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ABSTRACT
Rechargeable water-based metal batteries attract great attention due to low cost, high safety merits, sustainable cell fabrication

and an easier recyclability at the end of life. During cell design, the binder often remains without attention. In this study, aqueous

dispersions of native collagen were successfully explored as binders in Na0.44MnO2, Na3V2(PO4)3, and V2O5-PEDOT cathodes for

zinc batteries and in carbon electrodes for double-layer supercapacitors. The use of collagen is motivated by its environmental

friendliness and high availability. Different functional groups in collagen are capable to chelate metal cations and are viable for

chemical cross-linking. Collagen shows high water binding capacity, reasonable thermostability, a wide electrochemical stability

window between −1.0 and 1.2 V versus Ag/AgCl and water-based processability of electrodes. Intrinsic properties of collagen

dispersions like viscosity or pH value can be easily adapted. The pH value of the dispersion has a noticeable impact on the reaction

mechanism in electrodes: cycling behavior of V2O5-PEDOT cathodes with acidic collagen dispersion providing 335 mAh g−1

capacity in the 300th cycle, is much more stable than that of cathodes with neutral collagen dispersion or CMC binder due

to suppression of PEDOT oxidation, which occurs in the neutral medium at the end of charge.

1 | Introduction

Besides the active components of a metal-ion battery such as elec-
trodes and electrolyte solutions, the binder also plays an impor-
tant role, which is often underestimated. The task of the binder
implies creating a coherent contact between the particles of the
active electrode material and conductive additive with each other
and the current collector. As a dispersing and thickening agent,
the binder ensures homogeneous distribution of the components
and provides mechanical stability. It maintains the electric
contact for electron movement and facilitates ionic transport
in the electrode through increased wettability. A multitude of
parameters are relevant for the use of a binder like chemical,
electrochemical, thermal, and mechanical stability; stability
against solvent; electronic and ionic conductivity; rheology;

and adhesion [1]. The binder should not undergo chemical reac-
tions with cathode, anode and electrolyte under operating con-
ditions. It should be stable over a wide range of voltages during
battery charging and discharging, especially it should not be
reduced at low negative potential and not oxidized at high posi-
tive potential. Temperature change plays a role in battery produc-
tion (when drying dissolved binders) and operation at elevated
temperatures. The typical operating range of batteries lies
between −20°C and 55°C [2]. Temperature changes can also
cause expansions of the binder and affect diffusion. The binder
should not dissolve in the used electrolyte. The usually low elec-
tronic conductivity of polymers can be increased by doping with
suitable additives (π-electron systems, oxidative or reductive
groups) or by adding conductive additives. Ionic conductivity
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is conditioned by the crystallinity grade, porosity, and viscosity of
the polymer. In general, polymers containing many functional
groups that can form strong hydrogen bonds (e.g., cellulose or
polyacrylic acid) show a sufficient adhesion to the current collec-
tor and electrode materials. As the volume of the electrodes may
change during operation, and mechanical stress (bending) is pos-
sible in the case of portable batteries, adhesion plays a major role
in maintaining integrity. The viscosity of the dissolved or dis-
persed binder is important when used for electrode assembly,
since the binder must penetrate well into the porous material.
This process also depends on the structure of the electrodes
themselves and can be influenced by adding dispersing additives.
Hard binders generally show better adhesion and stability during
cycling. Elasticity is necessary for compensating volume expan-
sion of electrodes and can be reasonable in developing batteries
for portable devices.

Despite its low mass fraction of 2%–8%, the binder contributes
significantly to the electrochemical performance of the metal-
ion battery. Currently, polyvinylidene fluoride (PVDF) is com-
monly used for batteries with organic and aqueous electrolyte
solutions due to its polymer structure and its mechanical, chem-
ical, and electrochemical stability [1]. However, due to the high
fluorine content and the need for toxic N-methyl-2-pyrrolidone
as a solvent, the use of PVDF is unfavorable from the ecological
and safety point of view. In addition, recycling of electrode mate-
rials with the PVDF binder could be complicated.

Biopolymers are a promising sustainable alternative for binders in
electrochemical applications in order to avoid synthetic polymers
like PVDF. Recent investigations focused on carbohydrates,
mainly carboxymethyl cellulose (CMC) and sodium alginate,
but also studies on chitosan, xanthan, starch, agar–agar, etc. are
reported (see [1, 3, 4] and references therein). These carbohydrate
binders were combined with different electrode types in lithium-
as well as sodium-ion batteries. The performance of electrochemi-
cal cells with the CMC binder is comparable with the established
PVDF binder in many aspects like adhesion, discharge capacity,
and capacity retention, while the swelling in organic electrolytes
is even lower [5–11]. Proteins as another large biopolymer class are
rarely investigated as electrochemical binders. There is only a
small number of reports on gelatin in combination with graphite
anodes in lithium-ion batteries [1, 4, 12–15]. The gelatin binder is
electrochemically stable and comparable with PVDF in terms of
enabling respective electrode specific capacity and capacity reten-
tion. However, gelatin has inferior rheological properties, showing
partially shear thinning and partially shear thickening behavior,
which is unfavorable for electrode coating. Moreover, gelatin is
thermally stable only below 30°C and highly soluble in aqueous
medium at elevated temperatures. Since gelatin is a degraded
derivative of collagen, a potential alternative is the use of native
collagen dispersions. These dispersions comprise an aqueous sus-
pension of shredded collagen fibers, which form a natural network
of protein chains with high water-binding capacity and a variety of
ionizable functional groups. Their advantage over gelatin is a poly-
mer network with a higher molecular weight, constant shear thin-
ning behavior, low solubility, and a higher thermal stability. The
viscosity of native collagen dispersions can be easily adjusted by
dry mass content, pH value, salt content, temperature, and
cross-linking degree [16–19].

