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and electron-transfer, and then control-
ling these mechanisms for user-defined 
purposes. For energy applications (e.g., 
capacitors and batteries), the focus is on 
storing large quantities of electrons and 
controlling their discharge.[1–3] For infor-
mation processing applications (e.g., elec-
tronics),[4,5] materials are desired that can 
gate and rectify electron-flow.[6,7] Other 
applications focus on materials that offer 
state-dependent properties (e.g., optoelec-
tronics)[8] or memory (e.g., memristors).[9] 
With the growing emphasis on safety and 
sustainability, and the expanding interest 
in life-science applications, there is an 
increasing interest in the development 
of electronic materials that function in 
aqueous systems.[10]

In aqueous systems, electron-transfer 
is constrained by the solvent and typically 
occurs through at least two distinctly dif-
ferent mechanisms each of which favors 
different types of materials.[11–13] One elec-
tron-transfer mechanism is a metal-like 
conductivity.[14,15] Carbon-based nanoma-
terials have been especially important for 
conferring such conductivity[14,16] with ben-
efits that include enhanced double layer 
charge storage for energy applications[17–21] 

and electrocatalytic properties for sensing applications.[22–24] A 
second electron-transfer mechanism involves reduction–oxi-
dation (redox) reactions. Redox polymers offer such proper-
ties and have been used in applications that include energy 
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tronic materials.
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1. Introduction

The creation of improved electronic materials relies on under-
standing the mechanisms responsible for charge-storage 
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storage,[25–33] optoelectronics,[34–36] organic electronics,[7,37,38] 
and bioelectronics.[12,39–41] Interestingly, the characterization of 
redox polymers often focuses on their conducting properties 
although some recent studies found that the addition of dif-
fusible redox mediators can enhance their functional capacities 
(e.g., for charge storage and molecular memory).[42–44] While 
various composite materials systems have been prepared from 
carbon-based nanomaterials, redox polymers, and in some 
cases, redox mediators,[45–48] the electron-transfer mechanisms 
within these composites are not fully resolved.

Here we prepared an electrode coated with a hydrogel film 
containing both catechol (Cat) and graphene (Gr), and report 
that it possesses synergistic properties. Scheme 1a illustrates 
that the catechol-graphene-chitosan (Cat-Gr-Chit) composite 
hydrogel is assembled on the electrode surface by two elec-
trofabrication steps. First, the graphene-chitosan (Gr-Chit) 
hydrogel is electrodeposited from a slightly acidic suspension 
of graphene and the pH-responsive film-forming aminop-
olysaccharide chitosan.[49] Chitosan is commonly used to co-
deposit nanoparticles since a negative electrode potential can 
lead to a locally high pH that induces chitosan to self-assemble 
into a hydrogel film that entraps the particles.[50–53] Second, cat-
echol is oxidatively-grafted to the chitosan by immersing the 
Gr-Chit-coated electrode into a catechol solution and imposing 
a positive potential (relative to catechol’s E0) to the underlying 

electrode to generate the reactive quinones that chemically graft 
to chitosan (note: qFab is the number of electrons transferred 
during this anodic oxidation and serves as a measure of the 
extent of catechol modification).[6,54] Scheme 1a suggests puta-
tive chemical structures for the oxidatively grafted catechol 
monomers and oligomers[55] although the complexity of this 
chemistry eludes a full characterization just as for the related 
melanin[56,57] and polydopamine materials.[58,59] These two elec-
trofabrication steps are simple and rapid, and allow films to be 
prepared with controlled compositions (the graphene content is 
controlled by deposition time, t, in the first step, while the cat-
echol content is controlled by the oxidation charge, qFab, in the 
second step).

We report that the catechol and graphene components in the 
composite film (Scheme  1b) enable different mechanisms for 
charge-storage and electron-transfer within the composite. The 
leftmost panel in Scheme 1c illustrates that the incorporation of 
graphene within the hydrogel enables charge-storage through 
a double layer mechanism and electron-transfer through a 
metal-like conductivity mechanism. Scheme  1b hypothesizes 
two functionally different populations of catechol. One popula-
tion, the “conducting catechols”, is believed to be in intimate 
contact with graphene and can directly exchange electrons with 
graphene. The central panel in Scheme 1c illustrates that these 
conducting catechols allow charge-storage through a redox 

Scheme 1.  a) Two-step electrofabrication of Cat-Gr-Chit composite hydrogel film. b) Proposed structure to explain functional properties: the composite 
contains conducting graphene and two catechol populations. c) Proposed mechanisms for charge-storage and electron-transfer for Cat-Gr-Chit com-
posite hydrogel.
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mechanism and can undergo direct electron-transfer with the 
graphene. The second population, the “non-conducting cat-
echols”, is believed to be grafted to the chitosan but physically 
separated from graphene and thus precluding direct electron 
exchange as previously demonstrated with the catechol-grafted 
chitosan.[60–62] The rightmost panel in Scheme  1c illustrates 
that these non-conducting catechols also allow charge-storage 
through a redox mechanism but require mediators (diffus-
ible electron shuttles) to allow electron-exchange (either with 
the graphene or underlying electrode).[60,61] We characterize 
the redox-based electron-transfer using a spectroelectro-
chemical technique that can simultaneously measure electron 
transfer into/from the film and the switching of the film’s 
redox-state.[6,63,64]

We report that these different charge-storage and elec-
tron-transfer mechanisms endow the Cat-Gr-Chit composite 
hydrogel film with synergistic functional properties. Specifi-
cally, the composite has a graphene-based double layer capaci-
tance and a catechol-based redox-capacitance. Further, the 
Cat-Gr-Chit hydrogel retains both the conducting properties of 
graphene and the molecular switching properties of catechol. 
Finally, we demonstrate the important role that mediators can 
play in controlling electron flow through redox-active films. 
We envision this molecular-mechanism-level understanding 
of redox-activities will enhance our ability to design electronic 
materials for diverse technological applications.

