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We have developed electrocatalytic platforms based on palladiummetallopolymer-graphene for the water splitting re-
action. The platforms presented a low potential for the water oxidation reaction. By cyclic voltammetry and electro-
chemical impedance spectroscopy (EIS), the interfacial phenomena were investigated, allowing us to obtain
important results that helped to determine kinetic andmechanistic information. The studies revealed that the introduc-
tion of graphene in the metallopolymer matrix increased the turnover frequency (TOF) value. Analysis of the Tafel
plots obtained from the EIS data also revealed a change in the reaction mechanism after the introduction of graphene.
The new platform demonstrated its applicability in the water splitting reaction for use in fuel cells.
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1. Introduction

The current lifestyle in addition to the increased world population
has led to increasing energy demands [1]. The racing for the develop-
ment of new and alternative energy sources aims to replace fossil fuel
sources as well as to develop more effective technologies to meet the
great energy demand that will come in the coming decades [2]. Fuel
cells based on hydrogen production and combustion are among the
main sustainable sources of energy, which are able to generate energy
through electrochemical reactions and decrease the environmental
impact.

The oxygen evolution reaction (OER) is an important and limiting
half-reaction in the electrochemical water splitting process due to the
slow kinetics of the reaction and high energetic barrier [3]. Therefore, the
development of new electrocatalytic materials with the objective of reduc-
ing the energy barrier as well as increasing the kinetic efficiency of the OER
has been extensively investigated [4–8].

The use of catalyst materials based on metal complexes for the OER has
been studied, with promising results [7]. Therefore, the present work has
the goal of investigating two different palladium Schiff base architectures
for the OER. The investigations were based mainly on the electrochemical
impedance spectroscopy (EIS) technique. The results are promising and
can contribute greatly to the discussion and understanding of similar elec-
trochemical systems.
eira).
2. Results and discussion

The use ofmaterials based on palladium complexes for electrocatalytic re-
actions has been investigated for several purposes [9–12]. In the case of the
water oxidation reaction, the main advantage of such complexes is the
good electrocatalytic performance in an acid medium [13]. The present
work proposes the investigation of two platforms with different architectures
based on the palladium Schiff base complex (Fig. 1A), aiming to decrease the
onset potential values for the oxygen evolution reaction. Electrocatalytic plat-
formswere easily obtained using the electropolymerization technique, which
allowed great control over the electrodeposited materials [14–16].

Films of metal-salen complexes have shown electrocatalytic activity for
a number of electrooxidation reactions. In addition, the spatial arrange-
ment in the form of molecular columns allows us to obtain a large contact
surface, increasing the catalytic activity [15–18]. Additionally, it is
known that the incorporation of graphene into the metallopolymer matrix
tends to increase the electrocatalytic performance of materials [19]. There-
fore, palladium metallopolymer (poly[Pd(salen)], Fig. 1A) and palladium
metallopolymer-graphene (poly[Pd(salen)]-G, Fig. 1B) films were built to
investigate their catalytic properties for application in the OER. SEM im-
ages of the different electrocatalytic platforms demonstrate a complete cov-
ering and uniform distribution of electrocatalytic materials on the FTO
surface with both architectures (Fig. 1C–F). In the poly[Pd(salen)] elec-
trode, nanostructures with alveolar shapes were found (Fig. 1F and D),
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Fig. 1. A–B) Schematic representation of electrocatalytic platform design. SEM cross-sectional (Fig. C and Fig. D) and superficial images (Fig. E and Fig. F) of poly[Pd
(salen)]-graphene and poly[Pd(salen)] on the FTO electrode surface.
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Fig. 2. Voltammetric response to poly[Pd(salen)]-G (curve a – olive line); poly[Pd
(salen)] (curve b – blue shirt dash dot); bare Pt (curve c – red short dot) and bare
FTO (curve d – black short dash) in 0.10 mol L−1 H2SO4 (pH 1.0) solution under
a N2 atm. Scan rate = 25 mV s−1.
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characteristic of films based on metal salen [14,20,21]. The poly[Pd
(salen)]-G film demonstrated a surface covering similar to that of the film
containing only the metallopolymer, demonstrating that the poly[Pd
(salen)] film could also be grown on a graphene surface. However, the
cross-sectional images also showed layers of graphene inside the film (see
Fig. 1C). The results demonstrated the effectiveness of the layered alternate
strategy.

