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We have developed a free-standing, flexible cathode for aqueous
zinc ion battery by grafting cross-linked polydopamine on carbon
nanotubes. The cathode is highly stable, with little capacity
degradation for 500 cycles. The flexible
environmentally benign and biocompatible which can enable

cathode is

applications from biomedical devices to grid storage.

Driven by the ever increasing demand of environmentally
benign, low-cost electrical energy storage solutions, Zn based
aqueous batteries are being extensively investigated due to
potential advantages in cost, safety, abundancy, and
environmental friendliness.* With a very negative electrical
potential of -0.76 V vs SHE, zinc based batteries also offer
highly competitive energy densities.>®

Finding a reversible cathode with high capacity has been a
major challenge. Intercalation reaction based materials,
including oxides of manganese and vanadium, are the current
focus.”2 Due to the large changes in crystal volume, structure,
and morphology during zinc insertion and removal, cycling
stability of these materials is usually a concern.31314 |n
addition, manganese oxides also suffer severe capacity fading
due to Mn?* dissolution associated with the Jahn-Teller
effect.11516 Adding manganese or other salts into the
electrolyte is required to alleviate such effects.1’'8 Framework
type (e.g., Prussian blue analogs) materials have also been
investigated, which offer enhanced cycling stability at the
expense of volumetric energy density.1%20

Very recently, several attempts have been made to
develop organic cathode materials utilizing an energy storage
mechanism other than intercalation/deintercalation. For
instance, quinone exhibits ion storage capability by
coordinating with the metal ions with its oxygen atoms when
the carbonyl groups are reduced at low potentials.?1-25 Both
high capacity and cycling stability has been achieved by
calix[4]quinone (C4Q) when used in a zinc ion battery.?®
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Fig. 1 (a) Fabrication of PDA electrode by the spontaneous self-polymerization of
dopamine on CNT supporting in basic aqueous solution. (b) Photo of a flexible free-
standing CNT supported PDA thin film electrode. (c) Schematic of zinc ion adsorption by
catechol and desorption by ortho-quinone when PDA at discharged or charged states,
respectively. (d) Scanning electron microscopy (SEM) (e) Transmission electron
microscopy (TEM) images of PDA electrode.

Moreover, polymers are expected to have minimal dissolution
in the electrolyte and long cycle life due to the stable,
covalently connected structure.?’

Herein, we demonstrate the application of polydopamine
(PDA)/carbon nanotube (CNT) composite as a cathode material
for aqueous zinc ion batteries (Fig. 1). Inspired by the adhesive
protein Mefp5 in mussels, PDA can be coated on a wide range
of material surfaces through the spontaneous self-
polymerization of dopamine in basic aqueous solution.?%2° In
each building unit, two redox-active quinone groups are
available for zinc ion storage via the reversible catechol/ortho-

J. Name., 2013, 00, 1-3 | 1

Please do not adjust margins




ChemEomm

(a) (b)
3 3
= Anodic
24 e Cathodic
]
] <
< =
z g 0
: 3
5 Q14
o o
o
o 24
2 T T T 3 - r r -
02 04 06 08 10 12 14 1 2 3 4 5
Potential (V) vs. Zn/Zn** Scan Rate (mV/s)
(c) (d)
1.4 140 120
12 120 100
——CNT i
< 16 —— 20mAlg 2 10“" L~ |a m
) —— 200mA/g < g0 El
& e —— 1000mA/g E s i] 60 g
= —— 5000mAlg Z 604 a
S 3 tao S
0.6 -3 404 =
o
20] t20
0.4
) 0 0
0 20 40 60 80 100 120 140 100 200 300 400 500

Capacity (mAh/g) Cycle

Fig. 2 Electrochemical performances of PDA electrodes. (a) Cyclic voltammetry (CV)
profiles at different scan rate. (b) CV peak current as a function of scan rate (c)
Galvanostatic charge/discharge curves of PDA electrodes at different current densities
and blank CNT thin film electrode at 200 mA/g. 20 mA/g curves was from 30t cycle. All
other data were from 100" cycle. (d) Long term cyclic performance at 200 mA/g for 500
cycles. All tests were in coin cells at the potential range of 0.3-1.4V, with zinc metal foil
as anode and 3.3 M ZnSO, aqueous solution as electrolyte.