Collagen is the most common structural protein of animals and
comprises about 30% of the total protein content. It is the main

constituent of the extracellular matrix of connective tissues, such
as skin, tendon, cartilage, ligament, and bone. Nowadays, 28
types of collagens are known with type I being the most abundant
and most important [20–22]. The basic structural unit of collagen
type I is a heterotrimer consisting of three helical protein chains
(α-chains), which are twisted around each other to form a triple
helix. These rod-like molecules are ordered in parallel in a stag-
gered manner and form fibrils and fibers (Figure 1). On a higher
hierarchical level, fibers are arranged into fiber bundles and fiber
networks, which are the structural basis of form and shape for
various tissues and organs [23–25]. The thermal and mechanical
stability of collagen strongly depends on the intermolecular
cross-linking of collagen proteins. Natural cross-links are gener-
ated in the organism enzymatically and connect the side chains
of the amino acids lysine and hydroxylysine. In the manufactur-
ing of collagen-based products, synthetic cross-links are often
introduced to enhance the stability [26–30]. Covalent cross-links
between amino acid side chains are formed using divalent
reagents, like glutardialdehyde or carbodiimides [31–35].
Trivalent metal cations have the ability to form non-covalent
cross-links by electrostatic and complex interactions, which is
the chemical basis for leather tanning with chromium, alumi-
num or iron salts [36, 37]. Collagen as a biopolymer is the mate-
rial basis for a number of products in different application fields
like clothing (leather), food (sausage casings, gelatin, dietary sup-
plement), packaging (coatings, adhesives), pharmaceutics
(drug carrier, capsules), and medicine (wound dressing, implant
material, suture material, tissue engineering) [38–42]. The
manufacturing technologies for these products make use of col-
lagen at different stages of processing and degradation, from the
intact fibrous collagen matrix to highly degraded gelatin or pro-
tein hydrolysate [29].

The focus of the present work lies essentially on the principal
suitability of native collagen as binder in water-based electro-
chemical energy storage systems. Aqueous Zn batteries with
transition metal oxide electrodes and aqueous double-layer
supercapacitors with carbon electrodes were chosen for

FIGURE 1 | Schematic view of the hierarchical collagen structure.

(A) Triple helix of collagen α-chains [α1]2[α2]. (B) Staggered alignment

of triple helices leads to regions with less (gap) and more (overlap)

density, resulting in the characteristic periodic striation of collagen fibrils.

(C) Fibril. (D) Fiber. (E) Fiber bundle.
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validation based on their well-known characteristics and satisfac-
tory cyclability. In parallel to collagen, commercial PVDF and
CMC were tested in electrochemical cells mostly under the same
conditions.

In combination with other relatively harmless components of the
battery cell (zinc-based aqueous electrolytes, Zn anode), an effi-
cient aqueous battery with collagen binder was developed with-
out toxicological or ecological issues, thus presenting a
significant improvement in production, application and recycling
compared to current lithium-ion technology.

2 | Experimental

2.1 | Declaration of Approval for the Use of
Animal-Derived Materials

Food grade porcine skins were purchased from a local slaughter-
house. The material was processed at FILK Freiberg Institute
with approval and under supervision of the Office for
Veterinary Affairs and Food Safety.

2.2 | Collagen Preparation and Modification

Porcine skin was completely dehaired by alkaline treatment
with calcium hydroxide according to common liming processes
as established in leather production (pH 12.5, 72 h). After neu-
tralization and deliming, the hairless pelt was comminuted in
several subsequent steps into a homogeneous dispersion. In a
first step, the skin was crushed in a mincer through several per-
forated disks down to a particle size of approximately 1 mm. The
resulting granulate was swollen in acid solution at pH 2.8–3
overnight and then further comminuted in a magic PLANT
device (IKA GmbH, Staufen, Germany), which presses the
material through slits with a rotor/stator technique. By pump-
ing the material several times (2–6) through the magic PLANT,
increasing grades of grinding with decreasing fiber size were
obtained. The pH value was constantly controlled and kept
at 2.8 by addition of acid, when necessary. Final dispersions
were neutralized and freeze-dried, which increased the dry
mass content by water removal. For application and rheological
measurements, the concentrated material was resuspended
in acid solution (pH 3) with a defined dry mass content.
Usually, acetic acid was used throughout. In additional experi-
ments, hydrochloric acid and citric acid were used instead.
Dispersion parameters, which were adjusted during the
described preparation process, are dry mass content, acid type,
and grinding grade. Covalent cross-linking of as prepared col-
lagen dispersions was achieved by addition of glutaraldehyde
(25% solution, synthesis grade, Sigma–Aldrich). Small volumes
of 25% glutaraldehyde (0.04, 0.064 and 0.2 ml) were mixed with
50 ml water and added to 50 ml of a 2% collagen dispersion
under vigorous stirring, resulting in 1% collagen dispersions
with 1%, 1.6%, and 5% glutaraldehyde. Fe2(SO4)3 (puriss.
p. a., Honeywell/Fluka) was added to dispersions in varying
amounts for noncovalent cross-linking via chelating effects.
Fe2(SO4)3 (50, 100 and 200 mg) was added to 100 ml of a 1% col-
lagen dispersion under vigorous stirring, resulting in disper-
sions with 5%, 10%, and 20% Fe(III) sulfate.

2.3 | Collagen Characterization

2.3.1 | Moisture Content

A collagen sample was weighed before and after drying (102°C,
5 h). The moisture content (%) was calculated from the mass dif-
ference in relation to the initial sample weight. The dry mass con-
tent (d.m.) is 100 %− moisture content.

2.3.2 | Ash Content

A collagen sample (0.5–2 g) was annealed in a platinum crucible
for 2 h at 600°C in a muffle furnace. After cooling down in a des-
iccator, the residue was weighed. The ash content was calculated
in relation to the dry mass content (% d.m.).

2.3.3 | pH Value

A collagen sample (ca. 5 g) was agitated in 100ml distilled water
for 6 h at 20°C. The supernatant was decanted and the pH was
measured using a glass electrode.

2.3.4 | Amino Acid Profile

A collagen sample (ca. 1.5 mg) was treated with 1.5 ml 6 N HCl
for 20 h and then dried, and the residue was dissolved in lithium
citrate buffer (pH 2.2). 30 μl of the resulting amino acid solution
were injected into an amino acid analyzer Biochrom 30 plus
(Onken, Gründau, Germany), where the amino acids were sepa-
rated chromatographically, derivatized with ninhydrin and
detected at wavelengths 440 and 570 nm. The concentration of
each amino acid was calculated from the corresponding peak
areas, according to calibration with an amino acid standard.
The method does not allow the distinction between asparagine
(Asn) and aspartic acid (Asp) or glutamine (Gln) and glutamic
acid (Glu), and tryptophan (Trp) is not detected. The amount
of lysine (Lys)/hydroxylysine (Hyl) is a measure for the cross-
linking degree after introduction of covalent cross-links by glu-
taraldehyde. Decreasing lysine/hydroxylysine content indicates
increasing cross-linking. These values are only relevant for
acid-stable cross-links in glutaraldehyde-treated samples. In all
other materials, the amino acid profile remains unaltered.
Therefore, amino acid analysis was not performed for all
dispersions.

