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ABSTRACT

The electropolymerization of anthranilic acid (2-aminobenzoic acid) has been
shown to lead to the production of a redox polymer functionalized with car-
boxylate groups capable of complexing metal ions. The polymer was exploited
as a means of capturing ferric ion from solution with the iron decorated polymer
chains used as seeding points for the formation of Prussian blue (PB). Nanoclus-
ters of PB were dispersed throughout the three-dimensional polymer matrix with
deposition achieved through direct electrochemical means or via a dip process.
The latter exploited the chemical combination of Fe(Ill) + Ferrocyanide to yield PB
allowing its dispersal of the PB throughout the polymer film. The polymer film
and its subsequent modification have been characterized by electron microscopy,
X-ray analysis, Raman spectroscopy and electrochemical analysis. The stability
toward peroxide has also been explored.
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Introduction

The versatility of Prussian blue (PB) as an electro-
responsive material is well established and through
its various forms (film or particle), it has found use
in a large spectrum of applications that include:
electrochromic devices, solid-state batteries and
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sensors [1-3]. Its electrocatalytic properties, how-
ever, have long formed the basis of biosensor sys-
tems where it has proven to be particularly adept at
enhancing the detection of peroxide resulting from
oxidase enzyme-type reactions [4-7]. Its inorganic
origin has often led to it being described as an arti-
ficial peroxidase or nanozyme [8-11] facilitating



the electroreduction of peroxide at low potentials
(typically around 0.V vs AglAgCl). In doing so,
the current contribution from common interfer-
ences (ascorbate, urate, etc.) is avoided or greatly
reduced [12-16]. The production of nanostructured
PB in particular has garnered considerable interest
where the production of PB nanoparticles has been
shown to exhibit catalytic constants some 4 orders
of magnitude higher than those observed with natu-
ral peroxidases [17, 18]. The superior performance
of nanoparticle/nanocluster PB toward peroxide
reduction over conventional polycrystalline film
has also been reported and has been attributed to
PB with small size, large surface-to-volume ratio and
increased surface activity [19-21]. While PB can be
produced by chemical or electrochemical means, the
latter offers a simple method which provides a high
degree of control over the PB formation and deposi-
tion process. Spatial and morphological control can
often be achieved ranging from nanoparticles/cluster
(nanozyme) systems to extensive films such that the
catalyst can be incorporated into a variety of sensing
formats.

Despite the many features of PB, it can often
exhibit stability issues where leaching of the cata-
lyst to the solution occurs, thereby compromising
the performance and lifetime of the sensor [22, 23].
This is especially problematic in solutions of neutral
or alkaline pH. One approach to addressing such
limitations has involved the use of protective mem-
branes as a means of entrapping the PB and reduc-
ing its ability to diffuse away. These have included
preformed polymers such as Nafion®[24-26] and
chitosan [27-29]. Unfortunately, issues of uniformity
in coverage, swelling, compatibility with other bio-
components that form the sensor and the influence
on reproducibility can limit their applicability. Con-
ducting polymers have been proposed as an alterna-
tive to the conventional membrane systems where
electrochemical deposition can offer far greater con-
trol over the PB fabrication method [30-34]. How-
ever, it also enables the particular chemical and
electronic properties of the polymer to be directly
harnessed and integrated with the nano-PB struc-
tures. Polyaniline (PANI) is arguably of the most well
recognized of the conducting polymers and known
to possess high conductivity while offering a high
degree of control over film formation and homogene-
ity [35-38]. It is perhaps little surprise that PANI/PB
composites have been studied and used as a matrix

for sensors [31-38]. However, once the solution pH is
increased beyond pH 4, PANI loses its electrochemi-
cal activity [38—40]. This has prompted a search for
alternative PANI systems in order to widen the pH
range within which the polymer activity is retained.

