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Devices based on the functionalization of surfaces with iron phthalocyanine could have potential applications in sen-
sors as well as in clean energy generation. In this work we studied the growth and electrochemical stability of layer-by-
layer (LbL) thin films composed of alternating layers of anionic iron tetrasulfonated phthalocyanine (FeTsPc) and cat-
ionic polyallylamine (PAH). Atomic force microscopy (AFM) was used to monitor film morphology and X-ray photo-

electron spectroscopy (XPS) was used to monitor the film chemical composition. Films grow uniformly increasing their
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thickness as the number of deposited layers increases. Cyclic voltammetry (CV) was used to determine the electro-
chemical activity for the oxygen reduction reaction (ORR). Thin films with 1, 3, 5 and 10 FeTsPc/PAH bilayers
show similar activities for the ORR after cycling 50 times. Post-electrochemical AFM and XPS show that the film re-
structures after electrochemical cycling forming deposits with electrochemical activities close to that of a monolayer
of FeTsPc. Our results are important for the design of LbL films incorporating catalytically active redox centers.

1. Introduction

The electrochemical conversion of hydrogen and oxygen into water
could be used for clean energy generation employing polymer electrolyte
fuel cells [1]. However, in order to advance the technology it is necessary
to develop non-platinum group metal catalysts for the oxygen reduction re-
action (ORR) [2,3]. Since Co phthalocyanines were first reported to catal-
yse the ORR [4] a great research effort was undertaken to develop M-N4
catalysts [5], where M-N4 represents a metal atom coordinated by four pyr-
rolic nitrogen atoms [6,7]. In this group of catalysts, iron phthalocyanines
(FePc) have activities comparable to Pt-based catalysts for the ORR in alka-
line media favouring the reduction to water (four electron process) instead
of hydrogen peroxide (two electron process) [8-10]. Therefore, the reduc-
tion of oxygen electrocatalyzed by FePc functionalized electrodes have
been studied extensively [11-17].

Polymeric films containing M-N4 macrocycles were designed to im-
prove the stability and the electrocatalytic activity towards oxygen reduc-
tion [18-22]. Recently, Tang and co-workers prepared layer-by-layer
(LbL) films containing cobalt porphyrins and used them successfully for
the reduction of oxygen [23]. In short, LbL films are ultra-thin films of con-
trolled thickness obtained after the sequential deposition of polyelectrolyte
layers of alternating charge [24,25]. Electrochemically active redox LbL
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films can be prepared incorporating different redox molecules [26]. LbL
films incorporating FePc centers were obtained after the sequential deposi-
tion of anionic tetrasulfonated iron phthalocyanine (FeTsPc) and cationic
polyallylamine hydrochloride (PAH) [27]. These systems were shown to
be electroactive [28] and were used as sensors for the determination of do-
pamine [27] and polyphenols [29]. Thus, it is very interesting to determine
the electrochemical activity towards oxygen reduction of LbL films contain-
ing FeTsPc molecules.

In this work we report the growth of LbL films based on the self-
assembly of FeTsPc anions and PAH polycations on highly orientated pyro-
lized graphite (HOPG) electrodes. Film growth was characterized
employing X-ray photoelectron spectroscopy (XPS) and atomic force mi-
croscopy (AFM) as a function of deposited layers. Furthermore, the activity
for the catalytic reduction of oxygen was determined as a function of film
thickness. Our results shed new light into the development of LbL films con-
taining catalytically active centers.

2. Materials and methods
PAH was purchased from Sigma-Aldrich and used without further puri-

fication. FeTsPc was synthesized and purified by the procedure described
by Weber and Busch [30]. LbL films were assembled onto HOPG substrates.
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The LbL film deposition was performed using FeTsPc and PAH solutions,
both with concentration of 0.5 mg/mL and prepared using a phosphate
buffer solution with 0.05 mol/L Na,HPO, and NaH,PO, at pH = 7. The se-
quential deposition of multilayers was carried out by depositing a drop of
the anionic (FeTsPc) solution followed by a drop of the cationic (PAH) solu-
tion on the substrate for 5 min. After deposition of each solution drop, the
substrate coated with the film was rinsed with MilliQ water. This process
was repeated to achieve the desired number of layers.