2.3.5 | Differential Scanning Calorimetry (DSC)
Measurements

A collagen sample was soaked in phosphate buffer (pH 7) for
2–5 h. DSC measurement was performed in a differential scan-
ning calorimeter “DSC7” (Perkin Elmer, Waltham, USA) using
an aluminum crucible in a temperature interval from 15°C to
100°C with a heating rate of 5°C/min. Onsets and maxima of
peaks were determined from the graphical display of heat flow
versus temperature.

2.3.6 | Surface Energy of Collagen Films

Collagen films were prepared from selected collagen dispersions
(acidified with acetic acid or hydrochloric acid, modified with
glutaraldehyde or iron(III) sulfate and with different grinding
grade). Collagen dispersions (60 g) were cast into laboratory
dishes and dried at 25°C in air for 16 h. The surface energy
of the resulting collagen films was determined by contact
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angle measurements with three liquids of different polarity:
water, ethylene glycol, and diiodomethane (measurement sys-
tem OCA35, DataPhysics Instruments, Germany). The surface
energy (total, polar, and dispersive components) was calculated
according to the OWRK method (Owens, Wendt, Rabel, and
Kaelble model) as provided with the device’s software SCA20
U. The polarity is defined as the ratio of polar component to
total surface energy.

2.3.7 | Rheology

A sample of collagen dispersion was placed between the plates of
an MCR 502 rheometer (Anton Paar, Ostfildern, Germany).
Measuring parameters were: plate/plate geometry (diameter
25 mm, slit width 1mm), and 25°C. The dispersion was measured
at 6 different shear rates (10, 20, 40, 60, 80 and 100 s−1) and the
viscosity was recorded. Rheological characteristics are displayed
in Figure 2 in a double logarithmic graphical representation of
viscosity versus shear rate. The shear viscosity decreases with
increasing shear rate, according to the power law model η =
k*γn for non-Newtonian fluids.

2.4 | Electrochemical Stability of Collagen
Suspensions

The electrochemical stability windows of aqueous collagen sus-
pensions were determined by cyclic voltammetry measurements
at room temperature using three-electrode cells with a glassy
carbon (GC) working electrode, platinum mesh counter elec-
trode, and a standard aqueous Ag/AgCl reference electrode
(3M NaCl, E= 0.195 V vs. RHE). The experiments were done
on a HEKA potentiostat/galvanostat (HEKA Elektronik
GmbH, Germany) with a scan rate of 50 mV/s. Aqueous collagen
suspensions without adding any salts were used as electrolytes.
The measurements were done under Ar-atmosphere (with an O2

content less than 0.1%).

2.5 | Preparation of Working Electrodes with
Collagen for Zn Batteries and Symmetric
Supercapacitors

2.5.1 | Carbon Black (CB)

As electrode material, Carbon Black Super C65 (Imerys Graphite
& Carbon) was weighed with collagen in a mass ratio of 7:3
(based on the collagen dry mass) and thoroughly mixed. The mix-
ture was then carefully spread between two carbon foils with
diameter of 10 mm and evenly distributed in order to form the
electrode for the aqueous battery. A typical active mass for car-
bon electrodes was around 2.5–3.0 mg.

2.5.2 | Commercial YP50F Carbon

Carbon electrodes were prepared using a mixture of 95% YP50F
carbon (Kuraray Chemical. Co., Japan) and 5% (w/w) collagen
dispersion with pH= 3 (based on the collagen dry mass), and
water as solvent for slurry preparation, which was well-mixed
in a Retsch MM200 shaker mill using steel balls at 25 Hz for
30 min. Then, the slurry solution was coated on graphite foil
current collector using doctor blade coating method and dried
in air under ambient conditions. Electrodes of 10mm diameter
were used for the tests (mass loading between 2 and 3mg per
electrode).

2.5.3 | Poly(3,4-Ethylenedioxythiophene)-Coated V2O5

(V2O5-PEDOT)

7 g of commercial V2O5 powder (Sigma–Aldrich) were dispersed
in 70 mL of deionized water by stirring. After that, 3 mL of
3,4-ethylenedioxythiophene (EDOT, Aladdin) were added drop-
wise. The mixture was continuously stirred for 6 days, during this
process, the color of the mixture changed from yellow to green.
The obtained composite was dried overnight in a vacuum oven at
70°C for further use. The phase purity was confirmed by X-ray
powder diffraction (XRD) using a STOE STADI P diffractometer
with Co Kα1 radiation, equipped with a Mythen 1K detector, in

FIGURE 2 | Rheological characterization of modified collagen dispersions showing the influence on the viscosity for (a) acid type, (b) grinding grade,

(c) Fe(III) salt, and (d) covalent cross-linking content. Average values from triplicates, standard deviations are included.
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transmission mode. Fourier transform infrared (FTIR) spectros-
copy studies were carried out using a PerkinElmer FTIR
spectrometer.

The V2O5-PEDOT electrodes were prepared by coating the slurry
of active material, Super C65 (TIMCAL, Switzerland), and binder
in water at a mass ratio of 7:2:1 onto a stainless-steel mesh and
then dried at 70°C overnight. The mass loading of the active
material was approximately 2.5 mg cm−2.

As a comparison, the coated V2O5-PEDOT electrode was pre-
pared with the same mass ratio using carboxymethyl cellulose
(CMC) binder.

2.5.4 | Na0.44MnO2 (NMO) and Na3V2(PO4)3 (NVP)

Na0.44MnO2 was synthesized via a solid-state route from Na2CO3

(Sigma Aldrich, 99.9%), taken with a 7%molar excess, andMn2O3

(Alfa Aesar, 99.9%). Both chemicals were ground in an agate
mortar, pressed into a pellet, and annealed in air at 600°C for
20 h, with one intermediate grinding. The phase purity was con-
firmed by XRD method using a STOE STADI P diffractometer
with Co Kα1 radiation, equipped with a Mythen 1K detector,
in transmission mode.

For electrode preparation, NMO and purchased NVP (MSE
Supplies, USA) were mixed with CB and a collagen binder with
the mass ratio of 8:1:1, considering the collagen dry mass.
Electrode sheets of respective materials were prepared using
the doctor-blade technique. In each case well-mixed aqueous
slurry with CB and binder was prepared using a Retsch
MM200 shaker mill. Mixing was done with steel balls at 25 Hz
for 30 min. Coating was performed using a blade with 300 μm
blade height at 2.5 mm/s translation under ambient conditions
with subsequent drying of the materials in air. As substrates
for coating, graphite foil or carbon paper were used.

For comparison, a coated NVP electrode was fabricated using
polyvinylidene fluoride (PVDF) binder with the same mass ratio.