2. Results and Discussions

2.1. Materials Characterization

To characterize the microstructure of various composite hydro-
gels, we employed scanning electron microscopy (SEM). For 
this, we electrofabricated a Chit- or Gr-Chit-hydrogel on an elec-
trode surface by electrodepositing from either a chitosan solu-
tion (1 w/v%) or a blend of chitosan and graphene (1 w/v%) 
using a constant current density of 0.6 mA cm−2 for 3 min.

The catechol-modified hydrogels (Cat-Chit or Cat-Gr-Chit) 
were then prepared by performing the oxidative-grafting of 
catechol onto the Chit or Gr-Chit-coated gold electrode (10 mm 
catechol, qFab  =  0.32 C cm−2). After that, the catechol-grafted 
hydrogel electrodes were washed with excess water to remove 
the physically bound catechols on the surface. Figure 1a com-
pares the SEM images of these various films. The SEM images 
for the Chit- and Cat-Chit hydrogels are generally featureless 
while those for the Gr-Chit and Cat-Gr-Chit hydrogels show the 
uniformly distributed and crumpled graphene flakes.[65] Also, 
Figure  1a shows no significant change in the SEM image of 
Cat-Gr-Chit hydrogel compared with Gr-Chit hydrogel. There-
fore, the SEM images of Figure 1a indicate that the microstruc-
ture of graphene is maintained after two processes of the elec-
trodeposition of chitosan and the oxidative grafting of catechol 
to chitosan.

Initial chemical characterization of electrofabricated hydro-
gels was performed using UV–VIS spectroscopy. To facilitate 
the optical analysis, we prepared hydrogels with a lower gra-
phene content by electrodepositing from a chitosan solution  
(1 w/v%) containing only 0.2 w/v% graphene using a trans-

parent gold electrode and applying the constant current density 
(0.6 mA cm−2) for a short time (90 s). Figure 1b shows the UV–VIS 
spectra and photographs of the various hydrogel-coated trans-
parent gold electrodes. While the clear Chit-hydrogel coated 
electrode shows very low absorbance, the Gr-Chit hydrogel 
coated electrode is light gray and shows broadband absorb-
ance (≈0.6) over the entire wavelength region. This absorb-
ance of the Gr-Chit hydrogel is presumably due to π–π* tran-
sition of sp2 CC bonds through the π-conjugation network 
of graphene.[66,67] The brown-colored Cat-Chit hydrogel coated 
electrode shows higher absorbance at the lower wavelengths 
consistent with previous reports for catechol-modified chitosan 
hydrogel.[6,63] Interestingly, the Cat-Gr-chit hydrogel shows the 
combined UV–VIS spectra of Gr-Chit and Cat-Chit-hydrogel 
coated electrode: i) the high absorbance over the entire wave-
length range like Gr-Chit hydrogel; and ii) the higher absorb-
ance in the lower wavelength region like Cat-Chit-hydrogel. 
This result indicates that the Cat-Gr-Chit hydrogel contains 
optical absorbance features of both the graphene and the 
grafted catechols

Figure  1c shows the Raman spectra for Gr(1%)-Chit and 
Cat-Gr(1%)-Chit hydrogel coated electrodes that were prepared 
using the same high Gr-content deposition solution as used for 
the SEM experiment. Both hydrogels show the characteristic D-
band (≈1334 cm−1) and G-band (1576 cm−1) for graphene which 
are related to structural defects in the hexagonal sp2 carbon lat-
tice (D-band) and to edge defects (G-band).[68] Figure 1c shows 
the small increase of the ID/IG ratio in Cat-Gr-Chit (ID/IG = 1.11) 
with respect to the Gr-Chit (ID/IG  = 1.07), which suggests the 
possibility that the electrofabrication steps may induce local 
defects in graphene structure.[69]

As another chemical characterization method, we used FT-IR 
spectroscopy as shown in Figure 1d. Each hydrogel was electro-
fabricated and then peeled from the electrode surface and sus-
pended in water.[70] The spectrum for the Chit-hydrogel shows 
the characteristic broad peak at ≈3000 cm−1 that includes OH, 
and NH stretching vibrations (labeled “Band 1”). The Cat-
Chit hydrogel shows the appearance of multiple peaks between 
1700 and 1200 cm−1 (Band 2: CC stretching vibration of 
benzene) and a comparative decrease in the peak at 1050 cm−1 
(Band 3: CO stretching vibration).[71,72] The spectrum for the 
Gr-Chit-hydrogel shows few distinguishing features, while the 
spectrum of Cat-Gr-Chit hydrogel shows the increases of peaks 
between 1680 and 1200 cm−1 (Band 2) that is consistent with the 
spectrum of Cat-Chit-hydrogel. Also, the Band 2/Band 3 ratio 
is increased in the Cat-Gr-Chit hydrogel (compared to the Cat-
Chit hydrogel), which could be attributed to π–π interactions 
between the catechol-derived species and graphene.[73]

In addition to structural and chemical characterizations of 
composite hydrogel, we employed electrochemical impedance 
spectroscopy (EIS) to characterize the electrical properties of 
hydrogel interfaces.[48,74–77] While EIS measurements tend to be 
very sensitive, relating the observed electrical properties (i.e., 
capacitance and resistance) to the underlying molecular-level 
phenomena (i.e., reaction and diffusion) can be challenging 
and thus various methods have been used for data interpreta-
tion.[78] Experimentally, we performed EIS measurements using 
a frequency range from 0.05 Hz to 10 kHz with a perturbation 
amplitude of 5 mV from the open circuit potential.

