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Abstract: Conductive polymers are widely used as active and auxiliary materials for organic photo-
voltaic cells due to their easily tunable properties, high electronic conductivity, and light absorption.
Several conductive polymers show the cathodic photogalvanic effect in pristine state. Recently,
photoelectrochemical oxygen reduction has been demonstrated for nickel complexes of Salen-type
ligands. Herein, we report an unexpected inversion of the photogalvanic effect caused by doping
of the NiSalen polymers with anionic porphyrins. The observed effect was studied by means of
UV-Vis spectroscopy, cyclic voltammetry and chopped light chronoamperometry. While pristine
NiSalens exhibit cathodic photopolarization, doping with porphyrins inverts the polarization. As
a result, photoelectrochemical oxidation of the ascorbate proceeds smoothly on the NiSalen electrode
doped with zinc porphyrins. The highest photocurrents were observed on NiSalen polymer with
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updates o-phenylene imine bridge, doped with anionic zinc porphyrin. Assuming this, porphyrin serves
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both as a catalytic center for the oxidation of ascorbate and an internal electron donor, facilitating the
photoinduced charge transport and anodic depolarization.
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Catalysts 2021, 11, 729. https://

doi.org/10.3390/ catal11060729 1. Introduction

Conductive polymers (CP) are a unique class of materials, which combine the benefits
of organic materials and electronic conductors. Since their discovery, the CPs have been
widely used not only as a replacement to inorganic conductors [1-3], but as advanced
functional materials for electronics [4-6], electrochromic devices [6-9], sensing [10-12],
and energy storage [13-18]. One of the main applications of the CPs is in photovoltaics,
where they are used as donor phase [19-21] and hole transporting layer [22] materials in
organic photovoltaic devices or counter electrode materials for dye-sensitized solar cells
(DSSC) [23,24].

At the same time, an intrinsic photogalvanic effect is known for polythiophene CPs,
which indicates the potential of these materials as active layers in DSSC-type architec-
tures [25,26]. It was shown that the photocurrents of polythiophenes depended strongly on
the nature of anionic dopant [27] and film morphology [28]. An increase of the photocur-
rent was observed with increasing polymer orderliness and rigidity as well as decreasing
dopant mobility [29]. Based on this knowledge, recently, the photogalvanic effect on highly
rigid NiSalen-type conductive polymers has also been discovered [30] and implemented
for the photoelectrochemical oxygen reaction reduction reaction (ORR) cell to produce
hydrogen peroxide [31].

The electrochemical and optical properties of the CPs strongly depend on the nature
Attribution (CC BY) license (https://  Of its anionic dopants, which may be illustrated by the comparison of commercial PE-
creativecommons.org/ licenses /by / DOT:PSS material and PEDOT doped with low molecular ions [32]. The effect of anion
40/). dopant is realized through the tuning of the polymer morphology [33] or ion diffusion
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parameters [34,35]. However, an anionic dopation phenomenon of the CPs may be ex-
ploited to anchor the functional fragments into a CP to enhance its properties. For example,
poly (terthiophene) doped with anionic manganese porphyrin exhibits an outstanding
photoelectrocatalytic performance for electrochemical water splitting [36].

Herein, we report an unexpected effect of dopation of the anionic porphyrin in the
NiSalen-type conductive polymers (Figure 1), which was expected to increase the photo-
galvanic effect of the polymer by an antenna approach, analogous to the photosynthetic
systems [37-39]. Surprisingly, an introduction of the porphyrin anions was found to de-
crease the ORR performance, previously observed on the pristine films [31], even when
irradiated at the Soret band of the porphyrin. At the same time, in the presence of the
electron donor (ascorbate, Asc™) in the electrolyte, porphyrin-doped films exhibit an en-
hanced anodic photogalvanic effect. The origin of the observed effect was investigated by
electrochemical methods.
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Figure 1. (a) Structure of the NiSalen polymers; (b) Structure of the MTPPS porphyrins, employed in
the present study.