2.6 | Cell Assembly and Electrochemical Tests of
Zn Batteries and Symmetric Supercapacitors

Zinc foil (50 μm thickness) was punched into circular pieces with
a diameter of 12mm as the counter electrode. Before use, the
surface of the zinc foil was fully polished with sandpaper, rinsed
thoroughly with distilled water, and dried. The electrodes were
then inserted into a Swagelok cell or CR2025 coin cells and
assembled into a complete battery cell using a glass-fiber separa-
tor (Whatman GF/D) with a diameter of 12mm, and a 3M zinc
trifluoromethanesulfonate (zinc triflate, Zn(SO3CF3)2, purity
≥98%, Sigma–Aldrich) solution as electrolyte. For Swagelok cells,
250 μl of electrolyte was used, while 200 μl for coin cells.

Electrochemical tests were performed in two-electrode set-up
always two or three times for each experiment for reproducibility
confirmation. In case of carbon-based supercapacitors and V2O5-
PEDOT and Na0.44MnO2 cathode materials, the capacity values
represent the average of two or three cells, while in case of
Na3V2(PO4)3 materials in Zn batteries with change of the reac-
tion mechanism upon cycling, the most typical cell behavior is
shown as results.

Cyclic voltammetry (CV) measurements of symmetric carbon
supercapacitors with almost identical electrode masses were

performed on a VMP3 (Biologic, France) potentiostat in the volt-
age range ΔV = 0.8V. As electrolytes, 1 M aqueous solutions of
Zn triflate, Na triflate, and Na2SO4 were tested. For measure-
ments, Swagelok-type cells with a two-electrode configuration
were used. The scan rates ν ranged from 2 to 500mV s−1.
Calculations of the discharge capacitance of the two-electrode
cell (Ccell) and of each electrode (Celectrode), which are connected
in series, were performed using the formula Celectrode= 2*Ccell.
Specific capacitance of the electrode Csp was calculated using
the electrode mass m and the total intergared area:

Csp =

R
I Vð ÞdV
νmΔV

Galvanostatic cycling with potential limitation (GCPL) was per-
formed on Battery Test System (BaSyTec GmbH, Germany) and
VMP3 (Biologic, France) potentiostats. In this case, specific dis-
charge capacitance of the electrode Csp in symmetric supercapa-
citors was calculated as:

Csp =
2IΔt
mΔV

All measurements were conducted at 25°C using temperature-
controlled climate chambers. Specific capacity was calculated
based on the mass of the active material in each electrode.
Multiple cells were tested under the same conditions to ensure
reproducibility.

3 | Results and Discussion

3.1 | Physicochemical Characterization of Native
and Modified Collagens

A standard collagen dispersion with pH 3 was prepared using
acetic acid and fourfold grinding without other additives.
Modified dispersions were produced with varying acid type,
pH value, dry mass content, grinding grade and addition of
Fe(III) salt and glutaraldehyde. The influence of the modifica-
tions on the thermal stability (as shown by the denaturation tem-
perature), cross-linking degree, and rheological properties were
analyzed. The data are shown in Table 1.

3.1.1 | Dry Mass Content and pH Value

In terms of practical handling, a collagen dispersion with 1% dry
mass content and pH 3 is favorable. A higher dry mass content
increased the viscosity (data not shown) and the thermal stability
(Table 1). A collagen dispersion at neutral pH tends to segregate
due to the proximity to the isoelectric point. Thus, the prepara-
tion of a homogeneous neutral collagen dispersion requires
increased mechanical effort.

3.1.2 | Acid Type

Acetic acid is used by default in the preparation of acidic collagen
dispersions. Since acetic acid is prone to redox processes, its pres-
ence may have an influence on the electrochemical performance
of collagen. Therefore, alternative acids, hydrochloric acid and
citric acid, were also used. No significant influence of the acid
type on thermal stability or viscosity was detected (Table 1,
Figure 2).

ChemElectroChem, 2026 5 of 15

 21960216, 2026, 9, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/celc.70194, W
iley O

nline L
ibrary on [22/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3.1.3 | Grinding Grade

Fourfold grinding in the magic PLANT is an established standard
procedure for preparing a homogeneous collagen dispersion.
Although it is not possible to correlate the number of grinding
steps with a certain fiber size, the grinding grade serves as a
describing parameter. Two dispersions were prepared with less
(2x) and more (6x) grinding steps, corresponding to larger and
smaller fibers. While there was no influence on the thermal sta-
bility, the viscosity of the dispersions increased in both cases, for
increased and reduced grinding (Figure 2). This may be attrib-
uted to two opposite effects. On one hand, increased grinding
reduces the entanglement of collagen fibers which leads to a
decrease in viscosity [43]. On the other hand, increased grinding
creates a higher fiber surface area, thus probably enhancing the
number of attractive forces between the fibers, which increases
the viscosity [19]. Thus, a viscosity minimum with reduced fiber
entanglement and medium surface interactions is observed for
fourfold grinding.

3.1.4 | Fe(III) Salt

Fe(III) sulfate was added in increasing amounts. It is known that
iron ions have some chelating effect with carboxylic and amino
groups of collagen side chains [44, 45], which is the basis for iron
tanning activity in leather production [37]. It was expected that
this effect may influence the viscosity or homogeneity. On the
other hand, Fe3+/Fe2+ is a redox-active ion pair which may influ-
ence the electrochemical performance. Depending on the amount
of Fe(III) salt, the ash content slightly increased (Table 1).
Any significant influence on the thermal stability was not
detected. The viscosity increased with increasing Fe(III) sulfate

concentration, which indicates chelating interactions between
Fe3+ and collagen side chains.

3.1.5 | Glutaraldehyde

Bifunctional glutaraldehyde was added in order to introduce syn-
thetic cross-links into the collagen material, which is a widely
established procedure in the production of collagen-based prod-
ucts [26, 29, 31, 35]. An influence on the thermal stability was
detected, as shown by the increasing denaturation temperature
(Table 1). The decreasing lysine/hydroxylysine content indicates
an increasing cross-linking degree of collagen, as expected.
However, the high kinetics of the reaction may cause local differ-
ences and inhomogeneities, resulting in nonsystematic devia-
tions of the measured values. The viscosity increased with
increasing glutaraldehyde concentration and cross-linking
degree (Figure 2). Glutaraldehyde was chosen as a model
cross-linker, which is widely established and well known.
Although glutaraldehyde itself is considered toxic, it should be
stated that it is harmful only as a pure and highly reactive sub-
stance. After the cross-linking reaction, the collagen material
contains non-reactive carbohydrate linkers, which do not cause
toxicity. Residual glutaraldehyde is carefully washed out.
Thus, glutaraldehyde is still used as a cross-linker even in medi-
cal products. However, there are less harmful alternatives for
cross-linking which may be considered for a future industrial
implementation. These include carbodiimides, diisocyanates,
enyzmes, or plant-based aldehyde derivatives.