Adv. Mater. Interfaces 2022, 9, 2202021
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The Nyquist plots in Figure  1e provide one approach to 
compare the behavior of the various hydrogels. The left plot of 
Figure 1e shows that the real part (Z′) and imaginary part (Z″) 
of impedance for hydrogels lacking Gr (i.e., Chit and Cat-Chit) 
are ≈500-fold larger than hydrogels containing Gr (i.e., Gr-Chit 
and Cat-Gr-Chit). The right plot of Figure 1e focuses on the low 
Z′ and Z″ region and shows that the two hydrogels lacking Gr 
show nearly identical response that is different from the hydro-
gels containing Gr. A small difference between the Gr-Chit 
and Cat-Gr-Chit hydrogel might be due to the charge transfer 

resistance that occurs in the Cat-Gr-Chit hydrogel. This Nyquist 
analysis suggests Gr confers conductivity to the films while the 
effect of catechol is less certain.

Figure  1f shows the frequency-dependent capacitance plot 
(note: Figure S1, Supporting Information, provides the Bode 
plots and the calculation of capacitance of Figure  1f). In the 
left plot of Figure  1f, at the lowest frequency (50 mHz), the 
real capacitance (C′) reaches the highest capacitance for each 
film. The hydrogels containing Gr show 300 times higher 
C′ capacitance compared with the Gr-lacking hydrogels. Also, 

Figure 1.  Materials characterization of Cat-Gr-Chit composite hydrogel. a) SEM images of electrofabricated hydrogels on a gold electrode. b) UV–VIS 
spectra and images of electrofabricated hydrogels on the transparent gold electrode. c) Raman spectra of Gr-Chit and Cat-Gr-Chit hydrogel electro-
fabricated on a gold electrode. d) FT-IR spectra of electrofabricated hydrogels. e) Nyquist plots from electrochemical impedance spectroscopy (EIS). 
f) Real (C′) and imaginary (C″) capacitance plots from EIS analysis.
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Cat-Gr-Chit is 4.3 times higher capacitance than Gr-Chit. This 
increase might result from the additional contribution of cat-
echols into the Gr-Chit. The right plot of Figure  1f shows the 
sharp peak of imaginary capacitance (C″) at frequency (ƒ0). 
From ƒ0, the relaxation time (τ0) for discharging is calculated 
as τ0  = 1/ƒ0.[79] A slower response is observed in Cat-Gr-Chit 
(τ0 = 1.5 s) compared with Gr-Chit (τ0 = 0.2 s), which might be 
due to the electron transfer to catechols.

In summary, the characterization results of Figure 1 support 
the conclusion that the electrofabricated Cat-Gr-Chit composite 
hydrogel possess both catechol and graphene components. 
Also, the EIS results for Gr-lacking hydrogels and Gr-containing 
hydrogels indicate that graphene can confer conductivity to the 
hydrogel. In addition, the difference in EIS results for Gr-Chit 
and Cat-Gr-Chit hydrogel suggests that the grafting of catechol 
to Gr-Chit hydrogel alters the electrical property of Gr-Chit 
hydrogel.

2.2. Mechanisms for Charge-Storage and Electron-Transfer 
without Mediators

2.2.1. Electrochemical Characterization of Conducting Catechol

To further characterize how the conductivity (conferred by 
graphene) and redox activity (conferred by catechol) affect the 
properties of the composite hydrogel, we measured the electro-
chemical behavior of hydrogels films prepared with different 
compositions. In the first study, we electrofabricated a thick 
hydrogel (≈25  µm as measured by SEM after freeze-drying) 
by: i) electrodepositing from a graphene (0.5%)–chitosan (1%) 
solution using a constant current (0.6 mA cm−2; 3 min); and ii) 

anodic grafting by transferring this hydrogel-coated electrode to 
a catechol (10  mm) solution and applying a constant potential 
(+0.6  V versus Ag/AgCl) to achieve the oxidative charge (qFab) 
of 0.6 C cm−2. Figure 2a compares the CVs of this Cat-Gr-Chit 
hydrogel-coated electrode, with CVs for control hydrogels all 
measured in phosphate buffer (PB; 0.1  m, pH 7.0). The CVs 
for the Chit- and Cat-Chit controls appear as horizontal lines, 
which indicate a non-conductive hydrogel. The CV for the Gr-
Chit control hydrogel has a rectangular shape which indicates 
a capacitive hydrogel with a significant electrical double layer 
(EDL).[2,3,42,80] Presumably, this high EDL charge of Gr-Chit 
hydrogel compared with Chit hydrogel is due to the increase in 
conducting surface area conferred by the graphene entrapped 
in the hydrogel.

The CV for the Cat-Gr-Chit hydrogel shows a markedly dif-
ferent shape with 3 reduction peaks and the corresponding  
3 oxidation peaks. These redox peaks suggest redox-active mole-
cules (i.e., catechols) are bound to the conducting surface (i.e., 
to graphene) and electrons can be directly transferred from/to 
the conducting catechols.[81–83] Note: in Figure S2, Supporting 
Information, the CV for the Cat-Chit hydrogel shows no such 
peaks in the absence of Gr indicating that the direct electron 
transfer between catechol and the gold electrode is negligible. 
The appearance of multiple redox peaks could be due either to 
catechol’s different redox states (catechol, semiquinone, and 
quinone) or various redox-active forms of grafted catechol (e.g., 
catecholic oligomers) that could be formed during oxidative 
electrofabrication.[55]