It is known that in PANI, the electroactivity of the
polymer backbone is maintained only in solutions
of low pH where there is a high degree of protona-
tion at the imine nitrogen atoms [38, 39]. It has been
previously postulated that the incorporation of acidic
functional groups into the polymer backbone could
therefore alter the micro-environment of the imine
centers, thereby influencing the local pH and thereby
facilitating redox activity [39, 40]. This has been sup-
ported by experiment where polymerization of ani-
line derivatives bearing carboxylic acid [39-45], phos-
phonic acid [46] or sulfonic acid [47, 48] substituents
has led to films that retain electroactivity in solutions
whose pH is neutral or moderately alkaline. However,
these functional groups also impart additional chemi-
cal properties that can allow the films to be tailored.
One aspect is that acid groups result in a “self-doped”
systems which modify the ion exchange properties of
the film. The anionic groups counterbalance the posi-
tive charge generated along the oxidized PANI back-
bone. In contrast to conventional homopolymer PANI,
electrolyte anions are not exchanged during redox
cycling [39-45].

A second aspect, which is more pertinent to the pre-
sent investigation, is the ability of aniline-carboxylic
acid functionalities to coordinate metal ions [41-46].
Considering a polymer composed of repeating 2-amin-
obenzoic acid units joined head to tail to form polyan-
thranilic acid (PAA). The backbone could be expected
to possess the key attributes of PANI, while the COOH
group acts as capture points for ferric ion with the
chain length being effectively decorated with the metal
ion as indicated in Fig. 1A.

It could be envisaged that upon exposure of the
PAA-Fe(IIl) film to ferrocyanide, PB formation should
occur should resulting in the generation of catalytic
PB clusters throughout the film as indicated in Fig. 1B.
It was anticipated that the nanoclusters would pro-
vide an enhanced response to peroxide with the “self-
doped” nature of the PAA serving as molecular wire to
the underlying electrode. In this instance, carbon fiber
was chosen as the substrate providing a highly conduc-
tive base through which to characterize the proposed
composite. While PAA has been used to template the
production of iron oxide nanoparticles [35, 43], this
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Figure 1 A Coordination of ferric ion at a polyanthranilic acid
modified electrode and B where exposure to ferrocyanide leads to
the formation of Prussian blue clusters.

is the first report of PAA being used in combination
with PB. As such, the aims of the investigation were
to characterize the formation of PAA film on carbon
fiber, assess its applicability to template the formation
of PB and critically evaluate the performance of the
composite structure toward the reduction of peroxide.

Experimental details

All reagents were of the highest grade available and
were obtained from Sigma and used without further
purification. Solutions of ferric chloride, ferricyanide
and ferrocyanide were prepared daily. Toray carbon
fiber (TGP-H-60, 19 x 19 cm) was used as the electrode
substrate throughout and was purchased from Alfa
Aesar (Thermo Fisher Scientific, UK). Electrochemical
analysis was conducted at 22 °C +2 °C using a Zimmer
Peacock Anapot potentiostat running PSTrace soft-
ware (Version 5.9). Initial investigations employed a
standard three-electrode configuration where either
a carbon fiber sheet or glassy carbon (3 mm diame-
ter, BAS Technicol) served as the working electrode.
Platinum wire served as the counter electrode and
a commercial AglAgCl half cell (3 M NaCl) as the
reference. The carbon fiber electrode was prepared

@ Springer

through thermally encapsulating a portion of the fiber
mat (5 mm x 5 mm) into polyester laminates that had
been precut with a 3 mm x 3 mm square window (Fig-
ures S1 and S2). This was to expose the carbon fiber
surface and served to control the geometric area of the
working electrode in a manner similar to that reported
by Casimero et al. [49]. In general, the carbon fiber
electrode subsequently modified through electrochem-
ical anodization (+1.5V, 300 s, 0.1 M NaOH). Raman
spectra of the PAA-PB samples were obtained using a
Renishaw Raman Microscope (20 x objective lens) with
a 45 -W, 532-nm laser operating at 10% power. Scan-
ning electron microscopy (SEM) was performed with
a Hitachi SU5000 FE-SEM equipped with an Oxford
Instruments Energy-Dispersive X-Ray Analysis (EDX)
system. This allowed investigation of the surface char-
acteristics of the electrodes during the various stages
of modification and to map the elemental distribu-
tion—particularly the spread of PB clusters.