AFM imaging was performed in air using an Agilent 5500 scanning
probe microscope (Agilent Technologies) isolated from vibrations,
air turbulence and acoustic noise. Images were acquired using an insulating
triangular Si PointProbe Plus Non-Contact/Soft Tapping Mode tip (ra-
dius < 10 nm, force constant 48 N m ™, resonance frequency 309.1 kHz)
in non-contact mode. Scanning tunneling microscopy imaging was not pos-
sible due to unstable tunneling currents. XPS measurements were con-
ducted in an ultrahigh vacuum chamber with a base pressure below
5 x 107'° mbar, using a 150 mm hemispherical SPECS electron energy an-
alyzer and a Mg Ka X-ray source. The reported binding energies were refer-
enced to the Au 4f; » signal of a Au(111) single crystal at 84 eV. N 1s, S 2p,
C 1s and Fe 2p atomic ratios were calculated from the integrated intensities
of core levels after instrumental and photoionization cross-section correc-
tions. The electrochemical experiments were performed with an Autolab
V 30 (Eco Chemie, Utrecht, The Netherlands). All electrochemical experi-
ments were carried out at room temperature in a purpose-built three elec-
trode Teflon cell. A Pt counter electrode and a Ag/AgCl (3 M KCI)
reference electrode were employed. Potentials herein are reported with re-
spect to reversible hydrogen electrode (RHE). Cyclic voltammograms (CV)
were performed at 0.1 V/s using a KOH 0.1 M solution (pH = 13) saturated
in oxygen leaving an oxygen stream ontop of the solution.

3. Results and discussion

Formation of LbL films containing FeTsPc molecules was carried our by
the sequential deposition of FeTsPc and PAH molecules over clean HOPG
substrates as illustrated in Fig. 1. After each deposition step the sample
was rinsed with water. Layers were deposited using 0.5 mg/mL PAH and
FeTsPc solutions (PBS buffer, pH = 7).

Fig. 2 shows AFM images of the bare HOPG substrate and after the de-
position of 1, 3, 5 and 10 (FeTsPc/PAH) bilayers. The initial bare HOPG sur-
face (a) shows large terraces separated by monoatomic step edges and
confirms the flat nature of the substrate. Bilayer deposition (b)-(e) seems
to wet the surface uniformly leaving a few pinholes behind seen as black

FeTsPc

Journal of Electroanalytical Chemistry 877 (2020) 114485

areas, and some surface aggregates seen as bright dots. The step edges are
still distinguished after deposition of the first bilayer indicating its very
thin nature but are no longer seen after further bilayer deposition. Further-
more, as the film grows thicker the number of pinholes decreases whereas
the size of the surface aggregates seems to increase. Fig. 2 f shows the film
thickness as a function of the number of deposited bilayers. Film thickness
was estimated using the height of the pinholes that expose the flat HOPG
surface. Clearly, as the number of bilayers increases films grow thicker
with an estimated thickness of 1.5 nm per bilayer. This is in line with recent
profilometry studies that show a linear growth of the film between 10 and
50 bilayers with an average bilayer thickness of 1.1 nm [29]. It should fi-
nally be noted that the sharpness of the image corresponding to the thicker
film (e) is lower than the previous images, this could be the effect of water
uptake as the images were measured in non-contact mode.

