(111) electrodes and at a reference
NH,"(CH,)(S-Au(111) system clearly shows that the PBNPs
are strong electrocatalysts (Figure 4b). H,O, electroreduction
starts at the significantly positive potential of 0.3 V (vs SCE)
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Figure 4. Electron transfer pattern and enzyme-like electrocatalysis of immobilized PBNPs: (a) correlation of the apparent electron transfer rate
constants with the distance denoted by the number of methylene units in the linking molecules in the absence of H,O, substrate; (b) comparison of
cyclic voltammograms obtained at PBNP-NH;*(CH,)S-Au(111) (red curve) and NH;*(CH,)¢S-Au(111) (black curve, i.e. without PBNPs) surface
systems (experimental conditions: 0.1 M KCI as electrolyte, concentration of H,0, 0.5 mM and scan rate 20 mV s™'); (c) correlation of the
electrocatalytic current with H,0, concentration; (d) dependence of electrocatalytic current generated by a single PBNP on the ET distance; (e)
possible correlation of electrocatalytic current per PBNP with the electron transfer rate constant.

and reaches a current maximum at about —0.1 V (red curve,
Figure 4b). Only very small currents were detected at potentials
more negative than —0.1 V for the control system (black
dashed curve, Figure 4b).

Our further analysis is based on observed currents at a fixed
potential of —0.05 V, for [H,0,] in the 0.05—1 mM range. The
immobilized PBNP SAMs are stable for successive ampero-
metric measurements to record the time—current (i—t) curves,
even at high H,0, concentrations up to 5 mM. An example for
PBNP-NH,;*(CH,)(S-Au(111) is shown in Figure 4c. The
current first increases with increasing [H,0,] with a linear
correlation up to 0.3 mM and then tends toward a constant
value above 0.8 mM H,0,, attributed to substrate saturation.
This resembles the behavior of an enzymatic (electro)catalytic
reaction. We therefore use the electrochemical versions of the
Michaelis—Menten and Lineweaver—Burk formalism to analyze
the data. The electrochemical Michaelis—Menten equation is a
correlation between the electrocatalytic current density (j)
and the substrate concentration ([S]). Use of this equation
needs modification when we explicitly include the tunneling ET
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step between the PBNPs and the electrode surface. We use first
the form

kea[S]

o = T8 o () = 4 3
where I is the surface PBNP coverage, n the number of
electrons transferred (here n = 4), F the Faraday constant, Ky,
the apparent Michaelis constant, and k., the apparent catalytic
turnover rate. Since the effective PBNP surface coverage could
be estimated from the voltammetric data (Table S1 in the
Supporting Information), we were able to fit the experimental
data using eq 3 (the dots in Figure 4c). The best fit was
obtained for Ky = 0.29 + 0.03 mM and k., = 63 + 4 s™* (the
solid lines in Figure 4c).

The same data were also analyzed by the Lineweaver—Burk
equation (eq S)

1Lo_ 1 Ky 1
/T nFk,  nFk [S] ()

] cat
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Au(111)

Au(111)

Au(111)

Figure 5. Proposed structures and electrocatalytic mechanisms of PBNPs: (a) unit cell structure of PB crystals with a cubic cell of 10.2 A containing
a 3.2 A binding channel; (b) schematic illustration of a single PBNP consisting of multiple structural units (or redox units); (c) schematic
representations of substrate binding, electron transfer, and electrocatalysis of PBNPs immobilized on Au(111) surfaces. Parts (b) and (c) are not

drawn to scale.

from which Ky, and k, were found to be 0.16 + 0.05 mM and
52 + 4 57!, respectively. Therefore, the values from Michaelis—
Menten and Lineweaver—Burk plots both make sense, as
different fitting procedures (nonlinear and linear) are used. The
nonlinear Michaelis—Menten fitting would be more accurate
for our system, as even small errors in electrocatalytic current
density would lead to large errors in the parameters of the
reciprocal Lineweaver—Burk form.

The smaller the Ky, value, the higher the substrate binding
affinity. PBNPs show a K value as small as 0.16 mM (or 0.29
mM), comparable with the substrate binding affinity of many
natural peroxidases. For example, the Michaelis constant
toward H,0, binding of free horseradish peroxidase (HRP,
Figure 1f) is in the range 0.2—3.7 mM in homogeneous
solution.””*®* When HRP is immobilized on solid surfaces, Ky
varies significantly from 0.3 to S mM, depending on the support
materials.”® PBNPs thus have H,0, binding affinity comparable
to or even higher than that of HRP, most likely due to multiple
binding sites in PBNP in contrast to a single binding site in
HRP. In short, we have introduced an electrocatalytic system:
i.e. the PBNPs are immobilized on highly well-defined electrode
surfaces in a sophisticated way. The biomimetic features are
reflected by these physicochemical characteristics. (a) The
catalytic centers, i.e. the PBNPs, have approximately the same
structural size as real enzymes and catalyze the same process,
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ie. H,0O, reduction, as real enzymes (the peroxidases) with
comparable efficiency. (b) As expected, PB material has well
been proven to have high selectivity toward the electrocatalytic
reduction of H,O,. (c) The high affinity of PBNPs for H,0, is
well indicated by a small Ky, value at around 0.2 mM which is
comparable to or even smaller than that for a natural peroxidase
such as HRR.