Preparation of Prussian blue films

The electrochemical preparation of PB was conducted
using a process similar to that detailed by Barber et al.
(2023) and involved the use of repetitive scan cyclic vol-
tammetry [27]. A carbon fiber (or glassy carbon) elec-
trode was employed as the working electrode and placed
in a solution containing 2 mM ferric chloride, 2 mM
potassium ferricyanide, 0.1 M KCl and 0.1 M HCL. The
latter was used to maintain an acidic matrix [27]. The
potential range + 0.8 V to 0.4 V was scanned at 50 mV/s
resulting in the layer by layer deposition of PB. A chemi-
cal approach to the formation of PB was pursued in the
later stages where the in situ reaction of ferric ion coor-
dinated within the polyanthranilic acid film with fer-
rocyanide was expected to lead to the direct formation
of PB. In this case, a carbon fiber electrode coated with
polyanthranilic acid was dipped into 2 mM Ferric nitrate
for periods up to 12 h and rinsed with copious amount
of water to remove unbound ferric ion. The electrode
dipped into 2 mM ferrocyanide to induce the formation
of PB and then rinsed with deionized water prior to use.

Results and discussion

Prussian blue deposition on carbon fiber

Cyclic voltammograms detailing the response of
the carbon fiber (CF) electrode toward ferrocyanide
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Figure 2 A Cyclic voltammograms detailing the response of a
carbon fiber electrode (CF) toward ferrocyanide (2 mM in 0.1 M
KCl, 50 mV/s) before and after anodization. (B,C) Cyclic vol-
tammograms detailing the response of a CF. B electrode and a
glassy carbon. C Electrode in a solution containing 2 mM ferric
chloride and 2 mM ferricyanide (0.1 M HCI, 50 mV/s) resulting
in the cumulative deposition of Prussian blue.

before and after anodization of the fiber surfaces are
compared in Fig. 2A. Pre-anodization, the response
is very poor with a very large over potential required
to induce electron transfer. In contrast, the anodized
fiber provides a cyclic voltammetric profile that is near
reversible with a peak separation of 80 mV. This dis-
parity can be attributed to basal plane nature of the
unmodified carbon structure with anodization result-
ing in exfoliation and the production of edge planes.
Moreover, the anodization process is known to result
in greater oxygen functionality which facilitates fast
electron transfer to ferrocyanide [49]. As such, ano-
dized CF electrodes were adopted for the subsequent
investigations. The electrochemical formation of Prus-
sian blue at an anodized CF electrode is detailed in
Fig. 2B, and it can be seen that the magnitude of the
redox peaks increases with each scan as the PB is
formed. The deposition of the PB onto the CF electrode
is compared with a similar process using a glassy car-
bon electrode (Fig. 2C). It can be seen that same redox
processes occur and are similar to those reported with
laser-induced graphene substrates [27].

Scan Rate / mV/s

-0.6 -04 -0.2 0.0 0.2 04 0.6 0.8 1.0
Potential / V

Figure 3 Cyclic voltammograms detailing the response of a
Prussian blue modified carbon fiber (CF) electrode in 0.1 M HCl
at various scan rates.

The PB voltammetric profile was retained when
cycled in fresh 0.1 M HCl as indicated in Fig. 3 with
the Randles-Sevcik relationship between peak height
(Ip) and the square root of scan rate (v, Figure S3,
exhibiting a linear trend (where Ip ,nogic) (/UA) = 682.2
V12 (V/s) -53; R* = 0.999; IP cathodic) (/HA) =-830.4 v!/2
(V/s) +63.9; R*=0.995; N = 6). This runs counter to
the normal expectation for a surface-confined spe-
cies and implies that the current response is diffusion
limited. Nevertheless, the response is consistent with
previous reports of PB deposited onto various car-
bon substrates [27, 50] and could be attributed to the
requirement for the insertion of a counter ion (i.e.,
K") into the crystal structure during redox cycling
[50].

