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In this work we develop a simple, one-pot route to electrodeposit
crystalline and porous ZnO/2,5-dihydroxy terephthalic acid (DHTPA)
hybrid thin films. High loading of DHTPA was achieved up to half of
the total film volume. The surface-bound DHTPA molecule under-
goes a stable reversible redox reaction owing to the ion-exchanging
capability of the porous ZnO, making this process a new promising
approach to obtain active materials for electrochemical energy
storage.

Hybridization of inorganic and organic materials is attractive
since it often results in new concerted functionalities."” Chem-
istry between the constituents plays crucial roles in the success/
failure of hybridization. We have observed various examples of
electrochemically triggered self-assembly (ESA) of inorganic
compound thin films hybridized with organic molecules, typi-
cally aromatic organic dyes.®*' For example, organic dyes
bearing anionic acidic anchoring groups, such as eosin Y
(EY>"), yield ZnO/dye hybrid thin films when they are added
to the bath for cathodic electrodeposition of ZnO,”®'*'3
whereas those with cationic functionalities such as dimethyla-
minostylbazolium (DAS') selectively hybridize with CuSCN
during its electrodeposition.> >

Highly porous, crystalline, sponge-like ZnO as described
above serves as a good photoelectrode when suitable photo-
sensitizer dyes are adsorbed.*'* In such hybrid materials,
photoexcited states of the dye molecules are able to inject
electrons to the conduction band of ZnO."'® When redox-
active organic molecules are bound, the hybrid materials are
expected to undergo reversible redox reactions. The porous ZnO
can potentially act as a highly conductive scaffold with a high
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surface area to stabilize the attachment of the redox molecule,
while providing pathways for ionic transport.

Here, we hybridize 2,5-dihydroxy terephthalic acid (DHTPA)
with ZnO by one-step electrodeposition. DHTPA is a variant of
terephthalic acid (TPA, benzene-1,4-dicarboxylic acid), but can
undergo a reversible redox reaction (Scheme 1) just like a
hydroquinone (HQ)/benzoquinone (BQ) pair. We previously
demonstrated that we could obtain Zn-TPA metal-organic
frameworks (MOFs) by a microwave-assisted hydrothermal
reaction,” as well as electrodeposition®® from mixtures of
Zn>" and TPA. Based on these previous findings, we therefore
anticipate strong coordination of two carboxylates at 1,4 posi-
tions of DHTPA to ZnO surface during the electrodeposition.

Our initial results in this report indicate that these Zn/
DHTPA hybrid thin films have reversible redox capabilities.
We examine the impact of gradual addition of DHTPA in terms
of hybrid composition, crystallinity and morphology. We also
present results on the redox properties of ZnO/DHTPA hybrid
thin films and discuss their implication as novel active materi-
als in electrochemical energy storages.

Chronoamperograms during the electrodeposition are shown
in Fig. 1(a). Following the initial peak associated with the
nucleation of ZnO," a steady-state current of ca. 1.3 mA cm™>
is observed in the absence of DHTPA, which is close to the
diffusion limit of the 2e~ oxygen reduction reaction (ORR) at
o = 500 rpm. Nakamura et al.? has found that the full 46~ ORR
down to OH " is strongly suppressed in the presence of Zn>" ions
in solution, so that the formation of ZnO is predominantly

HO O HO.
- -
0 Red OH
+ - —
+2H* +2e
o QOx Ho
O OH [¢] OH
2,5-dicarboxy-1,4- 2,5-dihydroxy terephthalic
benzoquinone (DCBQ) acid (DHTPA)

Scheme 1 Redox reaction of DHTPA and DCBQ.
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associated with co-production of H,0,. Upon addition of
DHTPA, the initial current peak is delayed and obscured, while
the steady-state current is slightly decreased, due to hindrance of
the ORR and ZnO growth by the surface attachment of DHTPA.
When DHTPA is added at 500 pM, a drastic change occurs in
which a significant decrease of current over the period is
observed, although it does not reach zero over the course of
the electrolysis.