To quantitatively compare the capacitive and redox charges, 
Figure  2b shows that we analyzed the CV data as time series 
and calculated the charge by integrating the current over time. 
The schematic of Figure  2b illustrates that the total oxidative 

Figure 2.  Electrochemical characterization without mediators. a) Cyclic voltammograms (CV) of 4 composite hydrogel-coated electrodes in phosphate 
buffer (scan rate of 10 mV s−1). b) Current–time plots for Gr-Chit and Cat-Gr-Chit composite hydrogel were used to quantify the oxidative charge to 
form the electrical double layer ( ).QCon DL

Ox  and to switch the redox-state of the conductive catechols ( ).QCon Redox
Ox . c) The effect of graphene on the oxidative 

charge-transfer mechanisms. d) The effect of catechol (qFab) on the oxidative charge-transfer mechanisms.
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charge ( )QTotal
Ox  of Cat-Gr-Chit hydrogel is considered to be the 

sum of the double layer and redox oxidative charge. The oxi-
dative charge associated with the conductive EDL (grey area, 

.QCon DL
Ox ) was estimated from the results with the Gr-Chit film, 

while the conductive redox oxidative charge (red area, .QCon Redox
Ox ) 

was estimated from the difference in oxidative charge between 
the Cat-Gr-Chit and the Gr-Chit hydrogels as described in 
Figure 2b.

First, we examined the effect of graphene content. For this, 
we electrofabricated Gr-Chit hydrogels with different graphene 
levels by immersing the electrodes into chitosan (1%) solutions 
mixed with different graphene contents (0, 0.1%, 0.5%, 1%) 
and then applied a constant current of 0.6 mA cm−2 for 3 min. 
As expected, the subsequent CV measurements with these Gr-
Chit hydrogels (Figure  2c) show that .QCon DL

Ox  increased with 
graphene content presumably due to an increase in conduc-
tive surface area and corresponding double layer capacitance. 
After these CV measurements, the hydrogel-coated electrodes 
were immersed into a catechol (10 mm) solution and a constant 
potential of +0.6 V was imposed to achieve the oxidative charge 
(qFab, 0.32 C cm−2). CV measurements with these Cat-Gr-Chit 
hydrogels allowed calculation of the total oxidative charge 
QTotal

Ox( )  and the conductive oxidative charge attributed to the 
conducting catechol .QCon Redox

Ox(  .Q QTotal
Ox

Con DL
Ox )= − which are shown 

as the colored bars in Figure  2c (note: Figure S2, Supporting 
Information, provides CV results for all hydrogels). As can be 
seen from Figure 2c, catechol alone (Gr = 0%) conferred neither 
a double layer nor a redox charge to the film. In the presence of 
Gr, hydrogels of the same catechol content showed increases 
in conductive redox charge (Q ).Con Redox

Ox  with increases in the 
graphene content. These results are consistent with a mecha-
nism in which catechols can associate with graphene within 
the film to confer a redox conductivity, but in the absence of 
graphene, the catechols cannot directly exchange electrons with 
the electrode.

Next, we examined the effect of the grafted catechol level. For 
this, we prepared 5 identical Gr-Chit hydrogel coated electrodes 
by electrodepositing from a chitosan (1%) solution containing 
0.5% graphene using a cathodic current density of 0.6 mA cm−2 
for 3 min. After that, we measured CVs of five Gr-Chit-hydrogel 
coated electrodes in buffer solution and calculated the conduc-
tive DL charge ( ).QCon DL

Ox  which are shown in grey in Figure 2d. 
Using the same 5 Gr-Chit hydrogel coated electrodes, we elec-
trochemically grafted different levels of catechol by immersing 
the Gr-Chit coated electrodes in a catechol (10 mm) solution and 
imposing a positive voltage of +0.6 V (versus Ag/AgCl) for dif-
fering times to achieve oxidative charge (qFab) that varied from 
0.06 to ≈0.96 C cm−2. After that, CV experiments for 5 Cat-Gr-
Chit coated electrodes were performed in buffer and the con-
ductive redox charge ( ).QCon Redox

Ox  is calculated by subtracting the 
DL charge ( ).QCon DL

Ox  of Gr-Chit coated electrode from the total 
charge ( )QTotal

Ox  of Cat-Gr-Chit coated electrode. Figure 2d shows 
that the conductive redox charge ( ).QCon Redox

Ox  monotonically 
increased with qFab up to a qFab of 0.96 C cm−2. An apparent 
saturation effect was observed from 0.6 to 0.96, and potentially, 
this could be due to a limitation in the available graphene sur-
face area for catechol association.

In conclusion, the results of Figure 2 demonstrate that gra-
phene is essential for the double layer charging and is also 

essential for the conductive redox charging that is conferred 
by catechol. These results support the mechanism proposed in 
Scheme  1 in which conducting catechols can directly transfer 
electrons through an interconnected graphene network.

2.2.2. Molecular Switching of Conducting Catechol

To characterize the conductive redox electron transfer through 
the Cat-Gr-Chit composite hydrogel (central panel of Scheme 1c) 
we performed dynamic time series spectroelectrochemical 
measurements to detect redox-state switching of the conducting 
catechols while electrons are being transferred into/from the 
film.[64,84] To allow the measurement of optical absorbance, we 
used a transparent gold electrode and modified our electrodepo-
sition conditions to deposit a thin (≈5 µm), partially-transparent 
Gr-Chit hydrogel film. Specifically, we electrodeposited using 
a chitosan solution (1%) with a lower level of graphene (0.2%) 
and imposed the cathodic current (0.6 mA cm−2) for a relatively 
short time (90 s). This thin Gr-Chit hydrogel coated electrode 
was then immersed into a catechol (10 mm) solution and a posi-
tive potential (+0.6 V versus Ag/AgCl) was applied to achieve an 
anodic charge (qFab) of 0.3 C cm−2 to generate the Cat-Gr-Chit 
hydrogel. For spectroelectrochemical measurements, Figure 3a 
shows that this thin hydrogel coated electrode was immersed in 
a cuvette containing phosphate buffer (PB; 0.1 m, pH 7.0), the 
cuvette was then placed into the instrument, and an oscillating 
potential input was applied to the electrode. The two outputs 
(electrical current and optical absorbance) were simultaneously 
measured.

