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a b s t r a c t

Thin films of polyvinylpyrrolidone (PVP)–tannic acid (TA) complexes were prepared by a conceptually
new strategy, based on electrophoretic deposition (EPD). Proof of concept investigations involved the
analysis of the deposition yield, FTIR and UV–vis spectroscopy of the deposited material, and electron
microscopy studies. The analysis of the deposition mechanism indicated that the limitations of the
EPD in the deposition of small phenolic molecules, such as TA, and electrically neutral polymers, similar
to PVP, containing hydrogen-accepting carbonyl groups, can be avoided. The remarkable adsorption
properties of TA and film forming properties of the PVP–TA complexes allowed for the EPD of materials
of different types, such as huntite mineral platelets and hydrotalcite clay particles, TiO2 and MnO2 oxide
nanoparticles, multiwalled carbon nanotubes, TiN and Pd nanoparticles. Moreover, PVP–TA complexes
were used for the co-deposition of different materials and formation of composite films. In another
approach, TA was used as a capping agent for the hydrothermal synthesis of ZnO nanorods, which were
then deposited by EPD using PVP–TA complexes. The fundamental adsorption and interaction mecha-
nisms of TA involved chelation of metal atoms on particle surfaces with galloyl groups, p–p interactions
and hydrogen bonding. The films prepared by EPD can be used for various applications, utilizing func-
tional properties of TA, PVP, inorganic and organic materials of different types and their composites.
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1. Introduction

Tannic acid (TA) is a natural high molecular weight polyphenol
[1], which exhibits a unique set of properties for biomedical, phar-
macological, food additive and other applications [2–4]. Of partic-
ular importance are remarkable antimicrobial, antibacterial,
antimutagenic, anticarcinogenic and antioxidant properties of this
material [1,5–8]. Recently interest has been generated in the devel-
opment of composite TA films and coatings, utilizing biofunctional
properties of TA [1,9–11]. Layer-by-layer (LbL) assembly was used
for the fabrication of composite films, containing TA and various
polymers [9]. This strategy was based on the electrostatic or hydro-
gen bonding interactions of TA with cationic or electrically neutral
polymers [12]. LbL thin film assembly has been utilized for the fab-
rication of capsules for drug delivery [12].

TA is among the most intriguing building blocks in nanotech-
nology due to the unique chemical properties of this material,
which allow interactions with various metals [13], minerals
[14,15], metal oxides [15,16], carbon nanotubes [17] and graphene
[13]. The chemical structure of TA (Fig. S1A, Supplementary Infor-
mation) includes multiple galloyl groups, which promote electro-
static, hydrogen bonding, and hydrophobic interactions [18,19].
The galloyl groups of TA provide binding sites for the formation
of chelates with different metals [20,21]. Moreover, TA showed
interesting complexation behavior with various macromolecules
[9,22,23], including carbohydrates, proteins, enzymes and syn-
thetic polymers. The investigations of charged colloidal complexes
of TA with methylcellulose revealed hydrogen bonding and
hydrophobic interactions, which resulted in the formation of dis-
crete particles in the colloidal suspensions [22]. These studies
showed functionality enhancing effects [22] of TA on the polymer
macromolecules.

Several investigations [16,24–26] were focused on the synthesis
of inorganic nanoparticles of controlled size and shape using TA as
a reducing, capping and dispersing agent. TA was found to be an
efficient dispersing agent for multiwalled carbon nanotubes
(MWCNT) [17,27]. The strong adsorption of TA on MWCNT
involved p–p interactions [27]. Moreover, TA showed interesting
interactions with advanced polymers, such as polyvinylpyrroli-
done (PVP). It is known [11,23] that TA acquires a negative charge
as a result of deprotonation of the phenol groups. PVP (Fig. S1B) is
an electrically neutral polymer, containing hydrogen-accepting
carbonyl groups [11]. It was found that PVP associates with TA
through hydrogen bonding, involving the carbonyl groups of PVP
and phenolic hydroxyl groups of TA [11,28]. The formation of
water soluble anionic PVP–TA complexes was observed [11] at a
pH of 7.5 and higher pH values. Such charged PVP–TA complexes
are very promising for the surface modification of materials and
film deposition by colloidal methods.