The electrocatalytic activity of the different platforms built for OER was
investigated in 0.10 mol L−1 H2SO4 solution at 25 mV s−1 (Fig. 2) using a
three-electrode configuration. It is known that the thermodynamic poten-
tial for water oxidation is 1.23 V (vs. RHE) (SCE = 0.989 V) [7,22].
Under the same conditions mentioned above, the onset values of
+0.80 V and +0.62 V vs. RHE (pH 1) were found for the poly[Pd(salen)]
and poly[Pd(salen)]-G electrocatalytic platforms, respectively. The onset
potential for water oxidation on platinum electrode was +1.10 V vs. RHE
(pH 1). Comparatively, the catalytic current of the poly[Pd(salen)]-G and
poly[Pd(salen)] electrodes was 37-times and 12-times high than to the plat-
inum electrode at isopotentials of +080 V and +1.0 vs. SCE, respectively.
No redox process was observed at the unmodified FTO platform as a work-
ing electrode (curve d).

The electrocatalytic activities of the poly[Pd(salen)] and poly[Pd
(salen)]-G electrodes were also investigated using the electrochemical im-
pedance spectroscopy (EIS) technique. EIS is a powerful tool for analyz-
ing interfacial phenomena [23]. The spectra were obtained for the two
different platforms at an applied potential of +0.50 V vs. SCE (Fig. 3A).
The potential chosen was based on data obtained by voltammetry; this
was found after onset potential for both platforms. However, at this
point, a significant current value was recorded for the poly[Pd
(salen)]-G platform, but for the poly[Pd(salen)] platform, the value
was 8 times lower. EIS allowed an accurate analysis of the electrochem-
ical phenomena, providing important information on the OER with the
electrocatalytic platforms. Analysis of the obtained spectra was per-
formed based on the equivalent circuit models (ECMs) shown in
2

Fig. 3C–D. The values obtained from the mathematical adjustments
are summarized in Table 1.

The proposed ECMs were based on previous work on thin films of
metallopolymers and on the basis of the analysis of the BODE spectra
(Fig. 3B), where two frequency peaks were visible [15,16]. The ECMs for
the different platforms showed similarities; however, they showed some
modifications due to the different molecular arrangements of the
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Fig. 3.Nyquist (A) and BODE (B) plots for the electrocatalytic platforms in 0.1 mol L−1 H2SO4 (pH 1.0) at +0.50 V vs. SCE (+0.80 V vs. RHE). ECMs for poly[Pd(salen)]-G
(C) and poly[Pd(salen)] (D).

Table 1
Physicochemical parameters determined from fitting of the electrochemical impedance spectra of the poly[Pd(salen)] and poly[Pd(salen)-G films using the ECMs shown in
Fig. 3D and Fig. 3C, respectively. RΩ = 10 Ω cm2. The fitting error was ≤2%.

Catalytic
platform

Rin Rct CPEin αin CPEdl αdl ZW ECMs

(kΩ cm2) μF cm−2 sα-1 μF cm−2 sα-1 kΩ s−0.5 cm2

[Pd(salen)] 0.030 7.64 0.33 0.99 10.9 0.95 4.00 Fig. 3D
[Pd(salen)]-G 0.029 1.48 0.21 0.99 41.7 0.83 0.81 Fig. 3C
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electrocatalytic films. The first term of the ECM, in the high-frequency
range (50 to 10 kHz), was common for all platforms showing a solution re-
sistance (RΩ) in series with a parallel combination of the resistance associ-
ated with the film/electrode interface (Rin) and the geometric capacitance
of the system (CPEin). There was no significant Rin differentiation between
the films, with the values being virtually equivalent. This result is because
the material in contact with the FTO electrode was Pd(salen) in both elec-
trocatalytic platforms. For the second term of the ECMs, in the medium-
low frequency region (10 kHz to 0.10 Hz), both platforms presented a
charge transfer resistance (Rct) associated with redox processes occurring
at the electrode/solution interface and a capacitance associated with a dou-
ble electrical layer (CPEdl).