3.1.6 | Surface Energy of Collagen Films

Independent on the type of modification of the collagen disper-
sions and despite the hydrophilic nature of collagen, air-dried

TABLE 1 | Characteristic parameters of collagen dispersions. The abbreviations have following meanings: d. m., dry mass content; TD, denaturation

temperature; GDA, glutaraldehyde; Lys, lysine; Hyl, hydroxylysine; n.d., not determined.

No. d.m., % Acid
Grinding
grade Additive pH

Ash, %
d.m. TD, °C

Sum Lys+Hyl,
Mol-%

1 1.0 Acetic 4x — 3.0 0.07 43.46 3.40

2 1.0 Acetic 4x — 7.0 0.14 51.85 3.42

3 2.0 Acetic 4x — 3.0 0.25 41.20 3.40

4 2.0 Acetic 4x — 7.0 0.23 54.32 3.42

5 1.2 Acetic 4x — 3.1 0.04 40.28 n.d.

6 1.2 HCl 4x — 3.0 0.04 40.61 n.d.

7 1.3 Citric 4x — 3.0 0.03 41.18 n.d.

8 1.3 Acetic 4x 5% Fe2(SO4)3 3.0 0.07 40.67 n.d.

9 1.4 Acetic 4x 10%
Fe2(SO4)3

2.8 0.10 42.45 n.d.

10 1.4 Acetic 4x 20%
Fe2(SO4)3

2.5 0.18 41.07 n.d.

11 1.3 Acetic 2x — 3.0 0.00 41.28 n.d.

12 1.1 Acetic 4x — 3.1 0.01 41.53 n.d.

13 1.1 Acetic 6x — 3.1 0.00 41.71 n.d.

14 1.0 Acetic 4x 1% GDA 3.0 0.50 43.46 2.94

15 1.0 Acetic 4x 1.6% GDA 3.1 0.50 43.54 3.17

16 1.1 Acetic 4x 5% GDA 3.0 0,40 42.96 1.98
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collagen films showed a rather hydrophobic behavior. The water
contact angles were above 90° throughout, while the calculated
surface energies ranged from 30.4 to 46.1 mN/m with polarities
below 5% (data not shown). While the influence of glutaralde-
hyde cross-linking was not distinct, addition of iron(III) salt
and an increased grinding grade tended to increase the surface
energy. It is likely that these findings can be ascribed to surface
effects rather than to intrinsic material properties. It is known
that air-drying of collagen dispersions generates a more closed
surface in contrast to freeze-drying, which results in a porous
structure [46, 47]. A compact surface may appear more hydro-
phobic than the underlying bulk material. On the other hand,
literature data describe that the electrochemical performance
of a battery depends on the compatibility of the components.
Thus, a high affinity of the binder to carbon black as conductive
additive enables a more homogeneous particle distribution and
better performance [48]. The surface energy of carbon black is
reported as 31.7 mN/m with a polarity below 10%, suggesting
a good affinity to collagen [48].

3.2 | Electrochemical Stability Window of
Collagen Dispersions

In first experiments, a glassy carbon (GC) electrode was coated by
collagen from collagen dispersions with pH3 and pH7 and tested
in degassed 1M Na2SO4 electrolyte solution against a Pt counter
electrode. Electrochemical cells with uncoated GC electrodes were
used as a reference (Figure S1a). In the cells with uncoated GC,
oxygen and hydrogen evolution occur at 1.2 V and −1.5 V versus
Ag/AgCl, respectively, whereas these processes are almost sup-
pressed in the cells with collagen-coated GC electrodes. Thus,
the collagen film is less penetrable for water molecules, serving
as a protection layer on the electrolyte surface, and no information
about its electrochemical stability could be obtained in this set-up.

Therefore, we used aqueous collagen dispersions in the cell as
“electrolytes” for estimation of their electrochemical stability.
The impact of the acid, which was added for keeping the pH
value of the collagen dispersion at 3, was studied first
(Figure 3a). All cells show a nearly stable electrochemical win-
dow between −1.0 and 1.2 V versus Ag/AgCl reference electrode
being positively and negatively charged with 50 mV s−1 scan rate.
Below −1.0 V, irreversible H2 evolution was observed, while O2

evolution took place above approximately 1.3 V. The intensity of
the gas evolution is directly proportional to the measured current
value, which is similar for citric and acetic acid and slightly lower
for HCl during reduction. The observed current at the positive
potential during oxidation is significantly lower in case of acetic
acid. Therefore, further experiments were carried out using col-
lagen dispersions with acetic acid, since stable cycling of the
aqueous battery cell with collagen is limited by the reaction at
the cathode side. The electrochemical stability window of colla-
gen slightly narrows with increasing cycling number for all stud-
ied acids.

Adding Fe(III) ions to the collagen dispersion impacts its electro-
chemical activity. On the one hand, Fe(III) can be coordinated by
oxygen from -COOH and -CO groups and by nitrogen from -NH2

groups of amino acids [44, 45]. This chelating effect to collagen is
exploited in iron(III) based tanning processes [37]. On the other
hand, Fe(III) cations are redox-active (Fe3+ ↔ Fe2+) in the

studied potential window. The Fe-modified collagen dispersions
showed enhanced activity at low potentials (H2 formation),
which increases with the Fe concentration (Figure 3b). Very
likely, Fe3+ ions act as a catalyst for water reduction, in accor-
dance with the literature [49]. A narrowed potential range (lim-
ited to −1.4 V vs. Ag/AgCl) suppressed hydrogen evolution and
revealed a reversible Fe3+ ↔ Fe2+ redox process. As anticipated,
the current intensity increases with the increasing concentration
of the Fe ions in collagen dispersions. The difference between
oxidation and reduction peak potentials is rather large, showing
Fe2+ oxidation at 1.0 V and Fe3+ reduction at −0.25 V for the col-
lagen dispersion with 20% Fe2(SO4)3.