2. Results and Discussion

Initially, the free base porphyrin salt [BusN]4[H,(TPPS)] was used as an anionic
dopant for the preparation of the composite film. The poly[Ni(CH3OSalen)]:[H,(TPPS)]
film was deposited onto the ITO substrate from the solution of [Ni(CH3OSalen)] with the
[BusN14[Hp(TPPS)] as a supporting electrolyte (Figure S5). Freshly prepared films exhibited
the distinctive features on UV-Vis, attributed to the presence of poly[Ni(CH3OSalen)]
polymer and [H,(TPPS)]*~ particles (Figure 2a), but during the CV measurements or even
storage in the reduced state, unexpected spectral changes were noticed. A New Soret band
emerged at 460 nm, accompanied by an intensive Q-band at 660 nm (Figure 2b), which
indicates the formation of the nickel porphyrin complex accompanied by demetallation of
the poly[Ni(CH30Salen)] units by the strongly coordinating porphyrin ligand. Considering
the sluggish kinetics for the insertion of nickel into meso-tetraaryl porphyrins [40], this fact
may be explained by the participation of the reduced nickel in this process [41].
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Figure 2. (a) UV-Vis spectra of 2 x 10~® M [BuyN]4[Hy(TPPS)] aqueous solution, pristine poly[Ni(CH3OSalen)],
poly[Ni(CH3OSalen)]:[H, (TPPS)] films and poly[Ni(CH3OSalen)]:[H,(TPPS)] film after CV experiments; (b) UV-Vis spectra of
2 x 107% M [BuyN]4[Zn(TPPS)] aqueous solution, pristine poly[Ni(CH3OSalen)] and poly[Ni(CH3OSalen)]:[Zn(TPPS)] films.

To overcome this problem, metallated porphyrin [Zn(TPPS)]*~ was used instead of
the free base one. Indeed, the polymeric films doped with [Zn(TPPS)]*~ showed excellent

stability during all electrochemical experiments (Figure S1).

Photoelectrochemical Performance

Porphyrin—doped polymeric films were successfully deposited for all four monomeric
NiSalen-type complexes. To assess the photoelectrochemical behavior of the obtained
films, light sources with Amax at 420 and 470 nm were used. These wavelengths, on the
one hand, lie near the maximum of the insolation spectrum of the Earth, and on the other
hand, excite polyNiSalen species selectively (470 nm) or excite both components (420 nm).
Previously, it was reported that polyNiSalens act as photocathodes, and in aerated solutions
noticeable currents of oxygen electroreduction are observed under the illumination of
photoelectrochemical cells containing such polymers [31]. However, the irradiation of
obtained porphyrin—doped films used as a cathode in ORR photoelectrochemical cells with
420 and/or 470 nm light gave disappointing results: the cathodic currents became at least
an order of magnitude lower in comparison with the corresponding pristine polyNiSalen
films, and moreover, the current direction changed to anodic in case of phenylene-bridged
complexes (Figure S2). The current value suffers relatively fast decay, which may indicate
the depletion of electron donating particles responsible for this effect. In absence of
an external electron donor, the self-oxidation of the composite film may occur, while
an electron was removed from the porphyrin molecule, which is an explanation for the
observed decay of the anodic current.

To disclose this unusual effect, a series of experiments were performed with
an external electron donor (0.1 M ascorbic acid) in the supporting electrolyte. As an-
ticipated, sustainable anodic currents appeared upon irradiation with both wavelengths in
case of porphyrin-doped films, while pristine polyNiSalen films still exhibit a diminishing
cathodic current, confirming the role of porphyrin in the formation of anodic current
(Figure 3).
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Figure 3. Anodic photocurrent by the pristine and ZnTPPS-doped (a) poly[Ni(Salen)]; (b)
poly[Ni(SalPhen)]; (c) poly[Ni(CH3OSalen)]; (d) poly[Ni(CH30SalPhen)] films on ITO. Phosphate
buffer, Ph = 6.86, 0.1 M ascorbic acid.

The partial light absorptions of porphyrin and polymer components depend on the
polymer structure, due to the unequal dopation extents and unequal absorption spectra of
different polymers. To account for this, the obtained current values should be corrected
for the illuminance at the specific wavelength and experimental absorption of the film at
this wavelength. As a result, the following parameter, LE, was chosen as a photogalvanic
performance index:

JA
LEx (1-Tr)Ex @
when j, (A cm~2) is the photocurrent density, T is the light transmission and E, (lux) is
the illuminance at specific wavelength.