The faradaic resistance here is attributed to the sum of the resistances
involved in the OER stages; therefore, it should be interpreted as being
the resistance equivalent to the sum of the resistances involved in the
water oxidation reaction [24]. Therefore, there was a significant decrease
in the Rct value for the architecture containing graphene in the
metallopolymeric matrix. This value was approximately 5 times lower
than that for the platform containing only poly[Pd(salen)]. The decrease
in the Rct value for the poly[Pd(salen)]-G film can be interpreted as an in-
crease in the catalytic performance since its value is associated with the ki-
netic steps of the OER [25,26]. The gain in electrocatalytic performance can
be related to the synergistic effect from the incorporation of graphene
sheets into the poly[Pd(salen)] film. The increase in performance was
also related to an increased surface area for the platform containing
graphene, which was verified among the CPEdl values [25].

However, the models differed in the position of the sixth element. For
the poly[Pd(salen)] film, the element for the diffusion of species according
to the catalysis of water molecules, a Warburg element (W), was presented
in series with the Rct (Fig. 3D). This model is suitable for simple faradaic re-
actions limited by the diffusion mechanism [27,28]. In the case of the poly
3

[Pd(salen)]-G film, theWarburg element is in series with the second term of
the ECM (Fig. 3C). This difference in the arrangement of the elements re-
veals changes in the electrocatalytic mechanisms of the OER [29]. The
model containing the Warburg element in series with the parallel combina-
tion is associated with complex reactions involving adsorbed species and
diffusion of more than one species [29]. TheWarburg elementmay be asso-
ciated with the diffusion of the anion during the electrochemical oxidation
of palladium and with the O2 generated in the oxidation of water. Thus, for
the poly[Pd(salen)] film, the applied potential of +0.50 V vs. SCE is suffi-
cient to promote the oxidation of catalytic sites (metallic centers from PdII

to PdIII), but this potential is not enough to promote the oxidation reaction
of water. On the other hand, the poly[Pd(salen)]-G film at the same poten-
tial is capable of promoting the water oxidation reaction. Such data reveal
that the alternating architecture results in a decrease in the potential re-
quired for the OER.

To compare the electrocatalytic performance of the developed plat-
forms, the turnover frequency (TOF) values were calculated through the
following relation (Eq. (1)) [30]:

TOF ¼ j
nFΓ

ð1Þ

where j is the current density at a given potential (A cm−2), n is the number
of electrons involved in the reaction (OER = 4e−), F is the Faraday con-
stant (96,485 A s mol−1) and Γ is the surface-active site concentration
(mol cm−2). The Γ values were calculated based on the Γ = Q/nFA rela-
tionship, where Q is charge, which was obtained from the apparent capac-
itance values (Capp) calculated from the CPEdl values by Eq. (2) [31,32].

Capp ¼ RctCPEdlð Þ1=α
Rct

ð2Þ



Table 2
Performance of different OER catalytic materials.

Electrode TOF (s−1) Onset (V vs. RHE) Ref.

Pd(acac)2 0.2 1.43 [25]
NiFe-SW 8.7 1.45 [33]
PdP2@CB 0.32 1.59 [34]

Co-Pi/W:BiVO4 – 0.77 [35]
CuWO4 – 0.58 [36]
Pd(salen) 0.07 0.80 Present work
Pd(salen)-G 0.25 0.62
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The TOF values reveal the rate of regeneration of the catalytic sites after
the catalytic reaction [30]. TOF values of 0.25 and 0.07 s−1 were verified
for the poly[Pd(salen)]-G and poly[Pd(salen)] films, respectively. The
values demonstrate that thefilm containing graphene exhibits the best elec-
trocatalytic performance. Furthermore, the values obtained were compara-
ble to those of OER electrodes found in the literature (Table 2).

Tafel curves were obtained using data obtained by EIS (Fig. 4). Previous
studies point out the advantage of the EIS method because its data are ob-
tained in the steady state and because it does not influence the resistance
of the solution (RΩ), disassociate the capacitive elements (film and double
layer capacitance) of the system or interfere with the accuracy of the results
[2,24]. Through the obtained slope values and assuming that the charge
transfer coefficient (ctc) value is equal to~0.5, it was verified that the elec-
trode containing alternating graphene layers has 2e− being transferred in
the reaction-determining step (rds) against 1e− of the electrode containing
only the metallopolymer film. The result suggests a change in the OER
mechanism between electrodes containing graphene and those without
graphene.

