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An advanced electrocatalyst for H,O, reduction was synthesized via
the deposition of an iron- and nickel hexacyanoferrate bilayer and
displayed a similar electrocatalytic activity (=0.01 cm s™%) and an
almost 100-fold improved operational stability compared to Prussian
Blue. The electrocatalyst was highly reproducible, with a deviation in
both the operational stability and catalytic activity among different
modified electrodes of <10%.

Hydrogen peroxide (H,O,) fuel cells proposed almost 50 years
ago' comprise an important part of modern energetics. In
particular, for air-deficient conditions (such as for space power
systems?) hydrogen peroxide fuel cells are proposed involving
the oxidation of methanol,"® hydrazine, borohydride,>¢
aluminium,”® or zinc® at the anode.

Electrocatalysis is the key process in fuel cells and allows
achievement of a high energy output. Depending on the
electrocatalysts used, hydrogen peroxide can even play a dual
role in fuel cells, serving as both an oxidant and a fuel.*® The
most important reaction, however, is H,O, reduction. In this
regard, several electrocatalysts have already been reported,
from peroxidase'* to porphyrin,” and, more recently, Prus-
sian Blue.****

Prussian Blue as a selective electrocatalyst for hydrogen
peroxide reduction was discovered by our group more than 20
years ago.” Compared to platinum, Prussian Blue-modified
electrodes are: (i) three orders of magnitude more active in
H,0, reduction and oxidation in terms of the electrochemical
rate constant,'® and (ii) three orders of magnitude more selec-
tive for hydrogen peroxide reduction in the presence of
oxygen."” The main applications of Prussian Blue so far have
been in the elaboration of sensors and biosensors with advan-
tageous analytical performances.””*® Prussian Blue-based nano-
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electrode arrays*® have helped such electrochemical sensors
achieve record performance characteristics.**

The main (perhaps, the only) disadvantage of Prussian Blue
is its poor operational stability, whereby the hydroxyl ion (OH ™),
which is a product of H,O, reduction,* is able to solubilize
ferric hexacyanoferrate. The use of non-iron hexacyanoferrates
for hydrogen peroxide reduction have consequently now been
reported to overcome this issue; however, their efficacy is
several orders of magnitude lower than Prussian Blue.'**2¢
Moreover, as we recently found, non-iron transition metal
hexacyanoferrates are inactive in H,0, reduction: their
apparent catalytic activity otherwise is only due to the presence
of Prussian Blue as defects in their structure.””

Hence, the best methods to synthesize advanced electro-
catalysts for H,0, reduction with improved operational stability
should be based on the stabilization of Prussian Blue. Different
strategies have been already used for this aim, such as covering
with organic polymers**?® or multilayers of non-iron hex-
acyanoferrates isostructural to Prussian Blue®**** or entrapment
in sol-gel**?* or conductive polymer matrices.***® However,
despite the stabilization effects achieved so far, the resulting
electrocatalytic materials are characterized by a decreased
catalytic activity and, in particular, poor reproducibility.

In this work, we report an advanced electrocatalyst for
hydrogen peroxide reduction. Compared to Prussian Blue,
which as previously stated is known to be a superior electro-
catalyst in this reaction, the resulting material displays similar
catalytic activity (e.g an electrochemical rate constant of
~0.01 cm s ') with a two orders of magnitude improved
operational stability.

Since the simultaneous deposition of iron- and nickel hex-
acyanoferrates does not result in significant improvements in
operational stability of the final hybrid material,*® we investi-
gated the possibility for its deposition as a bilayer. Obviously,
the labile electrocatalyst (e.g. Prussian Blue) has to be deposited
initially and then covered with a stabilizing layer (NiHCF).
Synthesis was carried out in cyclic voltammetric conditions (see
the ESIT for details). Whereas the separate deposition of
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transition metal hexacyanoferrates is well known, their
sequential deposition has not been characterized yet. Fig. 1
displays the deposition of nickel hexacyanoferrate over Prussian
Blue-modified electrodes. Whereas the cathodic set of peaks
remains unchanged, a continuous growth of electroactivity
above 0.6 V can be observed. The anodic set of peaks are not
observed for Prussian Blue, hence they can be attributed to
nickel hexacyanoferrate. The inset in Fig. 1 displays a typical
cyclic voltammogram of the PB-NiHCF bilayer. Sets of peaks of
the PB and NiHCF electroactivities are well separated, which
allows us to calculate the amount of each hexacyanoferrate.