The results of both ORR and ascorbate oxidation experiments are summarized in the
Table 1. The ORR reaction proceeds on the pristine polymeric films with greater efficiency
compared to porphyrin-doped analogues. The most efficient at both wavelengths are
poly[Ni(Salen)] films. Oxidation of the Asc™ on pristine films is negligible, affording a little
cathodic current attributed to a trace amounts of oxygen in solution or autoxidation of the
film. In contrast, porphyrin-doped NiSalen films afford a significant anodic photogalvanic
effect. For all four films, the LE at 420 nm is 2-2.5 times higher than at 470 nm, and the
highest LE is observed for poly[Ni(SalPhen)]:[ZnTPPS] film, indicating the key role of the
porphyrinic species in the anodic photogalvanic effect.
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Table 1. Relative light efficiencies of the films.

LE @ yA em—2 Mix—1

Ni-L A, nm O, Reduction Asc~ Oxidation O, Reduction Asc~ Oxidation
Ni-L [P Ni-L (] Ni-L:P [c] Ni-L:P [c]
polyNi(Saler] 20 iy iy 174 11
ko B 2 - 2 :
poly INi(SaPher)] 20 Y 53 s 6
poly INKCHsOSalPhen)] 07 o7 o2 207

[a] calculated from the plateau or and point current; [P1 polyNiSalen film; [ polyNiSalen + [Zn(TPPS)]*~.

To examine the optical linearity of the effect, two series of experiments were performed.
Within the first series, films of different thickness were examined under the same conditions,
including constant illuminance, while during the second series, the illuminance was varied
for the single polymeric film (Figure S3). The observed photoresponse is linear vs. the
illuminance intensity and film thickness (Figure 4), which indicates that the photocurrent
is limited by the amount of incident photons.
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Figure 4. (a) Dependence of the photocurrent on the optical density of the
poly[Ni(SalPhen)]:[Zn(TPPS)] film; (b) Dependence of the photocurrent on the illuminance

of the poly[Ni(SalPhen)]:[Zn(TPPS)] film.

To understand the possible internal electron transport pathways, an energy diagram
of electrochemical HOMO-LUMO levels was obtained on a basis of CV data of pristine
polymeric NiSalen films and a solution of [BugN]4[Zn(TPPS)] (Figure 5). The HOMO-
LUMO gap values for polymeric films were additionally verified by comparing with the
optical band gaps calculated from the Tauc plots (Figure S4) [42].

According to the diagram, HOMO levels for all polymers are situated at ca. 0.9 V
along with the HOMO of [Zn(TPPS)]*~, while LUMO levels strongly depend on a bridging
fragment of the complex, comprising ca. —0.9 V for “Phen” polymers and —1.6 V for “En”
polymers. The porphyrinic LUMO at —1.31 V thus lies higher than the LUMO of “Phen”
polymers but lower than of “En” polymers, thus the electron transfer is possible from the
excited state of [Zn(TPPS)]*~ to the “Phen” polymers, but not to “En” ones.
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Figure 5. Electrochemical energy level diagram for NiSalen polymers, porphyrin salt, oxygen and
ascorbic acid.

Based on the energy levels of the components, two plausible mechanisms for the
PE oxidation of ascorbate on the poly[Ni(SalPhen)]:[ZnTPPS] electrode may be proposed,
depending on the photoexcited particle. In case of [Zn(TPPS)]*~ excitation, which should
be the main excitation pathway upon 420 nm, an electron transfer from the [Zn(TPPS)]*~
LUMO* to the poly[Ni(SalPhen)] LUMO occurs, followed by the collection of the resulting
electron at the anode (Figure 6a). The oxidation of the [Zn(TPPS)]*~, which is known
to result in a formation of the m-delocalized radical cation rather than the metal-centred
oxidized state [43], is compensated by an electron transfer from the Asc™ molecule from the
solution. In case of poly[Ni(SalPhen)] excitation, which occurs at both wavelengths, an elec-
tron transfer from the HOMO of the [Zn(TPPS)]*~ to the HOMO* of the poly[Ni(SalPhen)],
followed by the reduction of the [Zn(TPPS)]*~ by Asc™ and collection of the electron
at the anode (Figure 6b). Both mechanisms propose the photoinduced electron transfer
from [Zn(TPPS)]*~ to the polymer, which explains an anomalously low PE activity of the
porphyrin doped films in ORR compared for the pristine ones; while the holes generated in
the pristine NiSalen polymers are mobile due to the p-type conductivity of the polymer, in
the porphyrin-doped polymers holes are trapped on the [Zn(TPPS)]*~ species and cannot
be collected in the outer circuit.

a
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Figure 6. Plausible mechanism of ascorbate oxidation on the poly[Ni(SalPhen)]:[ZnTPPS] photoanode
for (a) excitation of porphyrin or (b) excitation of NiSalen polymer.