Corroboration for the immobilization of PB on the
electrode surface was achieved through SEM-EDX
analysis and surface mapping of Fe distribution. At
first glance, the initial deposition of PB appears as
sporadic PB crystal clusters located on the CF frame-
work (Fig. 4A). EDX analysis was used to confirm the
presence of Prussian blue on the coated electrode
(Fig. 4B). EDX mapping, highlighted in Fig. 4C, D,
confirms a high density of Fe/N at the microclusters,
but, critically, it can be seen that there is a uniform
distribution of Fe/N across the CF surface. These dis-
crete Fe/N elemental signatures can be attributed to
nanoparticulate PB which has initially nucleated at
defect sites across the CF surface. Further elemental

@ Springer



Figure 4 A Scanning elec-
tron micrograph of a Prussian
blue-coated CF framework. B
EDX spectra comparing CF
electrodes with and without
Prussian blue deposits. (C,D)
EDX mapping of Fe and N
distribution across the CF
network.

Fe Lgl.2

analysis of a coated CF-PB electrode reveals atomic
%wt contribution of 11.9% and 7.9% for Fe and N,
respectively. This gives rise to a N: Fe atomic ratio of
2.66 which is in close agreement with the theoretical
ratio of 2.57 associated with conventional Prussian
blue formula of Fe,[Fe(CN),]s. It is important to note
that there is no nitrogen nor iron EDX signature from
the unmodified or anodized carbon fiber samples
themselves (Fig. 4B).

It is known that the anodization process will
increase the population of defect sites at the CF
interface [49] and it could be anticipated that these
are a key contributor to the disperse formation of
nano-PB. In addition, the anodic generation of car-
boxylic acid groups during the pretreatment phase
could be expected to initially coordinate the Fe (III)
and thereby assist the nucleation process in much
the same way as the proposed methodology outlined
in Fig. 1. However, it must be noted that the pro-
liferation of nano-PB clusters at the bare electrode
is, at least initially, likely to be 2 dimensional. In

@ Springer
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contrast, it was envisaged that the proposed use of
polyanthranilic acid, with an abundance of COOH
functional groups throughout the polymer backbone,
could allow the generation of a 3-dimensional net-
work of similarly nano-sized PB clusters.

Polymerization of anthranilic acid

Cyclic voltammograms detailing the electropolymeri-
zation of anthranilic acid (10 mM, 0.1 M HC], 50 mV/s)
are detailed in Fig. 5A. The initial irreversible oxida-
tion process commences at + 0.9 V with the deposition
of a conductive film evidenced by a series of redox
peak which increase in magnitude on subsequent
cycles. The cyclic voltammetric redox signatures of the
PAA modified electrode in fresh 0.1 M HCl at various
scan rates are highlighted in Fig. 5B. The relationship
between peak height (Ip) and scan rate, Figure 54,
was found to be linear (where Ip,04ic) (/HA) =268.6
v (V/s) +3.85; R>=0.992; IP cathodic) (/HA) =-263.5 v
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Figure 5 A First 4 cyclic voltammograms recorded during the
electropolymerization of anthranilic acid (10 mM, 0.1 M HCI,
50 mV/s) at an anodized carbon fiber electrode. B Polyanthranilic
acid film (after 20 scans) modified carbon fiber electrode at vari-
ous scan rates in fresh 0.1 M HCI.

(V/s) -4.13; R>=0.997; N = 6) and is consistent with the
behavior expected for a surface-confined species.
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The redox peaks of the polyanthranilic acid film
highlighted in Fig. 5B can be attributed to intercon-
versions analogous to those of polyaniline. These are
detailed in Fig. 6 and include (A) leucoemeraldine
(fully reduced), (B&C) emeraldine (half oxidized)
and (D) pernigraniline (fully oxidized) [35-39]. In
contrast to polyaniline, the carboxylate group enables
self-doping allowing the film to retain conductivity in
solutions of higher pH [38-40].