The X-ray diffraction (XRD) patterns of the product thin
films (Fig. 1(b)) show crystallization of ZnO. This conclusion
based on the three major peaks observed at 20 = 31.7°, 34.4°
and 36.2° for the electrodeposited film products produced both
in the absence and presence of DHTPA up to a concentration of
400 uM. These peaks can be ascribed to diffraction of the (100),
(002) and (101) planes, respectively, of ZnO. At 500 uM, how-
ever, these peaks almost disappear. The absence of conductive
ZnO can account for the gradual decrease of current during the
electrodeposition. Careful examination of the XRD patterns
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Fig.1 (a) Chronoamperograms during potentiostatic electrolysis at
—1.00 V vs. Ag/AgCl in O,-saturated aqueous solutions containing 5 mM
ZnCl,, 50 mM KCl and 0, 20, 100, 200, 300, 400 and 500 uM DHTPA.
Solutions were adjusted to pH 6.00 with HCI/KOH. (b) XRD patterns of the
electrodeposited thin film products in comparison with the JCPDS pattern
of ZnO (36-1451).
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also reveals a decreasing trend of the preferential orientation
of crystallites upon increasing DHTPA. While pure ZnO is
strongly oriented with its c-axis perpendicular to the substrate
as indicated by its prominent (002) diffraction peak, those
electrodeposited with DHTPA are less oriented, showing smal-
ler differences of the peak heights, decreased intensity and
slight broadening of the three diffraction peaks.

Formation of ZnO/DHTPA hybrid thin films was additionally
confirmed by spectroscopic analysis (Fig. 2) of their chemical
compositions. Although partial formation of amorphous
Zn(OH), may have occurred during ZnO electrodeposition,
the calculations of faradaic efficiency and volume ratio
assumed that all the Zn>" detected by ICP-MS were used to
form ZnO (see Note S1 in the SI for details). The amount of
charge and electrodeposited ZnO decreases, despite the fara-
daic efficiency remaining constant at around 90%, as the
concentration of DHTPA increases in the bath. In contrast,
the amount of DHTPA loaded into the film increases with
concentration, although not proportionally at concentrations
above 400 pM. This suggests that the loading is not limited by
transportation of DHTPA, but by the stability of the surface
complex between ZnO and DHTPA.

The DHTPA/ZnO volume ratio, estimated by assuming the
density of solid DHTPA to be 1.42 cm® g™, can let us envision how
the two components hybridize. It exceeds 0.9 at DHTPA = 500 pM,
so that almost half of the film volume is occupied by that of
DHTPA. The loading of DHTPA at such a high amount can hinder
the formation of ZnO crystals and thus can cause its absence
under this condition.

Although the film thickness was in the range of 0.7-0.8 um,
irrespective of the presence and absence of DHTPA, co-
precipitation of DHTPA did result in a significant change of
surface morphology, as seen in the scanning electron micro-
scope (SEM) images (Fig. 3). The pure ZnO thin film exhibits
hexagonally shaped flat facet of (002), as expected from its
strong crystallographic orientation. Evolution of the own shape

o 57 1007 | 7020 100
E ;

Ny
© 5 5
Eqd 2 80+ 5 o
~ £ 015 E 4075 -3
o = . ©

S e
N o £ o
° 3 % 60 &= E
2] = 3
2 5 2 e
S L 010o 4050 &
e 13 € N
B2 ¢ 404 =
S°]le - <
b o
o o - o
0 & ® =
© o 0052 fo025 &
o o (=)
613 20 X
2 ° RC e =

© -~
3 s [ I
° © L~ % * [a)
E . Lo —
<0‘ 0 |". T T T T T 0.00 =0

0 100 200 300 400 500

DHTPA concentration in the bath / uM

Fig. 2 Change of ZnO electrodeposition and loading of DHTPA molecule
into the hybrid thin films as a function of DHTPA concentration in the bath;
amount of electrodeposited ZnO determined from ICP-MS analysis (H),
faradaic efficiency for ZnO formation (4p), amount of DHTPA loaded into
the film as analyzed by UV-vis absorption (@) and the estimated DHTPA/
ZnO volume ratio of the hybrid thin films (J).
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Fig. 3 SEM images of the films electrodeposited at each concentration.