Figure 3b compares the time series electrical and optical outputs 
for the Cat-Gr-Chit film to those for a control Gr-Chit film lacking 
catechol (shown in grey). Note: Figure S3, Supporting Informa-
tion, shows time series outputs of additional control films of Chit 
and Cat-Chit. The first output curve in Figure 3b is the electrical 
current. The Cat-Gr-Chit composite hydrogel shows higher oscil-
lating current peaks compared to the Gr-Chit hydrogel. A second, 
electrical, output in Figure  3b is the charge which is calculated 
by integrating the current output over time (Q  =  ∫ i  × dt). The 
Cat-Gr-Chit film shows the output charge oscillates with a larger 
amplitude (ΔQCat.Gr.Chit = 2.8 ± 0.06 mC) compared to that for the 
control Gr-Chit film (ΔQGr.Chit = 1.0 ± 0.01 mC). Presumably, the 
larger amount of charge being transferred for the Cat-Gr-Chit 
(versus the Gr-Chit hydrogel) reflects an additional redox-based 
electron transfer mechanism.

The third output in Figure  3b is the optical absorbance 
(480  nm) associated with the redox state of the grafted cat-
echol moieties.[6,11] The Cat-Gr-Chit hydrogel shows an oscil-
lating absorbance output (ΔACat.Gr.Chit; 0.019 ± 0.002), while the 
control Gr-Chit hydrogel shows no oscillations in the absorb-
ance output (ΔAGr.Chit; ≈0). This oscillating output absorbance 
provides direct evidence that the redox state of some catechol 
moieties (i.e., the “conducting catechols”) are being repeatedly 
switched between their reduced (catechol) and oxidized (qui-
none) states by electron transfer through the graphene network 
(note: Figure S3a, Supporting Information, shows the output 
absorbance does not oscillate for a Cat-Chit film that lacks Gr).

It is interesting to note two additional features of the time 
series input–output curves in Figure 3b. First, the electrical and 
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optical outputs appear to be steady over time (i.e., the current, 
charge, and absorbance amplitudes appear nearly constant for 
these 3 cycles). This behavior will be further discussed later. 
Second, the oscillating output charge (Q) and absorbance (A) 
appear to be in-phase with each other, but out-of-phase with 
the input potential. Specifically, the dotted vertical lines in 
Figure  3b illustrate that the maximum (i.e., reductive) charge 
(Qmax) occurs at the same time as the minimum absorbance 
(Amin, associated with the reduced catechol state), and the min-
imum (i.e., oxidative) charge (Qmin) occurs at the same time as 
the maximum absorbance (Amax, associated with the oxidized 
quinone state).

To facilitate interpretation, it is common to display time 
series data as phase plane plots of output versus input poten-
tial.[11,12] The first phase plane plot of Figure 3c shows the elec-
trical current and optical absorbance output responses as a 
function of imposed potential. When the potential was swept 
into the oxidative region (approximately +0.3  V versus Ag/
AgCl), the optical absorbance was observed to increase which 
is consistent with the switching of the catechol to the oxidized 
quinone. When the potential was swept into the reductive 
region (approximately −0.2 V versus Ag/AgCl) the absorbance 
was observed to decrease consistent with the switching of qui-
none to the catechol.

The second phase plane plot of Figure 3c shows the charge 
and absorbance output responses. The shapes of these two 
phase plane plots are nearly superimposable further illustrating 
the strong correlation between the charge transfer from the 
electrode and the molecular switching of the redox state of the 
conducting catechols in the Cat-Gr-Chit hydrogel. Importantly, 
the phase plane plot for the Cat-Chit film lacking Gr shows no 
molecular switching (see in Figure S3b, Supporting Informa-
tion). In summary, these spectroelectrochemical measurements 
demonstrate direct electron transfer to switch the redox state of 
the conducting catechols.

2.3. Mechanisms for Charge-Storage and Electron-Transfer 
with Mediators

2.3.1. Molecular Switching of Non-Conducting Catechol

While the above results provide evidence for a population 
of conducting catechols that can directly exchange electrons 
with Gr (illustrated by the center panel of Scheme  1c), we 
report that there is a second functional population of catechols 
that remains redox-active but cannot directly exchange elec-
trons with Gr (illustrated by the right panel of Scheme  1c).  

Figure 3.  Molecular switching without mediators (detect the conducting catechols). a) Schematic for a spectroelectrochemical probing of the com-
posite films: oscillating potential inputs induce cyclically varying electron-flow (electrical output) and redox-state switching of the grafted catechols 
(optical output). b) Time series output curves of the response to cyclically-oscillating input potential in buffered solutions without mediators (note: the 
absorbance is normalized by subtracting the initial absorbance to emphasize its change). c) Phase-plane plots showing how the input potential affects 
the flow of electrons (measured as current or charge) and molecular redox-state switching of the grafted catechols (as measured by optical absorbance).

Adv. Mater. Interfaces 2022, 9, 2202021
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Specifically, we envision these “non-conducting” catechols are 
covalently grafted to the chitosan matrix but do not form the 
associations with Gr that enable direct electron transfer.