Both high operational stability and high electrocatalytic
activity of the resulting material are desirable. The operational
stability of the modified electrode can be characterized by the
time the current is retained at >95% of its initial value (¢950;)
under hard conditions of a continuous flow of 1 mM H,O, in
a wall-jet cell. In a wall-jet cell, a jet of solution is issued from
a circular nozzle to impinge normally on a disc electrode.
Hence, the reasonable optimization parameter is the sensitivity
(S) multiplied by o504 Since the current response of Prussian
Blue-modified electrodes towards hydrogen peroxide addition is
linear over a wide concentration range, the sensitivity can be
determined as the current under a continuous flow of 1 mM
H,0, divided by the concentration (1 mM). Chro-
noamperometry was carried out at a potential of 0.0 V (Ag|AgCl)
when the current from hydrogen peroxide reduction at the
Prussian Blue-modified electrodes reaches its limiting plateau
region.

Fig. 2 displays the optimization parameters as a function of
both iron- and nickel hexacyanoferrate surface coverage. These
were calculated integrating the current peaks in the cyclic vol-
tammograms assuming a transfer of 4 electrons per unit cell. As
seen, the 3D plot is a sharp hill with the optimum amount of
Prussian Blue being 1.2 + 0.1 nmol cm™? covered with 2.5 +

E, V vs Ag/AgCl

E, V vs Ag/AgCI
0.6

1 !

0.2 0.4

0.0

Fig.1 Deposition of NiHCF over a Prussian Blue-modified electrode;
0.1 M HCl and 0.5 M KCl, sweep rate of 0.1 V s7%. Inset: cyclic vol-
tammograms of the PB-NiHCF bilayer; 0.1 M HCl and 0.1 M KCl,
sweep rate of 0.04 Vs %,
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Fig. 2 Sensitivity multiplied by tysy as a function of surface coverage
for iron- and nickel hexacyanoferrates in a continuous flow (0.8 ml
min~1) in a wall-jet cell; 0.05 M phosphate buffer pH 6.0 with 0.1 M KCL.

0.6 nmol cm™? nickel hexacyanoferrate. Except for the chosen
optimization parameter, at this particular surface coverage, the
highest operational stability of the resulting electrocatalyst is
achieved. We note, however, that electrochemical deposition on
other surfaces may result in different optimum amounts.

As known, at a surface coverage of >1 nmol cm™> Prussian
Blue covers the entire electrode surface completely. The elec-
trocatalyst is of a polycrystalline nature with crystalline
dimensions less than 100 nm.?* The layer thickness, determined
by AFM, was found to be about 60-80 nm.?* The Prussian Blue
cyclic voltammogram remains unchanged during the deposi-
tion of nickel hexacyanoferrate, hence it does not disturb the PB
layer. NiHCF is also expected to be deposited at its regular
morphology.

As mentioned, the highest values of both catalytic activity
and operational stability are achieved with a similar amount of
Prussian Blue (1.2 + 0.1 nmol ecm™2). The material synthesized
in the course of applying a lower (e.g. 1.6 nmol cm™~*) amount of
stabilization layer displays a 30-40% higher response towards
hydrogen peroxide (Fig. 1S, ESIt). For further study, we chose
the hybrid iron-nickel hexacyanoferrate material as it displayed
both the highest operational stability and the highest multi-
plication of ty5¢, by sensitivity (Fig. 2).