quinone reaction (Fig. 1(c)).3932 Compared to other organic
cathodes for zinc-ion batteries, PDA has several advantages: 1)
PDA has low solubility in water which mitigates capacity loss
during cycling. Additionally, the hydrophilic nature of PDA
ensures excellent wetting at the electrode/electrolyte
interface, whereas many other polymer cathodes are
hydrophobic;33 2) Due to the bio-adhesion effect, PDA enhance
the structural stability of composite electrode as it adheres to
the conductive CNT strongly which results in high rate
capability. polymer cathodes are usually
physically mixed with large amount of carbon, making it

In comparison,

difficult to achieve a highly efficient conductive network; 3)
With a similar structure and function to natural eumelanins,
PDA exhibits high biocompatibility and low cytotoxicity.34
Indeed, a Zn/PDA battery with an aqueous electrolyte at a
neutral pH would be substantially non-hazardous and highly
desirable for biomedical devices; and 4) the PDA/CNT
electrode is highly flexible which makes it possible to fabricate
conformal batteries, also essential for biomedical applications.

We developed a flexible, free-standing,
cathode for rechargeable aqueous zinc ion battery based on
CNT supported PDA (Fig. 1(a), (b)). PDA was coated on
dispersed CNT by spontaneous polymerization of dopamine in

binder-free

a basic aqueous solution. Followed by vacuum-filtering the
mixture dispersion, the free-standing thin film electrode was
assembled while removing unreacted monomers. Outstanding
flexibility of the thin film electrode is achieved due to the bio-
adhesion nature of PDA (Video in supporting information).
SEM images show the PDA coated CNTs in the electrode were
well-dispersed but also well-connected (Fig. 1(d)). TEM images
show that the PDA was uniformly coated onto CNT with a
thickness of 8 nm (Fig. 1(e)). No aggregated PDA nanoparticles
were found in either TEM or SEM images.
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Cyclic voltammetry (CV) was first performed to assess the
electrochemical behaviour of PDA as cathode material for zinc
ion batteries (Fig. 2(a)). The PDA electrode was assembled into
a coin cell with zinc foil as the anode, a filter paper as
separator, and 3.3 M ZnSO,; aqueous solution as the
electrolyte. CV curves were obtained by scanning between 0.3
and 1.4 V vs. Zn?*/Zn at a rate of 1 mV/s. The scanning begins
with reduction (zinc ion adsorption) since the pristine PDA
electrode contains no zinc ion. In both initial anodic and
cathodic scans, strong but not well-defined features were
observed (Fig. S2). After about 20 cycles, the peak current
decreases and the curve gradually develops into a pair of wide
and well-defined reduction/oxidation peaks at 0.91/1.15 V.
Those two peaks correspond to the reversible reaction
between catechol and ortho-quinone along with zinc ion
adsorption/desorption. The CV curve shape change and
capacity drop during initial cycles are likely related to the non-
covalently bonded dopamine monomer and intermediate
species assembled in the PDA structure, which will be
discussed further later. The linear relationship between the
peak current and scan rate indicated the redox reaction of PDA
is controlled by a surface process (Fig. 2(b)), similar to the
mechanism operating in pseudo-capacitors.