of ZnO, despite its diffusion-limited growth, suggests a strong
reversibility of the precipitation, namely, dissolution/re-
crystallization reactions to shape the particles. On increasing
addition of DHTPA, the particles become round and eventually
change to a reticulated, ill-shaped deposit at 500 pM. The
hexagonal shape of the particles is still preserved at concentra-
tions up to 100 pM, but they become spherical and exhibits tiny
nanostructured features upon further addition of DHTPA. Such
changes are characteristic of hybridization of ZnO with organic
molecules, as understood from the studies for the ESA with
EY>"." While these nano-morphological features are caused by
the loading of DHTPA, the hemispherical top of the deposits
suggests irreversible precipitation that reflects the mass trans-
port, which is naturally anisotropic. As the DHTPA molecule
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strongly binds, ZnO is also stabilized in return, so that re-
construction by a dissolution/re-crystallization sequence oper-
ates less. As we have learned from the XRD, crystal growth of
ZnO is not completely hindered by DHTPA as it is segregated
and not resulting in a formation of a MOF with a definitive
composition and distinctive crystal structure, although MOF74
in a Zn,(DHTPA) composition is indeed known.**

FTIR measurements were performed on films electrodepos-
ited at 0, 200, and 500 uM DHTPA to discern the molecular
nature of the interactions between DHTPA and ZnO in the
hybrid films (see SI for details). The FTIR spectrum of DHTPA
powder showed the characteristic COOH and C-O stretching
vibrations 1650 and 1200 cm™ ', respectively (Table S1).**> In
contrast, the spectrum of the film electrodeposited at 0 M
exhibited no ZnO-related absorption bands, and only minor
features attributable to atmospheric CO, at 2350 cm™ . For the
films electrodeposited at 200 and 500 uM DHTPA, new bands
appeared at ca. 1550 and 1400 cm ™ *.**

To interpret these bands, we performed density functional
theory (DFT) calculations on DPHTA compounds bound to Zn
atoms in two different coordination geometries (Fig. 5). The
calculations for all the models that we considered in Fig. 5
indicate that the 1541 and 1414 cm ' bands observed in the
FTIR spectra (Fig. 4) derive from vibrational modes that contain
significant contributions from carboxylate stretching, ring
stretching, and CH and OH deformations to their eigenvector
compositions (see Table S2 and Fig. S3). Our DFT calculations
suggest that the vibrational frequencies of the surface-binding
models seen in Fig. 5 qualitatively agree with the experimental
FTIR spectra (see Table S2 and Fig. S2). For the chelated model
(Fig. 5a) the calculated carboxylate modes are predicted to
occur at 1527, 1483 cm ', 1403, and 1357 cm ' (Table S2).
For the monodentate bridge model (Fig. 5b) the calculated

carboxylate modes are predicted to occur at 1526, 1496 cm ™,

£ 5
8 2
DHTPA conc. / uM 8 g 8 E
500 o % og
R
~ [ 200
o
e
2 e
© |DHTPA powder
~ .\/\ ,\/\/\f‘
FTO 3084 J
1650 1450[
1200
1 1 1 L 1 " 1 i
3500 3000 2500 2000 1500 1000

Wavenumber / cm™

Fig. 4 ATR-FTIR spectra of FTO substrate and films electrodeposited in
50 mM KCl, 5 mM ZnCl,, 0, 200 and 500 uM DHTPA aqueous solution
saturated with O, at —1.00 V vs. Ag/AgCl for 20 min. KBr-FTIR spectrum of
DHTPA powder.
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Fig. 5 Illustration of possible carboxylate coordination geometries of
DHTPA at the ZnO interface: (a) chelating, and (b) monodentate bridging.

1407 and 1331 em™" (Table S2). These predicted modes corre-
spond to the assigned FTIR bands at 1541 and 1414 cm™* for
the 500 uM DHTPA film and the bands at 1564 and 1398 cm ™"
for 200 uM DHTPA. Thus, our analysis indicates that the
carboxylic acid moieties of DHTPA deprotonate in the hybrid
films and coordinate to ZnO through these two potentials
coordination geometries.