Polyanthranilic acid —Prussian blue composite

The PAA modified electrode was placed in a solution
containing equimolar ferric chloride and ferricya-
nide (2 mM, 0.1 M KCI). As both iron species are in
the highest oxidation state, both coexist without any
conversion to Prussian blue. It was anticipated how-
ever that the ferric ions would be co-ordinated to the
carboxylate functionalities on the PAA —much in the
same way as that proposed with the anodized carbon
fiber (Fig. 1). Upon cycling the ferricyanide to ferro-
cyanide, reaction between the Fe(II) and Fe(IIl) com-
ponents was expected to occur resulting in the nuclea-
tion of Prussian blue clusters. Cyclic voltammograms
detailing the response of the PAA modified electrode
in the Fe (III) ion/ferricyanide solution are detailed in
Fig. 7A. Well-defined redox peaks characteristic of PB
were observed and found to increase in magnitude
with increasing scan number. The voltammetric pro-
files observed at the CF electrode after the various
stages of modification are compared in Fig. 7B. It can

Z=—T

n

Self Doping

Coy
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+
! \
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Figure 6 Redox transitions of a polyanthranilic acid homopolymer. A Leucoemeraldine, B-C emeraldine base and salt. D Pernigraniline

(adapted from [39]).
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Figure 7 A Cyclic voltammograms detailing the response of a
polyanthranilic acid (PAA) modified carbon fiber (CF) electrode
in a solution containing equimolar Fe(Ill)/ferricyanide (2 mM,
0.1 M KCl, 50 mV/s) resulting in the production of Prussian blue
(PB). B Voltammograms comparing the response of the carbon
fiber electrode at various stages of modification in fresh 0.1 M
HCI. Scan rate in all cases: 50 mV/s.

be seen that the PB redox profiles within the PAA are
broader than those observed with the simple CF-PB
electrode, but, critically, the position of the PAA-
PB reduction peak has been shifted cathodically by
100 mV to +0.04 V. This could be significant in terms
of the catalytic reduction process where the detection
potential associated with the reduction peak needs to
be as low as possible in order to avoid interference
from other electroactive components that may be in
the sample.

Scanning electron microscopy of the PAA modified
fibers revealed that the fibers were uniformly coated
(Fig. 8A) though visible microdefects in structure were
observed. Closer inspection of a defect site where the
underlying CF is exposed (Fig. 8B) confirms a dense,
thin film.

The presence of PB was again confirmed through
EDX analysis and by Raman spectroscopy. Repre-
sentative spectra profiling the CF before and after
the sequential electrodeposition of PAA and PB are
detailed in Fig. 9. The characteristic D, G and 2D peaks

@ Springer

Figure 8 A Scanning electron micrographs of polyanthranilic
acid—Prussian blue (PAA-PB) modified fibers. B Closer inspec-
tion of a defect site highlighting the underlying carbon fiber rod
encased in fractured PAA-PB film.

associated with the underlying carbon can be observed
at 1354, 1580 and 2716 cm™}, respectively [49, 51, 52].
The D band is typically regarded as being representa-
tive of a disordered graphitic structure and arises from
the stretching of the sp® carbons at the terminating
edges of the graphene sheets [53, 54]. For the unmodi-
fied fiber, the ratio of the intensities associated with
the D and G peaks (Ip/I;) was found to be 0.28 and is
relatively low, suggesting that the unmodified bulk
is largely basal plane with few defects. This would
contrast the observations of electrode structures
comprised of graphenic materials (i.e., laser-induced
graphene electrodes) where similar Raman analysis
revealed an Ip/I; ratio of 0.79 [27]. Casimero et al.
(2019) demonstrated that the I/ ratio could be easily
manipulated through prolonged anodization (25 min)
of the carbon fiber [49]. This was found to lead to
substantial exfoliation of the carbon (Ip/I;=1.41),
but this led to significant deterioration of the fibers.
Significantly, the presence of PB within the film was
confirmed by the characteristic peaks at 274, 527, 2098
and 2153 cm™ [55] and was consistent with previous
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Figure 9 Raman spectra comparing the polyanthranilic acid
(PAA) Prussian blue (PB) film with an unmodified carbon fiber
(CF) electrode, where the PB was electrodeposition through the
PAA film by cyclic voltammetry.

reports of PB electrodeposited onto carbon surfaces
[12, 27]. Their respective assignments are highlighted
in Fig. 9.