To reveal this second functional population of catechols, 
we performed a second set of spectroelectrochemical meas-
urements using the same thin hydrogel coated electrodes in 
Figure  3, but this time using a buffered solution containing 
two mediators (i.e., diffusible electron shuttles). These two 
mediators sequentially engage the non-conducting catechols in 
redox-cycling reactions as illustrated by the scheme of Figure 4a.  
When the electrode-imposed potential is cycled to the oxidative 

region, the ferrocene dimethanol (Fc) mediator undergoes 
oxidative redox-cycling to switch the non-conducting cat-
echols to their oxidized (e.g., quinone) state. When the elec-
trode-imposed voltage is cycled to the reductive region, the 
Ru(NH3)6Cl3 (Ru3+) mediator undergoes reductive redox-
cycling to switch the non-conducting catechols to their reduced 
(e.g., catechol) state.

Figure 4b shows time series curves for multi-cycle CV meas-
urements for the Cat-Gr-Chit hydrogel probed in the presence 
of the Fc and Ru3+ mediators (0.1 mm each) and compares this 
output response to that observed for the same film probed 

Figure 4.  Molecular switching with mediators (detect the non-conducting catechols). a) Schematic of spectroelectrochemical probing when diffusible 
mediators are used to shuttle electrons to/from the non-conducting catechols through redox-cycling mechanisms. b) Time series output curves of the 
response to cyclically oscillating input potential in buffered solutions (PB) without or with mediators (0.1 mm ferrocene dimethanol [Fc] and 0.1 mm 
ruthenium hexamine chloride [Ru3+]). c) Phase-plane plots showing how the catechol and mediators alter the output electrical (current and charge) 
and optical (absorbance) responses due to the redox-state switching of the grafted catechols. d) Dynamic analysis of the electrical and optical outputs 
as a function of scan rate (e.g., frequency). e) Cross-correlation illustrates the importance redox-state switching of the catechol (measured as ΔA) to 
the ability to transfer electrons into/from the composite (measured as ΔQ).
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without mediators (i.e., output curves from Figure  3b are 
reproduced in Figure 4b while Figure S4, Supporting Informa-
tion, shows results from various additional control films). The 
first set of output curves in Figure  4b show the electrical cur-
rent. The largest currents were observed when the Cat-Gr-Chit 
composite hydrogel was probed in the presence of both media-
tors. The amplified currents for the Cat-Gr-Chit hydrogel in 
the presence (versus absence) of mediators are consistent with 
the existence of a second population of catechol that is non-
conducting and requires diffusible mediators to induce their 
redox-switching.

The second set of outputs in Figure  4b is the electrical 
charge (Q). Again, the largest amplitude for the oscillating Q 
was observed when the Cat-Gr-Chit composite film was probed 
with both mediators (Δ . .QCat Gr Chit

Mediator ; 5.8 ± 0.02 mC) and this value 
is considerably larger than the values observed when probing 
the same Cat-Gr-Chit hydrogel without mediators (ΔQCat Gr Chit

PB
. . ; 

2.8 ± 0.06 mC) or for probing the Gr-Chit hydrogel with media-
tors (ΔQGr Chit

Mediator
. ;1.0 ± 0.02 mC). This increase in ΔQ indicates 

that the mediators allow more electrons to be transferred 
into and from the Cat-Gr-Chit film during each CV cycle, and 
this result is consistent with a population of redox-active but 
non-conducting catechol moieties in the film.

The third set of output curves in Figure  4b is the optical 
absorbance associated with the catechol moieties’ redox state. 
The amplitude of the oscillating optical absorbance output 
(ΔA) provides a semi-quantitative measure of the redox-state 
switching of the catechol moieties. As expected, the Gr-Chit 
film that lacks catechol moieties shows no oscillations in 
absorbance (Δ .AGr Chit

Mediator ; 0). Figure 4b shows the oscillating optical 
absorbance for the Cat-Gr-Chit film is significantly larger 
when probed with mediators (Δ . .ACat Gr Chit

Mediator ; 0.05 ± 0.003) than 
without mediators (Δ . .ACat Gr Chit

PB ; 0.015 ± 0.002). Comparison of 
these absorbance amplitudes suggests that for this Cat-Gr-Chit 
hydrogel, 1/3 of the redox-active catechols are conducting and 
2/3 are non-conducting, approximately.

Figure 4c displays the electrical and optical phase plane plots 
for this CV data. When the Cat-Gr-Chit hydrogel was probed 
with mediators, the upper output plot shows a significant cur-
rent amplification compared to probing this hydrogel without 
mediators or probing a Gr-Chit hydrogel with mediators. The 
positions for the various oxidation and reduction peaks are also 
shown in the upper plot of Figure 4c. Intuitively, it is expected 
that this plot should show peak positions associated with both 
the conducting catechols and also the Fc (E0,Fc = +0.25 V) and 
Ru3+ (E0,Ru3+  =  −0.2  V) mediators. However, because of the 
overlap of these potential values, these peaks cannot be unam-
biguously discerned.

The middle and lower plots in Figure 4c show the Q and A 
phase plane plots. As seen in Figure  3c, the shapes of the Q 
and A phase planes are nearly superimposable for the Cat-Gr-
Chit hydrogel which shows a strong correlation between elec-
tron transfer and the molecular switching of the catechol moie-
ties independent of whether mediators are used for switching. 
However, the larger amplitude observed when the Cat-Gr-Chit 
hydrogel was probed with mediators is consistent with the 
mediators switching a larger population of catechols.