Based on the above data, the mechanism for the poly[Pd(salen)]-G
electrode is possibly similar to the electrochemical path model
(Eqs. (3)–(5)) [2]:

poly Pd‖ salenð Þ� �þ H2O ! poly Pd∣∣∣ salenð Þ� �
OHþ e− þ Hþ ð3Þ

2 poly Pd∣∣∣ salenð Þ� �
OH ! poly Pd∣∣∣ salenð Þ� �

−O2−poly Pd∣∣∣ salenð Þ� �

þ 2e− þ 2Hþ r:d:s ð4Þ
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The stability analysis of the poly[Pd(salen)]-G was obtained by
chronoamperometry under constant anodic polarization (+0.80 vs SCE)
in 0.10 mol L−1 H2SO4 solution (pH 1.0 Only a slight decrease of 11% in
the current was observed after 2 h of electrolysis with a current density
limit of 0.11 mA cm2.

3. Conclusion

Electrodes modified with palladium metallopolymer and palladium
metallopolymer-graphene showed good onset potential values for the
OER. In addition, it was possible to investigate the physicochemical proper-
ties of the interface by EIS and demonstrate that the poly[Pd(salen)]-G film
performed OER at low overpotential, whereas the poly[Pd(salen)] film was
still in the initial stage of the reaction. The alternating architecture film
showed the best performance based on the TOF and Tafel calculations,
which can be related to the presence of graphene in the polymeric matrix
and the increased surface area, as observed in the SEM images. This electro-
catalytic material can be adapted for use in electrochemical reactors for
water splitting. Efforts are beingmade to fully elucidate themechanisms re-
sponsible for the oxidation of water in potentials below the expected for the
thermodynamic potential.

4. Experimental

The ligand 2,2′-{1,2-ethanediylbis[nitrilo(E)methylylidene]}
diphenolate (salen) was purchased from Sigma-Aldrich and used without
further purification. The catalytic complex Pd(II) 2,2′-{1,2-ethanediylbis
[nitrilo(E)methylylidene]}diphenolate (Pd(salen)) was obtained by the ad-
dition of stoichiometric and equimolar (5.0 mmol) amounts of the salen li-
gand and palladium acetate (Sigma-Aldrich) in absolute ethanol (50 mL).
The solution was kept under reflux for 3 h at 50 °C with constant stirring
to yield a yellow precipitate. The precipitate was filtered in a Gooch cruci-
ble, washedwith absolute ethanol and kept in a desiccator. FTIR (ν cm-1) in
KBr: 3339, –OHph; 1612, C=N; 1505, C=C; 1291, >C–Oph; 1023, ring
0.4 0.5 0.6 0.7 0.8
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breathing; and 501, PdO. UV–vis (nm) in CH3CN: 250 (π → π*); 326
(π → π*); 403 (n→ π*); and 547 (MLCT).

The coating of fluorine-doped tin oxide (FTO) electrode surfaces (geo-
metric area=1.0 cm2)with poly[Pd(salen)] and poly[Pd(salen)]-graphene
catalytic films was performed in a conventional electrochemical cell with
three electrodes, including a saturated calomel electrode (SCE) (ERHE =
ESCE + 0.241 + 0.0591pH) as the reference electrode and a platinum
wire electrode as the auxiliary electrode. Measurement management was
performed by a μ-Autolab type III potentiostat/galvanostat (Eco Chimie).
The polymer [Pd(salen)] film was formed by electropolymerization using
1.0 mmol L−1 Pd(salen) complex in acetonitrile with 0.10 mol L−1

tetrabutylammonium hexafluorophosphate (HFTBA) electrolyte while apply-
ing 10 scan cycles in a potential range of 0.0 to 1.4 V vs. SCE at 100mV s−1 in
a N2 atmosphere. In contrast, poly[Pd(salen)]-graphene was manufactured
by applying 10 alternate layers ofmetallopolymer and graphene. This process
was performed by applying an electropolymerization cycle of the monomer
[Pd(salen)], as described above, and then exchanging the solution with a so-
lution containing 1.0 mg mL−1 graphene suspension in acetonitrile/HFTBA
and applying one scan cycle in the potential range of 0.0 to −0.50 V at a
scan rate of 100 mV s−1. These steps were repeated 9 more times.

The EIS measurements were performed through the incidence of a sine
wave of 10 mV applied in a frequency range of 50 kHz to 0.1 Hz with 10
steps dec−1. All spectra were recorded at 25 °C. Analysis of the complex
plane impedance spectra was performed by ZPlot 2.4 software. The cross-
sectional scanning electron microscopy (SEM) image was performed by
cleaving an FTO electrode containing the metallopolymer using a cut on
its non-conductive side by a diamond-tipped pen.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jelechem.2020.114928.
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