The primary bands at 2098 and 2146 cm™ are attrib-
uted to the asymmetric and symmetric stretch vibra-
tions of Fe'l - C =N - Fe''!, respectively, and provide a
clear indication as to the presence of the PB [57-60].
The frequency of the cyanide vibration stretching
mode, v(CN), is known to be sensitive to the oxidation
state of the coordinating iron such that v(CN) coor-
dinated to Fe(IIl) displays higher wavenumber peaks
than that coordinated to Fe(Il) [58, 59]. Two Raman
peaks can be observed at 2098 and 2146 cm™! (albeit the
former is more of a shoulder) and confirm the coexist-
ence of Fe(Il) and Fe(III). It is worthwhile emphasizing
that PB was formed by repetitive cycling in acid condi-
tions (0.01 M HCI with 0.1 M KCl) and thus ensured
that no hydroxide ions were present within the coordi-
nation spheres of the ferrous center [22]. It should also
be noted annealing at 100 °C did not yield any change
in the film structure nor the subsequent electrochemi-
cal behavior.

Polyanthranilic acid —templating process

Thus far, the PAA coating has served as a three-dimen-
sional matrix through which the PB was electrodepos-
ited. However, it was originally postulated that the
carboxyl functionalities could coordinate the ferric ion
and thus PB nanoclusters could be formed chemically
through simply inserting the PA A-Fe(IIl) electrode into
the a solution of ferrocyanide. It could be anticipated
that the three-dimensional material provided by the
PAA would therefore yield a film comprised on discrete
PB clusters. The approach was therefore investigated
through first immersing the PAA modified CF electrode
into a ferric nitrate solution (2 mM) for 12 h. The elec-
trode was then removed, rinsed with copious amounts
of deionized water and then immersed in a solution
containing ferrocyanide (2 mM, 0.1 M KCl) for up to
12 h. The electrode was removed, thoroughly rinsed and
cyclic voltammograms recorded in acid solution (0.01 M
HCL, 0.1 M KCl, 50 mV/s). The voltammetric sweeps of
the PAA and PAA-dipped PB electrode are compared in
Fig. 10A. The Prussian blue redox oxidation and reduc-
tion processes were observed at+0.235 V and +0.162 V,
respectively. The presence of the PB confirmed through
Raman spectroscopy (Fig. 10B) where the characteristic
Fe-CN-FE stretch vibrations were again observed (cf.
Figure 9).

The instability of PB immobilized on electrodes has
long been recognized [22], and a decrease in the height
of the PB redox peaks was observed with repetitive
scanning. A 9% decrease in the peak current magni-
tude was observed after 30 scans with the dip-template
produced electrode. In contrast, the electrodeposited
PAA-PB exhibited only a 1% decrease after the same
scan number. The difference could be attributed to
the smaller quantity of PB and its more diffuse nature
within the PAA film leading to slow leaching to the solu-
tion bulk. Nevertheless, it is clear that the templating
approach postulated in Fig. 1 was indeed viable though
the potential yield of PB is markedly smaller.

Response to peroxide

As the electrodeposited PAA-PB system gave more
significant redox peaks, this method of fabrication was
initially used to provide electrode substrates for the
peroxide reduction investigations. The electrocatalytic
reaction of PB with peroxide is well known and the
reaction processes are highlighted in Egs. 1 and 2 and

@ Springer



o s

—— Prussian
Blue / PAA

T S R o o =

06 -04 02 00 02 04 06 08 10
Potential / V

G Symmetric
— Fe'- CN - Fe'"
Stretch

Asymmetric
111

Fé-CN-Fe
Stretch

2D

Intensity / a.u.

: .
0 500 1000 1500 2000 2500 3000
-1
Wavenumber / cm

Figure 10 (A) Cyclic voltammetric scans comparing a
poly(anthranilic acid) modified carbon fiber electrode before and
after modification with Prussian blue via a dip processing tech-
nique (0.01 M HCL,0.1 M KCI, 50 mV/s). Inset: Raman spectrum
of the electrode confirming the presence of the Prussian blue.

are attributed to the conversion of PB to Prussian white

(PW) [22, 23, 60, 61].