Electrophoretic deposition (EPD) is a deposition technology,
which involves the electrophoretic motion of charged particles or
polymermacromolecules toward the electrode surface and film for-
mation [29–34]. It is important to note that the electrophoresis of
charged species doesn’t necessarily result in their deposition. The
mutual electrostatic repulsion of charged species at the electrode
surface can prevent deposit formation [35]. The film formation
mechanisms involved various processes and interactions [35–40],
such as electrode reactions, depletion forces, flocculation caused
by electrogenerated electrolyte, electrohydrodynamic flows and
other electrode processes, which promoted the coagulation of inor-
ganic particles and polymers. Recent studies highlighted the impor-
tance of the development of charged dispersing agents with strong
adsorption on particle surface and film forming properties [41].

The goal of this investigation was the application of the anionic
PVP–TA complexes for the EPD of PVP–TA films and composites.

The experimental results presented below indicated that PVP–TA
films can be obtained from the solutions of PVP–TA complexes,
whereas no EPD was achieved from the individual TA or PVP solu-
tions. The analysis of the deposition mechanism indicated that
similar approach can be used for the EPD of other electrically neu-
tral polymers, containing hydrogen-accepting carbonyl groups and
phenolic organic molecules. It was found that PVP–TA complexes
can be utilized for the surface modification and EPD of materials
of different types, such as huntite mineral platelets and hydrotal-
cite clay particles, TiO2 and MnO2 oxide nanoparticles, MWCNT,
TiN and Pd nanoparticles. In the EPD method, the PVP–TA com-
plexes were used as dispersing, charging and film forming agents
for different materials. Moreover, the use of PVP–TA complexes
allowed for the co-deposition of materials and fabrication of com-
posites. TA was found to be an efficient capping agent for the
hydrothermal synthesis of ZnO nanorods, which were then depos-
ited by EPD using PVP–TA complexes. The obtained films can be
used for different applications based on the functional properties
of TA and catalytic, flame retardant, charge storage and electronic
properties of the co-deposited materials.

2. Experimental procedures

Submicrometer Pd and hydrotalcite particles, TiO2 nanoparti-
cles (<50 nm, anatase), tannic acid (TA, average MW 1701), KMnO4,
NaOH, zinc acetate (Aldrich, USA), TiN (325 Mesh, Alpha Products
Morton Thiokol Inc., USA), polyvinylpyrrolidone (PVP, MW
70,000, Alfa Aesar), multiwalled carbon nanotubes (MWCNT, ID
4 nm, OD 13 nm, length 1–2 lm, Bayer, Germany), huntite (aver-
age particle size 0.56 lm, Sibelco, Netherlands) were used. MnO2

nanoparticles with average particle size of 30 nm andMn oxidation
state of 3.6 were prepared by the reduction of aqueous KMnO4

solutions with ethanol using a method described in a previous
investigation [42]. For the synthesis of ZnO nanorods, 10 mL of
0.1 M of zinc acetate solution in ethanol was mixed with 20 mL
solution of 0.5 M NaOH in ethanol, containing 0.3 mM TA or with-
out TA. The mixed solution was transferred to a Teflon-lined stain-
less steel autoclave and heated at 150 �C for 24 h.

PVP–TA solutions for EPD contained 1 g L�1 TA, 1 g L�1 PVP and
1 mMNaOH in ethanol. The suspensions for EPD contained huntite,
hydrotalcite, MnO2, TiO2, Pd, TiN, MWCNT and ZnO particles or
their mixtures in the PVP–TA solutions. The ultrasonic treatment
was performed during 15 min in order to facilitate the particle dis-
persion in the suspensions.

The electrochemical cell for EPD contained a stainless steel sub-
strate and two Pt counter electrodes (50 � 30 � 0.1 mm). The dis-
tance between the electrodes was 15 mm, the deposition voltage
was 30 V. Electron microscopy studies were performed using a
transmission electron microscope (JEOL JEM 1200 EX TEMSCAN)
and a scanning electron microscope (SEM, JEOL JSM-7000F). UV–
Vis spectroscopy (Agilent Technologies spectrometer Cary-50),
Fourier transform infrared spectroscopy (FTIR, Bio-Rad FTS-40
instrument) and X-ray diffraction analysis (XRD, diffractometer
Bruker D8, Cu Ka radiation) were used for the characterization of
the deposited material.

3. Results and discussion

PVP can be considered as an electrically neutral polymer in the
electrolyte-free solutions, used in our investigation. Therefore, PVP
cannot be deposited by EPD due to the lack of an electric charge. It
is known [11,23] that TA acquires a negative charge as a result of
deprotonation of its phenol groups in alkaline solutions. However,
EPD of TA films has not been observed from the 0 to 1 g L�1 TA
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