Fig. 3 shows the C 1s, N 1s, Fe 2p and S 2p XPS spectra corresponding to
the initial HOPG surface and after deposition of 1, 3, 5 and 10 (FeTsPc/
PAH) bilayers. The only signal observed in the initial substrate is a C 1s
peak centered at 284.5 eV corresponding to HOPG [31]. The complete ab-
sence of other signals indicates that the initial surface is chemically clean.
The intensity of the HOPG C 1s signal at 284.5 eV decreases as FeTsPc/
PAH bilayers are deposited due to the attenuation of the photoelectrons
travelling through the film [32]. Furthermore, a new C 1s contribution is
observed at higher binding energies due to the C atoms present on both
the FeTsPc molecule and the PAH polymer [32-34]. The N 1s XPS signal
is composed of two main contributions at 399 eV due to the N atoms in
the FeTsPc molecule and amine groups in PAH and at 401.8 eV due to the
protonated amine groups in PAH [35]. The Fe 2p XPS signal shows the ex-
pected doublet at 709.4 eV (Fe 2p3,,) and 722.3 eV (Fe 2p; /») due to the Fe
atoms in the FeTsPc molecule [36]. Finally, the S 2p signal shows an unre-
solved doublet with the S 2p3,, signal at 168.2 eV due to the sulfonate
groups in the FeTsPc molecules [37]. The number and position of the differ-
ent signals observed in XPS are in line with the expected chemical compo-
sition of the LbL film.

Fig. 4 shows the N 1s, S 2p and Fe 2p integrated intensities corrected by
the corresponding sensitivity factors and normalized with respect to the Fe
2p intensity as a function of the AFM estimated layer thickness. Clearly the
signals increase with thickness reaching a saturation value once the thick-
ness of the film is larger than the thickness probed by XPS. If we assume uni-
form film growth, then the intensity of each signal in the film (I) should
grow according to the following expression: I = I, (1-e¥/®*%) where d is
the film thickness, A is the photoelectron attenuation length, 6 is the emis-
sion angle and I, is the XPS area of a sufficiently thick film so that the
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Fig. 1. Schematic illustrating the sequential deposition of FeTsPc and PAH layers on HOPG. Also shown are the molecular structures for both electrolytes.
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Fig. 2. AFM images of (a) the bare substrate and (b)-(e) after depositing a 1,3,5 and 10 FeTsPc/PAH bilayers. Layers were deposited using 0.5 mg/mL PAH and FeTsPc
solutions (PBS buffer, pH = 7). Image (f) shows the film thickness as a function of the number of deposited bilayers.

substrate signal has completely vanished [38]. The data shown in Fig. 3
could be adequately fitted with the above expression as shown by the full
lines. This suggests that film growth is uniform. Furthermore, from the
XPS integrated areas we can calculate the elemental ratios. Indeed, the
corrected XPS Fe:S ratio is close to 1: 4 in agreement with the stoichiometry
of the FeTsPc molecule and the Fe:N ratio is close to 1:20 indicating 12
monomers per phthalocyanine molecule in the film.

The stratified nature of the LbL film composed of alternating layers of
FeTsPc and PAH could be demonstrated with XPS. A closer look at the
data in Fig. 4 reveals that when the film terminates in an FeTsPc layer
(open circles) the N 1s intensity (mainly due to PAH) decreases slightly
and the Fe 2p and S 2p signals increase slightly. On the contrary, when a
film terminates in a PAH layer (closed circles) the Fe 2p and S 2p intensities
due to FeTsPc decrease slightly whereas the N 1s signal (mainly due to
PAH) increases slightly. This indicates that each deposited layer grows
ontop of an oppositely charged layer attenuating the XPS signals of ele-
ments from the buried layer. This is in complete agreement with vibrational
studies of the same LbL film grown under the same conditions showing that
the interaction between sulfonate groups and protonated amine groups
bind the alternate layers [27]. However, this is not the only interaction be-
tween layers as the Fe centers in FeTsPc molecules coordinate -NH, groups
from neighbouring PAH molecules [27].