To further compare the response of the conducting and 
non-conducting catechols, we performed dynamic analysis by 

probing the Cat-Gr-Chit hydrogel in the presence and absence 
of mediators using varying scan rates (Figure S5, Supporting 
Information, provides the time series outputs of CV measured 
at different scan rates). Figure 4d shows that the amplitudes of 
the oscillating electrical output (ΔQ) and optical output (ΔA480) 
both decrease with increasing scan rates. Figure 4e shows the 
cross-correlation between these output amplitudes. One obser-
vation is that this correlation appears linear suggesting that the 
electrons transferred to/from the hydrogel are associated with 
switching of the redox state of the catechols. Importantly, this 
line seems to have a similar slope irrespective of whether the 
hydrogel is probed with or without mediators, suggesting the 
same number of electrons is required to switch the conducting 
and non-conducting catechols. The x-intercept in Figure 4e sug-
gests that ≈1 mC of charge may be associated with the double-
layer capacitance associated with graphene.

Another important observation in Figure  4e involves the 
charge amplitude (ΔQ). The addition of Gr to a Chit hydrogel 
was observed to increase ΔQ from 0.22 (Chit; Figure S4, 
Supporting Information) to 1 mC (Gr-Chit). This increase 
is expected as Gr is expected to confer a double layer capaci-
tance. The addition of catechol to the Gr-Chit film is observed 
to further increase ΔQ in a scan-rate dependent manner. The 
increase conferred by catechol is consistent with the addition 
of a redox capacitance. When the Cat-Gr-Chit film was probed 
without mediators, we hypothesize this redox capacitance is 
associated with the conducting catechols. When the Cat-Gr-Chit 
hydrogel was probed with mediators, we hypothesize the redox 
capacitance includes both the conducting and non-conducting 
catechols. Importantly, mediators are required to switch the 
non-conducting catechols to allow significantly more electrons 
to be transferred to/from the hydrogel and corresponding 
increases in ΔQ and ΔA480.

2.3.2. Electrochemical Characterization of Non-Conducting Catechol

In the above experiments (Figures 3 and 4) we examined thin 
partially-transparent films with comparatively low levels of gra-
phene and catechol to provide direct experimental evidence for 
the different charge-storage and electron-transfer mechanisms. 
We next examined the functional consequences of these three 
mechanisms for the thicker hydrogel films studied in Figure 2a.

In an initial characterization, we performed CV measure-
ments in the presence or absence of the Fc (E0,Fc  =  +0.25  V 
versus Ag/AgCl) and Ru3+ (E0,Ru3+  =  −0.2  V versus Ag/AgCl) 
mediators. For the Gr-Chit hydrogel lacking catechol, Figure 5a 
shows small changes in the CV when mediators were added. 
Thus, for this Gr-Chit hydrogel, the mediators have little effect 
on the conducting mechanism conferred by graphene. In con-
trast, Figure 5a shows the CVs for the Cat-Gr-Chit hydrogel are 
dramatically different depending on whether mediators are 
added to access the redox-non-conducting catechols.

There are three observations from a comparison of the CVs 
for the Cat-Gr-Chit hydrogel probed with mediators (versus 
without mediators). First, large peak currents are observed at 
the mediator redox potentials (a small oxidation peak current 
around +0.5 V versus Ag/AgCl might be due to the Cl− oxida-
tion of Ru(NH3)6Cl3[85]). This observation is consistent with 
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Figure 5.  Electrochemical characterization with mediators. a) Cyclic voltammograms (CV) of graphene-containing composites when probed 
with or without mediators (0.1  mm Fc, 0.1  mm Ru3+; scan rate of 10 mV s−1). b) Current–time plots used to quantify the oxidative charges  
(Q Q QCon DL

Ox
Con Redox
Ox

NonCon Redox
Ox, ,. . . ). c) The effect of graphene on the oxidative charge-transfer mechanisms. d) The effect of catechol (qFab) on the oxidative 

charge-transfer mechanisms. e) Dynamic analysis in which output currents are converted to area capacitance values (C, F cm−2: CVs performed from 
2 to 1000 mV s−1). f) Dynamic analysis of oxidation peak currents as a function of the scan rate.
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the requirement for diffusible mediators to allow the non-
conducting catechols to exchange electrons, and also illustrates 
the role of the mediators as voltage gates to allow electron flow 
to/from the non-conducting catechol population. Note: the role 
of the mediators to gate current flow from the non-conducting 
catechols is more apparent from CVs in Figure S6, Supporting 
Information, for studies with the Cat-Chit hydrogel that lacks 
Gr. Second, the mediator peak currents are amplified: the 
mediators can access the non-conducting catechol population 
that serves as an additional source/sink of electrons. Third, the 
mediator currents are rectified by the catechol: Fc-oxidation 
(but not Fc-reduction) is amplified and Ru3+-reduction (but not 
Ru3+-oxidation) is amplified. These molecular electronic proper-
ties (i.e., the amplification, rectification, and gating of currents) 
have been previously reported for redox-active but non-con-
ducting films in bioelectronics applications.[11,60,62,86]

To estimate the relative contributions of three electron 
transfer mechanisms, Figure  5b shows that we integrated the 
time series current plots. Specifically, probing of the Gr-Chit 
hydrogel allows an estimate of double layer charge conferred by 
graphene ( .QCon DL

Ox ), probing of the Cat-Gr-Chit hydrogel without 
mediators allows an estimate of the conductive redox charge 
conferred by the conducting catechol’s ( .QCon Redox

Ox ), and probing 
of the Cat-Gr-Chit film with mediators allows an estimate of the 
non-conductive redox charge conferred by the non-conducting 
catechol’s ( .QNonCon Redox

Ox ).
Using the same thick hydrogels as those in Figure 2c,d, we 

performed probing studies with the Fc and Ru3+ mediator pair 
(note: Figure S7, Supporting Information, provides the CVs of 
various Cat-Gr-Chit hydrogels in the presence of mediators). 
The results summarized in Figure  5c show that when the 
hydrogel’s graphene content was increased, both the double 
layer charge and the conductive redox charge increased, while 
the non-conductive redox charge was unchanged (Figure  5c, 
green component). When the catechol content of the hydro-
gels was increased, Figure 5d shows there was no effect on the 
conducting double layer charge (Figure  5d, gray component), 
while both the conductive redox charge and non-conductive 
redox charge increased. Interestingly, in the higher qFab region, 
the conductive redox charge appears to be limited by graphene, 
while the non-conductive redox charge is increased with cat-
echol content. Importantly, these results indicate that the 
ability of the mediators to access the non-conducting catechol 
population leads to a large increase in electron exchange in the 
hydrogel.