As mentioned, the operational stability was investigated
under hard conditions of continuous flow of 1 mM H,0, in
a wall-jet flow-through cell. Under such conditions, Prussian
Blue-modified electrodes, independently of the hex-
acyanoferrate amount deposited, lost 50% of their catalytic
current within less than 20 min (Fig. 2S, ESIT). On the contrary,
the synthesized hybrid material in similar conditions did not
display any current decay within the first 50 min. Considering
the aforementioned parameter characterizing the operational
stability (i.e. t95,), for conventional Prussian Blue under such
hard conditions it is equal to only 1-1.5 minutes. For the PB-
NiHCF bilayer in similar conditions, t9s¢, Was at more than
80 min (Fig. 2S, ESI{). This illustrates the tremendous, indeed
almost two orders of magnitude, improvement in operational
stability of the synthesized electrocatalyst.
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The proposed synthetic procedure provides high reproduc-
ibility in terms of both catalytic activity and operational stability
of the resulting material. Among six different modified elec-
trodes synthesized with the optimum Stgs¢, (Fig. 1), the stan-
dard deviation for both sensitivity (S) and operational stability
(to5%) Was less than 10%. The achieved high reproducibility
ensures the electrocatalyst is of technological value.

The hybrid Fe-Ni hexacyanoferrate was also characterized by
high electrochemical activity. The current response of the
electrode modified with a thin (0.85 nmol ¢cm™~?) Prussian Blue
film was the same as in the case of Fe-Ni hexacyanoferrate
(Fig. 28, ESIT). This pricks an interest to investigate the catalytic
properties of the synthesized hybrid material.

The electrochemical rate constant of the synthesized elec-
trocatalyst was determined in forced hydrodynamic conditions
by varying the flow rate in a wall-jet cell, as described in ref. 16.
Accordingly, the recorded reciprocal current was plotted against
the volume flow rate in the power of —0.75 (Fig. 3S, ESIt). The
slopes and intercepts of the obtained linear dependencies
represent the diffusion (jp) and the kinetic (jii,) terms of the
current, respectively.'® Both terms as functions of hydrogen
peroxide concentration are displayed in Fig. 3. As seen, the
dependencies are linear and intersect the origin as expected.

From the dependence of the diffusion term on the hydrogen
peroxide concentration, the diffusion coefficient (D) for H,0,
can be evaluated. By recalculating the data displayed in Fig. 3
according to ref. 16 the diffusion coefficient of Dy o, = 8.8 & 0.2
x 107® ecm® s ' is obtained. This value is in an excellent
agreement with the literature data.’” Such an agreement is an
independent validation of the forced hydrodynamic method
used.

The electrochemical rate constant is calculated from the
dependence of the kinetic current term on the hydrogen
peroxide concentration. The obtained value for the electro-
chemical rate constant is kg = 9.7 + 0.2 x 1072 cm s % A
similar electrochemical rate constant was found for thin Prus-
sian Blue films.'® Hence, the catalytic activity of the Fe-Ni hex-
acyanoferrate bilayer is similar to that of conventional Prussian
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Fig. 3 Kinetics of H,O, reduction onto Fe—Ni hexacyanoferrate: the
diffusion (@) and kinetic () terms of the current as functions of
hydrogen peroxide concentration; 0.05 M phosphate buffer pH 6.0
with 0.1 M KCL
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Blue, indicating it is a superior electrocatalyst for hydrogen
peroxide reduction.

We conclude that an advanced electrocatalyst for hydrogen
peroxide reduction was synthesized. This uses Prussian Blue,
which is known to be 1000 times more active and selective than
platinum in this reaction and has already found applications in
H,0, fuel cells; however, it suffers from poor operational
stability. On the contrary, the reported PB-nickel hex-
acyanoferrate (NiHCF) bilayer is characterized by a tremen-
dously improved operational stability, retaining its catalytic
activity at a similar level to PB's high level (with an electro-
chemical constant of 0.01 cm s~ '). The PB-NiHCF bilayer is
highly reproducible: deviations in both operational stability and
catalytic activity of the final hybrid material are <10%, thus
confirming its technological value. The superior characteristics
of the electrocatalyst could open new horizons for hydrogen
peroxide fuel cells. Alternatively, the electrocatalyst for H,O,
reduction could find applications in the elaboration of novel
sensors and biosensors.
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