It is instructive to follow the intensity of the sodium counterions
balancing charges on the film. Fig. 5 (a) shows Na 1s XPS spectra as a func-
tion of the number of deposited bilayers, where fractional bilayers numbers
indicate FeTsPc terminated films, ie. a bilayer number of 0.5 indicates a
film composed of a single layer of FeTsPc molecules. The Na 1s XPS spec-
trum corresponding to the FeTsPc monolayer shows the presence of Na™
present as counterions of the anionic sulfonate groups in FeTsPc molecules.
When a PAH layer is deposited ontop, there is charge overcompensation
[39] and the ammonium ions in the polymer interact with sulfonate groups
releasing sodium cations into the solution, thus the sodium XPS signal de-
creases in PAH terminated films. A further deposition of a FeTsPc layer
overcompensates charges again and thus the Na 1s XPS signal in FeTsPc ter-
minated films increases. This is exactly what we observe in Fig. 5
(b) indicating that FeTsPc/PAH films grow in a layer by layer fashion via
the electrostatic interaction of oppositely charged ions present in each alter-
nating layer as expected.

The AFM and XPS data discussed above confirm that the sequential de-
position of FeTsPc and PAH results in uniform thin films of growing thick-
ness that incorporate the catalytically active redox center in growing
numbers. In order to test if the redox centers in the LbL films are catalyti-
cally active towards the ORR cyclic voltammograms (CV) in the presence
of oxygen were carried out. Fig. 6 (a) shows three consecutive CVs mea-
sured using the HOPG electrode functionalized with a 5 bilayer film at
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Fig. 3. XPS spectra corresponding to the bare HOPG substrate and after depositing LbL films with a different number of FeTsPc/PAH bilayers. Layers were deposited using

0.5 mg/mL PAH and FeTsPc solutions (PBS buffer, pH = 7).

pH = 13. As the electrochemical potential is decreased below 0.9 V versus
the reversible hydrogen electrode (RHE) all curves show a cathodic wave
due to the reduction of oxygen to water [8]. Furthermore, as the number
of cycles increases the electrochemical activity of the film increases to
reach a reproducible behaviour maintained beyond 50 cycles. The same be-
haviour was observed using thin films terminated with FeTsPc molecules
and with a different number of bilayers. As mentioned above initially the
Fe centers could be coordinating -NH, groups and therefore could be
blocked from interacting with O, molecules, hence in the first CV the
charge is relatively small. Once the O, molecules bind to more Fe centers
the charge increases. This breaks the bonding between Fe and the -NH,
groups weakening the interactions between layers. As we should see
below electrochemical cycling has a large impact on the stratified structure
of the film.

Fig. 6 (b) shows a CV measured after carrying out 50 cycles using elec-
trodes functionalized with thin films of growing bilayer number. Clearly,
the same overall behaviour is observed in all cases, i.e. the onset potential
as well as the electrochemical activity are quite similar independently of

the number of deposited layers. Also, all curves show two overlapping
peaks which are the characteristic oxygen reduction peaks observed in
graphite electrodes modified with FeTsPc molecules [8]. Fig. 6 (c) shows
CVs measured in the presence and absence of O, for LbL films terminated
with either FeTsPC (4.5 bilayers) or PAH (5 bilayers) molecules. Clearly,
the observed curves are due to the reduction of O, and the same behaviour
is observed for LbL films terminated with either FeTsPc or PAH. This is due
to the changes that take place in the film structure during electrochemical
operation as discussed below.

The measurements discussed above show that the electrochemical be-
haviour is independent of layer number and termination. In order to ratio-
nalize this post-ORR ex situ AFM and XPS measurements were carried out.
Fig. 7 shows AFM images of a 10 bilayer thin film measured (a) before and
(b) after performing 50 electrochemical cycles when the catalytic activity
remains constant. As shown in Fig. 7 (a), initially the thin film covers the
surface uniformly with an average thickness of around 15 nm and leaving
behind some small holes and some agglomerates. This morphology changes
drastically after performing 50 electrochemical cycles reducing oxygen
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(Fig. 7 (b)). In this case steps separating terraces have become clearly visi-
ble and the film does not seem to be covering the surface uniformly, instead
the film restructures with a drastic film thickness reduction.