The colorless and typically translucent ZnO/DHTPA hybrid
thin films are then evaluated for their redox properties. Cyclic
voltammograms (CVs) are compared for films with different
degree of DHTPA loading (Fig. 6(a)). While pure ZnO does not
show any redox signals, those electrodeposited with increasing
concentration of DHTPA exhibit prominent reversible redox
peaks centred at around —0.53 V, which arise from the redox
of the loaded DHTPA. For the sample electrodeposited with
400 pM DHTPA, however, a new cathodic peak appears at
around —0.25 V. The redox behavior then further changes to
a completely different one at 500 uM, which shows a broad
oxidation feature in the CV above —0.2 V, countered to a sharp
cathodic peak at around —0.4 V. Although these characters of
the 500 pM sample should also originate from DHTPA loaded
into the film with a different chemical environment from the
others, they were not stable and changed to CVs similar to
those of the samples grown below 300 pM DHTPA upon
repetition of potential cycling, implying its irreversible
chemical change.

The film with 200 pM DHTPA was further analysed. Fig. 6(b)
shows the CVs at different scan rates between 5 and 100 mV s~ .
Peak positions do not change, and their magnitude is propor-
tional to the scan rate (Fig. 6(c)), indicating no suppression of the
redox reactions by diffusion.”*** Such fast redox reactions are
typically expected for surface-bound redox species. Porous struc-
tures of sponge-like ZnO crystals are beneficial for fast transport
of electron and ions in solar cell applications.***” Although the
absolute capacity is currently limited by the small film thickness,
this electrodeposited ZnO/DHTPA hybrid thin film can be an
interesting candidate to be studied further for energy storage in
batteries or redox capacitors, especially due to its fast redox
response.

Finally, the pH dependence of the redox reaction was
studied (Fig. 6(d)). The redox potential (E;,) shifted in a
complex manner (Fig. 5(e)): —68 mV pH ™" for pH < 5, almost
constant around —0.53 V for 5 < pH < 9, and becomes
dependent again as —54 mV pH ' for 9 < pH. The slopes
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Fig. 6 (a) Cyclic voltammograms (CVs) measured at the ZnO/DHTPA

hybrid thin film electrodes for variation of DHTPA concentration in the
electrodeposition bath, with a fixed scan rate v = 100 mV s *ina 1.0 M
Na,SO4 aqueous solution (pH 7.0), (b) CVs on variation of v at that grown
with 200 uM DHTPA, (c) peak current vs. v plots drawn from (b), (d) CVs at
the same ZnO/DHTPA electrode on variation of the electrolyte pH
between 4 and 10 as adjusted by adding small amount of H,SO,4 or NaOH,
(e) Eyjz vs. pH plot drawn from (d), and (f) schematic illustration of the
plausible redox reactions in different pH ranges.

close to 59 mV/pH suggest the same number of protons or
hydroxides as electrons to be coupled for the redox of DHTPA. It
is straightforward to consider two-electron and two-proton-
coupled HQ/BQ type of redox in the acidic region.”>*® In the
pH independent neutral range, the charge compensation

Mater. Adv., 2025, 6, 9380-9385 | 9383
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should be achieved by exchange of the supporting electrolyte,
probably that of Na'. Then, the steep pH dependent shift in the
basic region is most likely achieved by hydroxylation of ZnO
matrix in proximity of DHTPA. The overall electrochemical
stoichiometry in each pH regime can therefore be illustrated

as Fig. 6(f).

Conclusions

As expected from the chemical structure of DHTPA, hybridiza-
tion of DHTPA with ZnO has been successfully achieved. Thus,
the ZnO/DHTPA hybrid thin films that we prepared exhibited
fast reversible redox originating from DHTPA. The porous ZnO
with a high surface area not only provides pathways for ionic
transport, acts as scaffolds for stable attachment of DHTPA, but
also supports the redox by exchanging hydroxide ions. Although
the exact nanostructure, redox capacity and stability are yet to be
scrutinized, the electrochemically self-assembled ZnO/DHTPA
hybrid thin film can be nominated as a unique and interesting
candidate of active materials in electrochemical energy storage
devices.
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