As reference systems, we determined oxidation/reduction poten-
tials of Fe in an aqueous FeSO4 solution (stabilized with H2SO4

against hydrolysis), Na4[Fe(CN)]6 solutions (with addition of
Na2SO4 electrolyte salt), and in ferrocene, dissolved in acetoni-
trile (Figure S1b). In the FeSO4 solution with Fe cations sur-
rounded by water molecules in the first coordination sphere,
Fe oxidation was observed at 0.55 V, while reduction occurred
at 0.35 V (vs. Ag/AgCl). Since the collagen dispersion was modi-
fied by addition of Fe2(SO4)3 solutions of different concentra-
tions, oxidation/reduction peaks of Fe could be expected at
similar potentials supposing no chelating effect between Fe3+

and collagen occurs. In our case, a noticeable difference between
redox processes in FeSO4 and Fe modified collagen dispersion
certainly points to a complexation of Fe3+ by collagen, which
can be interpreted as chelate-based cross-linking process.

A covalent type of cross-linking was created by the reaction
between -NH2 groups of lysine and hydroxylysine and glutardial-
dehyde, which leads to the formation of a Schiff base of general
formula R-N=CH-R’. This type of cross-linking notably weakens
the stability of collagen at high potentials (Figure 3c), which also
decreases with the number of cycles. Mechanical treatment of the
collagen dispersion via repeated grinding also impacts its electro-
chemical stability: Fourfold grinding seems to warrant a stable
long-term behavior; otherwise, time-dependent instability was
observed in cyclic voltammetry measurements (Figure 3d).
Since repeated grinding affects the size of collagen fibers in
the dispersion, there seems to be an optimal fiber size for elec-
trochemical applications. Unfortunately, the fiber size (length,
diameter) is analytically not accessible and cannot be expressed
in concrete values.

A neutral collagen dispersion (pH= 7) shows the onset of oxygen
oxidation already at 1.1 V vs. Ag/AgCl (Figure S2), but is more
stable against hydrogen reduction, demonstrating at −1.5 V the
lowest current in comparison to dispersions with pH= 3.

3.3 | Electrochemical Behavior of Collagens in
Aqueous Zn Batteries

The electrochemical stability of collagen in Zn batteries was
proven with a mixture of collagen and carbon black as working
electrode in a 3M Zn triflate electrolyte solution (Figure 4), using
CV measurements with 0.1 mV s−1 scan rate. Here, the impact of
acids used for the preparation of acidic collagen dispersions with
pH= 3 was elaborated as well for the stable window of the bat-
tery. Thus, among collagen dispersions with acetic acid, hydro-
chloric acid and citric acid, the dispersion with acetic acid shows
the lowest stability below 0.2 V versus Zn2+/Zn, followed by citric

ChemElectroChem, 2026 7 of 15
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acid and hydrochloric acid (Figure 4a). Hydrogen evolution and/
or reduction of the carboxyl groups of acetic/citric acids can be
the reason for the increase of the current in cyclic voltammo-
grams close to 0 V versus Zn. The reduction is quasi reversible:
a broad oxidation peak between 0.5 V and 1.0 V is visible for ace-
tic acid, while shifted to 0.8–1.2 V for citric acid. These processes
are not visible in the case of the HCl containing dispersion. The
influence of Fe(III) cations by chelate bonding with carboxyl and
amino groups on collagen redox activity showed increasing redox
activity with increasing Fe amount. An increased grinding grade

of the collagen dispersion leads to a higher part of pseudocapa-
citive contribution due to reduced particle size.

3.4 | Electrochemical Tests of Zn Batteries with
Na3V2(PO4)3, Na0.44MnO2 and V2O5-PEDOT
Cathodes and Collagen Binders

Zinc battery cells with a NVP cathode were galvanostatically
tested with collagen dispersions with pH= 3 and pH= 7 and

FIGURE 3 | Studies of the electrochemical stability window for collagen dispersions with pH= 3 in dependence on different modifications:

(a) impact of the acid type, (b) influence of the added Fe(III) salt (two potential ranges), (c) influence of the added glutaraldehyde (GDA) concentration,

and (d) impact of the grinding grade (fourfold grinding being the standard procedure).

8 of 15 ChemElectroChem, 2026
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1% dry mass content as a binder (Figure 5). As a reference, NVP
electrode with PVDF binder was subjected to the same operating
procedure. No additional protection was applied to the Zn metal
anode.

From the literature, it is known that NVP material decomposes
irreversibly in Zn batteries into Zn3V2O8, VO2, and V2O5 during
charging (oxidation) [50], what leads to a capacity decay and
decreasing average working potential of the cell. Low current rates
should additionally support this decomposition. Mild acidic elec-
trolytes facilitate capacity loss in comparison to a neutral electro-
lyte solution due to a partial vanadium dissolution [50]. There
are some measures to maintain the battery capacity like protective
surface coating on the NVP material [50, 51], or electrolyte
design [50, 52]. Coating provides a mechanical barrier around
NVP particles and can prevent dissolution of vanadium
species, still enabling the change of the reaction mechanism with

decomposition of Na3V2(PO4)3. In contrast, electrolyte modifica-
tion via adding Na cations to the Zn electrolyte solution prevents
the destruction of the Na3V2(PO4)3 structure. In this case, Na inser-
tion/removal into/from the structure represents the main reaction
process. The role of the binder for the change in reaction processes
in NVP from high-capacity, high-voltage behavior to low-capacity
and low-voltage behavior was not studied until now.

Typical electrochemical behavior of battery cells with collagen of
different pH values and PVDF, operated at a very low current of
14 mA g−1, is shown in Figure 5a–c. According to the literature,
the initial capacity of NVP in Zn batteries corresponds to 90mAh g−1

at current densities between 50 and 100 mA g−1 [50, 52]. Our cells
showed capacities slightly exceeding 100 mAh g−1 for the first
charge/discharge cycle (Figure 5a,b), probably due to the lower
current rate. During the next few cycles, a noticeable capacity
decrease to 50–60 mAh g−1 occurred in the cells with the acidic

FIGURE 4 | Electrochemical behavior of collagen dispersions as electrode in aqueous Zn cells with a 3M Zn triflate electrolyte solution. Impact of

various modifications of collagen was evaluated: (a) acid type, (b) Fe(III) salt concentration, and (c) grinding grade.

ChemElectroChem, 2026 9 of 15
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collagen (pH= 3) and PVDF binder, while a much slower capacity
decay was observed for the neutral collagen dispersion (pH= 7).
Alteration of galvanostatic curves with time (Figure 5c) apparently
shows a change in the reaction mechanisms (decomposition of
NVP) for the cells with the acidic collagen and PVDF, while pre-
serving the same reaction process for the neutral collagen disper-
sion. The coulombic efficiency of cells with collagen pH= 3 and
PVDF passes through a minimum, reflecting much lower discharg-
ing capacity in comparison to the charging one for several cycles, in

which the phase transformation occurs. Therefore, the irreversible
phase transformation occurs mostly during battery charge, in agree-
ment with the proposed decomposition scheme of NVP [50]. In con-
trast, the coulombic efficiency of cells with collagen pH= 7 was
almost close to 100 % during cycling.