The cycling stability of PDA was evaluated by galvanostatic
charge and discharge at a potential range of 0.3-1.4 V vs.
Zn?*/Zn. As shown in the Fig. 2(c), the PDA electrode delivered
a capacity of 126.2 mAh/g at a low rate of 20 mA/g. The
electrode is capable of exceptionally high rates, delivering 43.2
mAh/g at 5000 mA/g. Note that the majority of the loss is
related to an IR drop which can be further improved by cell
design. The high rate performance is consistent with the
capacitive mechanism observed in CV studies. The capacity of
CNT itself was also examined by fabricating free standing CNT
thin film electrode with the same vacuum-filtration method.
When discharged at 200 mA/g, the CNT thin film electrode can
only deliver a capacity of 4.5 mAh/g, thus contributing very
little to the CNT supported PDA electrode. The volumetric
capacity of PDA electrode is moderate as shown in Fig. S4.
However, this does not preclude the application in biomedical
devices and grid storage since unique advantages in flexibility,
environmental friendliness, and cycle life are our main concern.
The cycling performance of PDA was evaluated at a constant
current density of 200 mA/g (Fig. 2(d)). After about 20 cycles,
the battery reached a steady state and delivered a stable
capacity of PDA for over 500 cycles. The 500" cycle maintained
96% capacity of the 20t cycle, which is attributed to the stable
covalent cross-linked PDA structure and the highly reversible
redox reaction of catechol/ortho-quinone groups. The high
coulombic efficiency of about 99.4% also supports the
outstanding reversibility of the redox reaction.

The energy storage mechanism of PDA as a cathode
material for zinc ion batteries was investigated by a
comparison of ex-situ Fourier-transform infrared (FT-IR) before
and after electrochemical oxidation (Fig. 3(a)). The complex
spectra in the 3300 to 3600 cm region on the sample reduced
at 0.3V correspond to N-H, O-Zn-O and possible intermolecular
bonds, which virtually disappeared when the electrode was
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Fig. 3 Ex-situ spectroscopic analysis of PDA electrodes at charged (1.4 V) and discharged
(0.3 V) states. (a) FT-IR. (b) High resolution XPS Zn 2p. All electrodes were cycled
between 0.3-1.4 V in 3.3 M ZnSO, aqueous electrolyte for 20 cycles at 200 mA/g, then
charged or discharged to noted potentials. Peaks noted with the asterisk symbol
represent N-H, O-Zn-O structure, and possible intermolecular bonds.

charged (oxidized) to 1.4 V. In addition, a C=0 bond signal at
1730 cm appeared after charging, which supports the
formation of a quinone structure. The double-peak at 2870,
2960 cm™ and signals below 1600 cm! belong to the features
of the indole structure, which exist all the time. The changes of
FT-IR spectra clearly prove the reversible redox reaction
between catechol and ortho-quinone of PDA.

Ex-situ X-ray photoelectron spectroscopy (XPS) tests were
performed to further analyze the energy storage mechanism
of PDA. The wide-range XPS spectra for charged and
discharged PDA electrodes exhibit almost identical signals for
H, C, N and O (Fig. S5). However, after repeated rinsing with
water, only the spectra of discharged PDA electrode clearly
shows a series of zinc features, including 2p, 3s, 3p, 3d and
several auger LMM peaks, indicative of significant amounts of
zinc ions binding to the catechols. The difference is more
evident in the high resolution Zn 2p spectra (Fig. 3(b)). The
charged PDA electrode exhibits negligible signal from Zn 2p4,.
The signal from Zn 2p3/, is less than 5% of the peak area of
discharged PDA, which might be due to residual ZnSO,
electrolyte. It is well known that catechols have a strong
binding affinity to multivalent cations and such interaction is
significantly suppressed when oxidized to ortho-quinones.3®
Our observation is consistent with such a mechanism involving
the reversible reaction between PDA and zinc ions.

We note that there is a capacity loss process during the
first twenty cycles before stabilizing for hundreds of cycles.
High resolution XPS was utilized to understand this
phenomenon via examining the structure of PDA electrode.
As-prepared pristine PDA electrode was first studied (Fig. S6).
The C 1s spectra can be deconvoluted into four peaks: CH,, C-
NH, and sp?-hybridized carbon at 284.20 eV, C-O and C-N at
285.25 eV, C=0 at 287.75 eV, and n—>n* for aromatic carbon
species at 290.95 eV. The result matches with reported PDA
materials.3® The O 1s signals at 531.45 and 532.85 eV
correspond to C=0 and C-O in the quinone/catechol structure,
respectively, indicating the PDA electrode is a mixture of
quinone and catechol in its as-synthesized form. The N 1s
spectrum can be deconvoluted into one dominating peak at
399.70 eV corresponding to secondary amine (R,NH), while the
peaks at 401.45 eV and 398.45 eV can be assigned to primary
amine (RNH,) and tertiary or aromatic amine groups (=N-R),
respectively. The presence of three different peaks indicated
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Fig. 4 Ex-situ high resolution XPS N 1S spectrums of PDA electrodes. (a) Before cycling.
(b) After cycling.