Fey [Fe(CNe3pp) + 4 + 4K* & FeyK, [Fe(CN)g 5 pyy,
(1)

Fe Ky [Fe(CN)g] 5 pyy, + 2 Hy0, & Fey [Fe(CN)g|, g,

+4OH™ + 4K*
(2)
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Figure 11 (A) Repetitive scan cyclic voltammograms of a
poly(anthranilic acid)-Prussian blue (PAA-PB) polymer in the
presence of 20 mM peroxide (pH 7 Britton-Robinson Buffer,
0.1 M KCl, 50 mV/s). (B) Stability comparison of the PAA-PB
polymers in the presence and absence of peroxide.

While the electrodeposited PAA-PB electrode was
essentially stable to repetitive scanning, it was found
to degrade upon the addition of 20 uM peroxide.
Cyclic voltammograms detailing the response of the
PAA-PB electrode in pH 7 Britton Robinson buffer
(with 0.1 M KCl) are shown in Fig. 11A. The initial vol-
tammogram is characteristic of that shown previously
in acid solution with the PB reduction peak observed
at+0.05 V. However, upon the addition of peroxide, a
decrease in the magnitude of the peak was observed
which continued to decrease with each successive scan
(Fig. 11B). It would appear that the reaction of the per-
oxide with the Prussian white form leads to instability
of the cluster and its subsequent loss from the polymer
matrix. This was also found when cycling the polymer
in the acid (0.01 M, 0.1 M KCI).



It has been noted the COOH groups on anthranilic
acid impose a steric hinderance during polymeriza-
tion—increasing interchain distance and leading to
a more open structure [62] and, as such, it may be
possible that the film may be too porous to provide
a sufficient entrapment network. The prevalence of
the anionic carboxylate groups could further hinder
stability at higher pH, where the network essentially
repels the PB clusters. This property of PAA has
previously been proposed as a means of reducing
the action of negatively charged interferences such
as ascorbate and urate [63]. This would be in con-
trast to those PB systems employing chitosan which
have reported increased stability of the PB layer
and where the polymer film will be cationic [27, 28].
However, it must be noted that the repetitive electro-
chemical cycling between PB and PW does not lead
to any significant loss redox activity and it is only
when there is a chemical interaction between the PW
and peroxide that the system becomes unstable and
electroactivity is lost.

Nikitina et al. (2023) investigated the templated pro-
duction of nanoclusters of PB chemically with aniline
through a reverse micellar process and were able to
transfer the nanoparticles to a glassy carbon electrode
[63, 64]. They note that annealing at 100 °C was critical
in achieving stability, but similar processing here did
not lead to any significant changes in either the surface
morphology or electrochemical properties of the PAA-
suspended PB and did not improve the stability of the
nano-PB in the presence of peroxide. While it would
appear that the chemical reaction of the peroxide with
PW leads to the dissolution of the nano-PB leading to
its subsequent loss, coating the electrode with Nafion
did not prevent the loss of redox signature and would
again suggest that there is a substantial change in the
intrinsic PB structure.

Conclusions

A novel approach to the template formation of Prus-
sian blue nanoclusters using a polyanthranilic acid
polymer. The carboxylate functionality of the polymer
has been shown to coordinate ferric ion which can be
used as seeding points for the subsequent nuclea-
tion of PB clusters. The nanoclusters were found to
react with peroxide, but rather than the expected

electrocatalytic response, the electrochemical forma-
tion of Prussian white and its subsequent reaction
with peroxide leads to the dissolution of the cluster
structure and loss of activity. This is in marked con-
trast to the behavior observed with PB film-based
structures and could be attributed to the diffuse nature
of the clusters within the polymeric framework. This
could have significant ramifications when considering
polymer seeding as a route to PB nanoparticles. Nev-
ertheless, the ability to template PB has been proven
and the polymer provides a simple solution process-
ing strategy for the production of the PB centers.
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