In cells with decomposed NVP and binders PVDF or collagen at
pH= 3, the capacity value stabilizes at about 60 mA g−1 for the
50th cycle, which is in accordance with the literature reports.
However, the cells with the acidic collagen show further
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FIGURE 5 | Electrochemical performance of Zn batteries with NVP cathode, containing (a) collagen binder (pH= 3, pH= 7) and (b) PVDF binder,

at a current density of 14 mA g−1. (c) Time-dependent electrochemical profile of three cells. Galvanostatic cycling of Zn battery cells with NVP (d) and

NMO (e) cathodes and collagen binder (pH= 3) at a current density of 100 mA g−1. The first several cycles were done with 50 mA g−1 current density. (f )

Rate capability tests of Zn batteries with NVP cathode and binders collagen (pH= 3, pH= 7) and PVDF.
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decreasing capacity, which could be attributed to a continuous
dissolution of the active material in the electrolyte and removal
from the reaction zone [50]. A higher current rate of 100 mA g−1

stabilizes to a certain extent the capacity value at 55–60 mAh g−1

for a longer time (Figure 5d), probably hindering the dissolution
of vanadium.

Rate capability tests of NVP/Zn cells with binders collagen
(pH= 3 and pH= 7) and PVDF, and 3M Zn-triflate electrolyte
solution (Figure 5f ) with the mass loading varied between
1.61 mg (collagen pH= 3), 5.21 mg (collagen pH= 7) and
5.8 mg (PVDV), showed behavior similar to the observed one
for the battery cells subjected to galvanostatic cycling at a low
current density. Thus, the cells with collagen binder at pH= 7
showed a stable cycling at all current densities, while the cells
with PVDF pointed to a phase transformation with capacity
decrease already at the very beginning of charge–discharge treat-
ment. NVP in the cells with collagen at pH= 3 underwent phase
transformation at the end of the rate capability test, when a low
current density was applied for the second time. NVP with col-
lagen at pH= 7 did not demonstrate any phase transformations
during the entire rate capability test. The cell with PVDF dem-
onstrated increasing capacity at low current after NVP structure
decomposition. This effect is probably originating from the high
loading with active material (5.8 mg).

Like NVP, the Na0.44MnO2 cathode shows a rather stable behav-
ior with the acidic binder dispersion in Zn batteries (Figure 5e) at
a high current rate of 100 mA g−1, providing also capacity values
overperforming the literature data [53]. Similar to NVP, acidic
environment could support the destruction of the Na0.44MnO2

crystal structure due to a possible disproportion of Mn3+ to
Mn4+ and Mn2+ and dissolution of Mn2+ in the electrolyte.
However, the high current density together with the chelating
ability of the collagen functional groups apparently hinders dis-
proportionation of Mn3+ and supports integrity of the tunnel-
type Na0.44MnO2 structure.

Another cathode material, a V2O5-PEDOT composite with colla-
gen or CMC binders, was investigated in Zn batteries at even a
higher current density of 1 A g−1 (Figure 6). Although V2O5 rep-
resents a promising cathode material due to its high theoretical
specific capacity, it suffers from a poor cyclic stability due to the
low electronic conductivity, elemental dissolution, and a low Zn
diffusion coefficient [54–57]. These drawbacks can be partially
mitigated by using a hybrid inorganic–organic V2O5-PEDOT
composite, which improves electrochemical kinetics of V2O5

and reduces the dissolution of vanadium. According to the liter-
ature, the V2O5-PEDOT composite can represent various states:
(i) V2O5 particles coated by PEDOT layers (PEDOT acts as a glue,
the V2O5 structure is almost preserved), (ii) some PEDOT mol-
ecules inserted between V2O5 layers (crystallinity is decreased,
new reflections appear at smaller 2Theta values in XRD patterns
pointing to expansion of the interlayer spaces), and (iii) exfoliated
V2O5 sheets completely coated by PEDOT, showing low crystal-
linity. The state of the hybrid composite is strongly influenced by
the reaction conditions between V2O5 and EDOT components
[58] and impacts the electrochemical behavior. Thus, a low initial
specific capacity of about 40 mAh g−1 was reported in the litera-
ture for the V2O5-PEDOT composite from a commercial V2O5

without inserted PEDOT between the layers. Some activation
processes lead to increasing capacity with cycling at 1 A g−1

reaching a maximum of 350 mAhg−1 after 150 cycles, while
nearly a stable capacity of about 400 mAhg−1 can be obtained
for a composite with the exfoliated structure [58]. Both electrode
materials in the cited work were prepared with PVDF binder in
N-methylpyrrolidone.

SEM image, XRD pattern, and FTIR spectra (Figure S3) confirm
the composite formation with the PEDOT coating layer, retaining
the structure of V2O5, along with a microsized particle morphol-
ogy. Using collagen binder for the V2O5-PEDOT composite pro-
vides small capacity fade upon stable long-term cycling behavior
within the voltage window between 1.6 and 0.2 V versus Zn2+/Zn
at a current density of 1 A g−1 (Figure 6). Note that the cells with
collagen pH= 3 reproducibly show a more stable cyclability than
with collagen pH= 7 and CMC binders. The latter demonstrate a
sudden increase of the charging capacity and a subsequent
decrease of the coulombic efficiency, pointing to a secondary
redox process around 1.4–1.5 V vs. Zn2+/Zn (Figure S4). A disso-
lution of vanadium species as a possible reason would lead to a
continuous capacity decay, which was not detected and could
therefore be ruled out. Starting redox decomposition process
of PEDOT above 1.5 V versus Zn2+/Zn can probably be a reason
for the observed phenomenon [59], which is suppressed if colla-
gen with pH= 3 is used.

Collagen with pH= 3 was tested as a binder in symmetric
double-layer supercapacitors using commercial YP50F carbon as
electrode material (Figures S5 and 7). Cyclic voltammetry
measurements were carried out between 2 and 500 mV s−1

scan rates in the voltage range of 0–0.8 V using Zn and Na
triflates and Na2SO4 as electrolyte solutions (Figure 7a).
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FIGURE 6 | (a) Cycling performance of Zn battery cells with a V2O5-PEDOT composite cathode and the collagen binder at pH= 3 and

(b) corresponding charge/discharge curves for selected cycles.
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Although room-temperature conductivities of 1 M solutions of
Zn and Na triflates lie between 40 and 45mS cm−1 [60], while
66 mS cm−1 for 1M Na2SO4 [61], the observed capacities of car-
bon with collagen binder do not directly correlate with the con-
ductivity values of the electrolytes. The highest specific
capacitance at low and intermediate scan rates was observed
for monovalent ions (1M Na triflate) followed by divalent ions.
The specific capacitance of YP50F with the CMC binder lies
below cells with collagen binder, especially at low scan rates.
Long-term galvanostatic charge–discharge cycling of symmetric
supercapacitors with YP50F carbon performed at a current den-
sity of 1 A g−1 showed a stable cycling for at least 10 000 cycles,
with a higher specific electrode capacitance for 1M Na triflate
electrolyte solution as well (Figure 7b).