The electrocatalytic efficiency was evaluated by the average
current per PBNP obtained from the combined AFM and
voltammetry data (Table 1) and then correlated with the
variable-distance interfacial ET kinetics at the SAM-modified
Au(111) electrode surfaces. Two types of plots are compared in
Figure 4d,e and Figures S11 and S12 in the Supporting
Information. The catalytic current per PBNP particle, j.,,**, was
plotted either against the linker molecular chain length or
against the logarithm of the interfacial ET rate constant, In k. A
bimodal linear dependence is observed for both cases (Figure
S1la and S12a), but the dependence of j.,* on the molecular
linker chain length is much weaker (Figure S11b) than for the
ET rate constant (k) (Figure 4a). j,/* thus decreases
approximately linearly with increasing ET distance (Figure
S11b), while k, decays exponentially (Figure 4a).

This difference is understandable from the following
analysis.””*" The overall electrocatalytic process is considered
as a two-step process rather than as the single-step process in
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eqs 4 and S. The two steps involve catalytic reduction of H,0,
on the PBNP and LRET between the PBNP and the electrode
surface via the SAM. The two-step mechanism can be
represented by eq 6.

ksucat( [S])

ot — ypr—— =2
k—s + Ucat([s])

]ca
‘ (©)
Most of these symbols were defined above, but k, now takes
the form

k= kg 0 xp(-o)

B

)

ie. k, in eq 7 is now the rate constant at the overpotential #
where electrocatalysis was recorded and differs from k;
determined by the Laviron analysis which refers to the
equilibrium potential (7 = 0). a is the electron transfer
coefficient and k_, the electrochemical ET rate constant for the
reverse process.

(1 = a)en

kT

ot 020

(8)

A combination of eqs 3 and 6—8 gives the following

transparent j,,'*" forms
j tmt = nFI’ 1 or
“ exp(eq/k T) s]) —Inkgy+ fpn
1
exp(en/k,T
T D )
—Inky+ pn (9)

Jeat ™ OF 1/jo® can be plotted against n as in eq 9. We cannot
immediately plot j, or 1/j, " against k, since k, under
electrocatalytic conditions is not the same as that estimated
above for ET conditions due to the different electrochemical
potentials used.

We note that from eq 6

ot el'k,

= el'ky, exp(—aen/kyT) exp(—pn)
when k< k_,,

] cat

(10)

and we recover the exponential dependence on n. This is
expected for long chains (Figure 4d,e). In the opposite limit,
when k, > k

cat

I~ nFF

cat( ]) = nFl’ eXP(—aWI/kBT)Ucat([S])
(11)

i.e. with no dependence of j,* on n. As for the interfacial ET
process, the distance dependence of the combined ET and
electrocatalytic control is again bimodal. The weak distance
dependence and the close accordance with the Michaelis—
Menten and Lineweaver—Burk analysis suggest further that the
limit represented by eq 11 prevails for the overpotential and
distance (six carbon atoms) used for the Michaelis—Menten
and Lineweaver—Burk analyses. This observation is in accord
again with the data in Figure 4a. Exponential and linear distance
decays are in fact indistinguishable for weakly distance
dependent currents. The observed weak dependence therefore

] cat
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suggests that the PBNP electrocatalysis corresponds to a
distance range between the two limits in eqs 10 and 11.

3.4. Proposed Nanoparticle Structures and Electro-
catalytic Mechanisms. As noted, H,0, binds strongly to
PBNPs. This must originate in the PBNP intrinsic structure.
Although the 3D crystallographic structure of individual PBNPs
is not available, we can suggest the schematic views in Figure S.
PB is known from X-ray analysis to form a polynuclear network
of well-defined unit cells (Flgure S§13 in the Supporting
Information).’** The 10.2 A cubic unit cell contains a 3.2 A
channel®” (Figure Sa) believed to act as a pseudoselective
binding site for small molecules such as O, and H,0,. While
the unit cell volume is only 1.06 nm? the volume of a 6 nm
PBNP can be as large as 112.6 nm>. A single PBNP can thus
contain up to 106 unit cells, and a PBNP could in principle
contain as many as 106 binding sites for H,0, (Figure Sb).
This number was presently found to be 2128 effective redox
units per PBNP (Table S2 in the Supporting Information) from
electrochemical and AFM data, suggesting that approximately
21% of the structural units in a PBNP are involved in
electrocatalysis (Figure Sc). Only surface redox units thus seem
active for electrocatalysis, but it should be noted that the redox
units are not necessarily the same as the crystal structure units.

4. CONCLUSIONS

We have used Prussian blue nanoparticles (PBNPs) as a
representative of electroactive NPs to study controlled
nanoscale ET and electrocatalysis and to explore correlations
between electrocatalytic efficiency and interfacial ET kinetics.
Several interesting outcomes are (1) a facile wet-chemical
approach that enables synthesizing extremely stable PBNP
dispersions, (2) mixed-valence NPs that show high electro-
activity and behave similarly to redox metalloproteins such as
the blue copper protein azurin and the heme proteins
cyctochrome ¢ and ¢, (3) PBNPs with high binding affinity
toward H,O, and enzyme-like electrocatalysis in a two-step
reaction mode that involves interfacial ET between the PBNP
and the electrode surface and PBNP catalyzed H,0, reduction,
and (4) a weak dependence of electrocatalytic efficiency on
interfacial ET distance, indicative that the two-step electro-
catalytic currents are simultaneously controlled by interfacial
ET and PBNP-catalyzed H,0, conversion.

The 3D crystallographic structures of the NPs would be
essential for fully understanding interfacial ET and electro-
catalysis. This remains a daunting challenge for most types of
NPs, and only very few reports are available. The most
convincing case is thiol-monolayer-protected gold clusters, for
which X-ray crystal resolution has reached 1.15 A.®* Such
analysis is more challenging for multicomponent NPs such as
PBNPs, because of their complex structure and the technical
difficulty in preparing monodisperse NPs and NP single crystals
suitable for X-ray crystallography. Ongoing efforts could thus
focus on preparing uniformly sized PBNPs and growing large-
size PBNP-based single crystals.
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