3. Materials and Methods

All reagents and EtyNBF, salt were purchased from Sigma-Aldrich or ABCR. All
monomers were synthetized by the procedure of Pfeiffer [44] from commercially available
aldehydes and diamines. HPLC grade acetonitrile and deionized water from Merck Milli-Q
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system were used for electrolyte solutions. All electrochemical experiments were performed
on Autolab PGstat 302, Ag/Ag* non-aqueous reference electrode MF-2062 (Bio Analytical
Systems, USA) filled with 10 mM AgNOs in 0.1 M Et;NBF; in acetonitrile. Ag/AgCl (KClI
sat.) reference electrode was used for aqueous solutions. UV-Vis spectra were recorded on
a Shimadzu UV-1800 double-beam spectrophotometer in 1 cm quarz cuvettes.

Before each experiment, the ITO substrates were cleaned by 5 min ultrasonication in
isopropanol, followed by deionized water rinsing and RCA cleaning protocol: 1:5:1 (v/v)
NHj3(aq)/H,O/H;05(aq) at 80 °C for 10 min. After that, the substrates were washed with
deionized water and dried at room temperature. Active area of the ITO was limited to 1 cm?
by Parafilm mask. Polymers were deposited on the ITO glass electrodes in three-electrode
cell with platinum as the counter electrode and Ag/AgNOj as reference electrode from
1 mM solutions of selected monomer in 0.1 M Et;NBF, of 0.05 M of [Et;N][MTPPS] in
acetonitrile. The depositions were carried out in the CV mode in the range from 0.2 to
1.2V vs. Ag/AgCl with the scan rate of 100 mV s 1.

For the PEC experiments [31], LED light sources with Apax of 420 and 470 nm were
used, mounted to afford an illuminance of the active zone of the electrode of 37,300 and
131,000 Ix, respectively unless other specified. Experiments were performed in three-
electrode cells with 0.25 cm? platinum wire as a counter electrode and saturated Ag/AgCl
as reference electrode, using 0.1 M phosphate buffer with pH 6.86 at a fixed potential of
0.0 Vvs. Ag/AgCl. For ORR experiments, a solution was bubbled with oxygen (1 atm.) for
15 min, and then an atmosphere of 1 atm. O, was maintained in the cell headspace during
the experiment. For Asc™ oxidation experiments [45], ascorbic acid was added to 100 mM
resulting concentration, then a solution was degassed by Ar bubbling for 15 min, and
an Ar atmosphere was maintained in the cell headspace during the experiment.

4. Conclusions

We report the photogalvanic effect demonstrated by pristine and porphyrin-doped
NiSalen polymers in aqueous electrolyte solutions. While pristine polymeric films undergo
cathodic photopolarization and generate photocurrent by oxygen reduction, porphyrin-
doped films are virtually unable to reduce oxygen. Instead, an anodic polarization was
demonstrated for these films, which provides an ability for the photoelectrochemical oxida-
tion of ascorbic acid. Introduction of porphyrinic dopants results in anodic photocurrent of
1.25 uA cm~! in aqueous electrolyte containing ascorbate. The observed effect arises from
the strongly donating behavior of porphyrin molecules, which serves as a hole acceptor.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ catal11060729 /51, Figure S1: UV-Vis spectra of pristine and zinc porphyrin-doped NiSalen
films; title, Figure S2: Oxygen reduction photocurrents on NiSalen polymer films; Figure S3: Pho-
tocurrents on poly[Ni(SalPhen)]+[Zn(TPPS)] films with irradiation at different range between diode
(a) 470 nm; (b) 420 nm) and cell; Figure S4: The Tauc plots for calculating the optical bandgap of
NiSalen complexes studied; Figure S5: The cyclic voltammetry of polymerization of pristine and
doped NiSalen complexes.
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