4 | Discussion

Due to their electrochemical stability in a broad potential win-
dow, tunable viscosity, and cross-linking, ability to swell as well
as highly hydrophilic nature together with high availability, col-
lagens represent promising ecological binder systems for aqueous
batteries. As a spin-off product of the meat industry, collagen is
cheap, easy to produce, and does not contribute to additional
environment pollution upon battery utilization/recycling.

High affinity of collagen functional groups to metal cations high-
lights collagen applicability among other binder systems for
aqueous batteries. Carboxyl and particularly amino groups,
which are abundant in proteins, are the primary binding sites
to metal cations [62, 63]. The bonding ability increases with
increasing net negative charge of the protein [64], especially
in case of multivalent transition metal cations like Zn, Cr, or
Fe, which are known for their stable chelate complexes with col-
lagen functional groups [62, 65, 66]. Therefore, the chelating
effect should be more pronounced for neutral and slightly basic
collagen dispersions than for the acidic ones, and protonation
features an additional degree of freedom upon using collagen
as binder. On the other hand, proteins are subjected to hydrolysis
in alkaline medium. For this reason, acidic collagen preparations
are usually preferred.

In aqueous batteries, both the chelating effect of functional
groups and swelling ability of collagen play a big role for the

electrochemical performance. Its swelling ability is higher in
the acidic environment than in the neutral one due to the positive
protein net charge away from the isoelectric point [29].
Therefore, a better covering of particles and closer contact to
the current collector are expected when using acidic collagen dis-
persions. In contrast, collagen at pH= 7 covers particles of the
active material less uniformly than at pH= 3.

In aqueous Zn batteries with the Na3V2(PO4)3 cathode, using col-
lagen dispersion with pH= 7 results in an increased concentra-
tion of Zn cations around Na3V2(PO4)3 grains due to the
complexation of Zn with the functional groups. In the acidic col-
lagen dispersion, positively charged protonated amino groups
keep away Zn cations from the cathode due to electrostatic repul-
sion, leading to less crosslinking. Upon battery cycling, a low cur-
rent density should in general promote structural degradation of
the Na3V2(PO4)3 material. The structural degradation was
observed for the cells with PVDF binder and acidic collagen dis-
persion, while the Na3V2(PO4)3 structure was maintained in the
cells with the collagen binder with pH= 7. Therefore, a conven-
tional cation insertion/removal mechanism took place. An open
question remains which cations, Zn2+, Na+, or their mixture,
were reversibly inserted/extracted into/from the Na3V2(PO4)3
host, needing more detailed studies in the future. The cells with
the acidic collagen showed a continuous capacity decay after
structural transformation of the Na3V2(PO4)3 host. Certainly, a
higher concentration of protons near to the active material with
vanadium ions here accelerates further materials degradation
due to the formation of soluble vanadyl-ions.

Increasing current rate during cycling changes the situation
significantly. At high current densities, dissolution of vanadium
cations seems to be suppressed, and battery cells with vanadium-
containing cathode materials can be cycled more stable with the
acidic collagen dispersion, as observed for the Na3V2(PO4)3 and
V2O5-PEDOT composite cathodes. Well-swollen collagen binder
at pH= 3 probably also protects PEDOT against onset oxidation
[59] at the end of the battery charge. In contrary, long-term
cycling behavior of the V2O5-PEDOT cathode with collagen
pH= 7 or CMC binder irregularly features endless charging
curves, reflecting oxidation of the electroactive PEDOT. A lower
covering degree of the active material with collagen and CMC
cannot stabilize V2O5-PEDOT against oxidation. High current
densities seem to attenuate the chelating effect of nonprotonated

FIGURE 7 | Specific capacitance of the YP50F carbon electrode in symmetric double-layer capacitors in various aqueous electrolyte solutions. As

binders, collagen with pH= 3 and CMC were used. (a) calculated from CVmeasurements at different scan rates and (b) calculated from GCPL measure-

ments at 1 A g−1 current density. Voltage range in both types of measurement was 0–0.8 V.
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functional groups of collagens as well. As a conclusion, at high
current densities up to 1 A g−1, we observed a repeatable, signifi-
cantly more stable cycling behavior of the V2O5-PEDOT compos-
ite cathode with the acidic collagen dispersion than with the
CMC binder or neutral collagen.

The electrochemical stability window of the aqueous collagen
dispersions lies within the potential window between −1.0
and 1.2 V versus Ag/AgCl reference electrode and is limited
rather by water decomposition into H2 and O2 than particular
instability of collagen.

Further studies on collagen as binder systems for various battery
chemistries are necessary, especially a systematic property com-
parison of modified and non-modified collagens.

5 | Conclusion

We demonstrated the applicability of natural collagen disper-
sions as binders in aqueous rechargeable Zn batteries and
symmetric double-layer supercapacitors. The electrochemical
stability window of collagen dispersions without electrolyte
salt (2.2 V) is broader than the stability window of conven-
tional aqueous electrolyte solutions (1.5–2.0 V). The pH value
of the collagen dispersion certainly influences (electro)chemi-
cal processes at the interface between particles of the active
material and the electrolyte and can, therefore, partially
impact the redox reaction mechanism as we observed for
the Na3V2(PO4)3 cathode in Zn batteries with 3 M Zn triflate
electrolyte solution.

Nearly a stable cycling behavior of a Zn battery with the V2O5-
PEDOT composite cathode and collagen binder with pH= 3 was
achieved delivering the capacity of 335 mAh g−1 for the 300th

cycle, which was very close to the initial one. In contrast, neutral
collagen dispersion and CMC binder demonstrated less stable
behavior due to the onset of PEDOT oxidation.

We also elaborated several possibilities to easily modify rheolog-
ical properties of collagen dispersions without hampering its
electrochemical stability. Among them, grinding grade and
cross-linking with glutaraldehyde are the most promising meas-
ures to increase the viscosity of the dispersion without increasing
the collagen concentration.
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