Fig. 8 shows the C 1s, N 1s, Fe 2p and S 2p XPS spectra of a 10 bilayer
thin film measured before (black curves) and after (red curves) carrying
out 50 electrochemical cycles reducing oxygen. The C 1s signal shows a sig-
nificant increase in the 284.5 eV substrate signal and a decrease in the
higher binding energy shoulder due to the LbL film. This indicates a reduc-
tion of film thickness and is in line with the AFM results discussed above.
The average film thickness could be estimated from the substrate XPS signal
resulting in 2 nm in line with the height profiles observed in the post-
electrochemical cycling AFM image. This implies an 86% decrease in film
thickness after electrochemical cycling. The N 1s, Fe 2p and S 2p XPS sig-
nals show a large decrease in intensity after electrochemical cycling. This
suggests that many PAH and FeTsPc molecules are lost from the electrode
surface resulting in the observed decrease in film thickness. Thus, the fact
that ORR is independent of the number of bilayers in the film is explained
in terms of the observed film thickness reduction. Note that the corrected
Fe:S XPS ratio after cycling remained close to 1:4 indicating that the FeTsPc
molecules are not decomposed. The AFM and XPS observed film thickness
reduction is in line with the proposed O, induced weakening of interlayer
interactions discussed above. Here we note that this effect could depend
on the pH of the solutions employed to prepare the LbL film.

The data discussed above shows that the sequential deposition of an-
ionic FeTsPc molecules and cationic PAH molecules generate thin films of
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Fig. 5. (a) Na 1 s XPS spectra and (b) integrated intensities as a function of the number of (FeTsPc/PAH) bilayers. Fractional bilayer numbers indicate FeTsPc terminated LbL
films (open circles). Integer bilayer numbers indicate PAH terminated films (closed circles).
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Fig. 8. C1s,N 1s, Fe 2p and S 2p XPS spectra of a 10 bilayer film before (black) and after (red) carrying out 50 electrochemical cycles reducing oxygen in KOH 0.1 M.
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controlled thickness and composition. Here we should note that the same
films were used successfully as chemical sensors [27,29]. However, we
show that after the electrochemical reduction of oxygen films suffer
restructuring with a great reduction in thickness. Thus our finding is impor-
tant as it provides an example of LbL film restructuring under reaction con-
ditions. Finally, we can compare the electrochemical activity of the
resulting film to that of a FeTsPc monolayer on HOPG. Fig. 9 (a) shows
the AFM image measured after depositing a monolayer of FeTsPc molecules
directly onto the HOPG substrate and performing 50 electrochemical cycles
reducing oxygen. The molecules in the monolayer form branching struc-
tures over the substrate with no aggregation or stacking. Although the na-
ture of the observed structures is at present not understood, their height
is 0.4 nm in line with the molecular height, indicating that the surface is
composed of flat-lying FeTsPc molecules. Fig. 9 (b) shows CVs of a 5 bilayer
film (full line) and a monolayer film (dashed line) measured after cycling
50 times. Clearly, both the potential onset for the reduction of oxygen as
well as the electrochemical activity of the resulting LbL film are close to
that of the monolayer.

4. Conclusions

Layer-by-layer thin films composed of anionic FeTsPc and cationic PAH
molecules can be successfully grown over HOPG substrates. Sequential de-
position leads to thicker films with smaller pinholes and larger corrugation.
The number of FeTsPc molecules incorporated into the film increases
sharply as the film grows thicker. However, this is not reflected in the elec-
trochemical activity towards ORR. Films with 1, 3, 5 and 10 bilayers, ie.
with a growing number of the catalytically active centers, show similar ac-
tivities towards ORR after 50 electrochemical cycles. Post-electrochemical
reaction AFM and XPS measurements show that after extensive electro-
chemical cycling the polyelectrolyte film restructures suffering a great de-
creased in film thickness leaving behind 2 nm deposits containing FeTsPc
molecules and exposing the bare surface. These deposits are still active
for the ORR with electrochemical activities approaching that of an FeTsPc
monolayer. The decreased in film thickness can be explained by an O, in-
duced weakening of the interlayer interaction by breaking the bonding be-
tween —-NH, groups and Fe centers. These findings show that LbL films
containing molecular catalysts could lose their stratified nature under reac-
tion condictions and thus they are relevant for the design of LbL films con-
taining catalytically active redox centers.
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