that the pristine PDA electrode contains not only PDA but also
dopamine monomers and some intermediate species,
consistent with the formation mechanism of PDA proposed by
several recent studies (Fig. $1).37%° The primary amine peak,
21% of the total N 1s signal, is indicative of unreacted
dopamine monomers even after an extended polymerization
reaction time. The tertiary amine intermediate specie
contributes to about 7% of the total. The secondary amine
peak, contributing 72% to the N 1s signal, is associated with
both PDA and intermediate species. This is because the
tertiary amine intermediate specie is a tautomer of secondary
amine intermediate species. The presence of one type of
intermediate specie indicates the co-existence of the other.
We hypothesize that the non-negligible amount of non-
covalently assembled dopamine and intermediate species in
the pristine PDA electrodes are responsible for the initial
capacity loss due to their dissolution in the electrolyte in
ionized forms.

To further confirm our hypothesis, ex-situ XPS was
performed. In the N 1s XPS spectrum of PDA electrode which
has been cycled and reached steady-state capacity (Fig. 4), the
ratio of the primary amine peak, belonging to unreacted
dopamine, decreases from 21% to 5% when compared with
the pristine electrode. This indicates a loss of the primary
amine during initial cycling. In the addition, no tertiary amine
intermediate specie is observed in the cycled sample means
the secondary amine peak is from only PDA. The total amount
of non-covalent bonded species decreased from more than 28%
to 5% during the process of PDA electrode reaching steady
state.

The presence of dopamine monomer in the PDA electrode
prior to cycling was also confirmed via UV-vis spectroscopy (Fig.
S7). Since CNT has strong signals in the UV range, PDA
nanoparticles were prepared for these tests. Even after
repeated washing, a strong peak at 280 nm, attributable to the
dopamine monomer, can still be observed in PDA particles.
The peak at 320 nm can be assigned to intermediate species.
Hence, during the initial cycles, non-covalently bonded species
provided the extra capacity, which was gradually lost due to
their solubility in the electrolyte. This hypothesis was further
examined by a pre-cycling process. The pristine PDA electrode
was pre-cycled for 50 cycles at 200 mA/g first. The electrode
was then washed, dried, and re-assembled into a new battery.
As shown in Fig. S8, when cycled at 200 mA/g, the pre-cycled
PDA electrode exhibited less significant initial capacity decay
as compared with the pristine one. The stable capacity was
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increased from 86.0 mAh/g to 92.9 mAh/g, while many fewer
cycles were needed for the capacity to stabilize. It is thus
important to remove the encapsulated monomers as much as
possible to obtain highly stable polymer cathodes.

In conclusion, we have demonstrated polydopamine (PDA)

as a new organic cathode material for aqueous zinc ion battery.

A flexible, free-standing, binder-free PDA cathode was
fabricated with CNT as support. The PDA delivers a low-rate
specific capacity of 126.2 mAh/g. After an initial stabilization
period, outstanding long term stability was observed: after 500
cycles, the PDA electrode still retained 96% of the stabilized
capacity. CV studies indicate the electrode reaction is a surface
process, similar to that in electrochemical capacitors. FT-IR and
XPS studies have established the reaction mechanism to be the
redox reaction between catechol and ortho-quinone
accompanied by zinc ion adsorption and desorption. The non-
toxic, flexible PDA has great potential to broaden the
application of aqueous zinc ion battery, including in biomedical
devices.
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