Next, we performed dynamic analysis by probing these 
thick hydrogels at different scan rates from 2 to 1000 mV s−1. 
To compare the response from multiple CVs using a similar 
y-axis scale, we converted the CV measurements into area 
capacitances by dividing the output charge (Q) by the elec-
trode surface area and scan rate as described by the equation 
of Figure 5e (note: Figure S8, Supporting Information, provides 
the current output results of CVs measured at different scan 
rates). The first plot of Figure 5e shows CV results for the Gr-
Chit hydrogel when probed in the absence of mediators and the 
shape of these curves is largely independent on the scan rate. 
These results are consistent with an EDL capacitance associ-
ated with graphene.[1,2] The second plot in Figure 5e shows the 
CV results for the Cat-Gr-Chit hydrogel when probed without 

mediators, and includes contributions from both graphene’s 
double layer capacitance and the conducting-catechols redox 
capacitance. The final plot shows CV results for the Cat-Gr-Chit 
hydrogel when probed with mediators, which includes all three 
electron transfer mechanisms. These latter plots both show that 
the total capacitance decreases with increasing scan rate which 
is consistent with a redox capacitance mechanism.

To further characterize the dynamics of the electrochemical 
response, we examined how the peak current (ip) varies with 
scan rate (ν).[2,87–89] The equations in Figure 5f show a power-
law dependence with the exponent (b) providing mechanistic 
insights: b approaches 1 for surface-controlled electrochemical 
processes, and 0.5 for diffusion-controlled processes.[2,76,89] The 
exponent for the Gr-Chit hydrogel probed in the absence of medi-
ators (b = 0.96) supports the hypothesis that electron-transfer is 
associated with the surface controlled double layer formation 
(i.e., the capacitive charge). The exponent (b) of Cat-Gr-Chit 
hydrogel without mediators is slightly decreased (b  = 0.82), 
which might be due to the additional surface-controlled redox 
reaction of conducting catechol. Last, the lowest exponent for 
the Cat-Gr-Chit probed in the presence of mediators (b = 0.65) 
supports the hypothesis that mediator diffusion is required 
for electron-transfer with the non-conducting catechols (note: 
Figure S8, Supporting Information, provides similar analysis 
based on potentials of oxidative peak that further support the 
above mechanistic interpretation[2,88,90]).

In summary, the results of Figure 5 provide electrochemical 
evidence that electron flow in the Cat-Gr-Chit hydrogel in the 
presence of mediators involves the three mechanisms sug-
gested in Scheme 1c.

2.4. Functional Properties

2.4.1. Stability of Redox-State Switching

Redox-active catechol-based hydrogels are being examined for 
biosensing and bioelectronics applications[6,62,91] because their 
ability to be repeatedly switched between two stable redox states 
confers unique molecular electronic properties (e.g., molecular 
memory). To examine if the incorporation of graphene into the 
composite effects redox-switching, we evaluated the thin films 
of Figure  4. First, we examined the repeatability of switching 
over 10 cycles using an oscillating input potential (note: 
Figure S9, Supporting Information, shows the time series 
output responses). Figure 6a shows that when the Cat-Gr-Chit 
hydrogel was probed with mediators, comparatively large 
amplitudes for the electrical output (ΔQ  = 4.09 mC ± 0.12) 
and optical output (ΔA480  = 0.051±0.0036) were observed and 
these amplitudes remained relatively constant over 10 cycles. 
Similarly, steady, albeit lower, amplitude outputs were observed 
when the Cat-Gr-Chit hydrogel was probed without media-
tors. This steady output indicates that the catechol moie-
ties (both conducting and non-conducting) can be repeatedly  
switched.

Next, we imposed step changes in potential between −0.6 
and +0.6 V and observed the resulting response in charge (Q) 
and absorbance (A). Figure 6b shows a repeatable response of 
both these electrical and optical outputs with the amplitude of 
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the response for the Cat-Gr-Chit hydrogel being larger when the 
mediators were used to switch the redox-state. The absorbance 
plot also shows that the switched redox state remains stable 
when the step potential is maintained for 5 min. In subsequent 
studies (Figure S10, Supporting Information), we observed that 
these redox states were stable in the absence of sustained power 
for minutes to hours[6,60,63] which is comparable to stabilities 
reported for electrochromic materials.[2,3,16,34,36,64,92,93] Overall, 
the results of Figure 6 indicate that the redox-states of both the 
conducting and non-conducting populations of catechol can be 
repeatedly switched.

2.4.2. Capacitor for Charge Storage

One potential application for conducting and redox-active 
composite hydrogels is for energy storage. For this, we 

electrofabricated thick films (electrodepositing of Gr-Chit 
hydrogel for 5  min and catechol-grafting to a qFab of 
0.96 C cm−2), and generated galvanostatic charge–discharge 
(GCD) curves. The results of Figure 7a show that the charging–
discharging curve for the Gr-Chit hydrogel is straight and sym-
metrical. Such GCD shapes have been observed for conductive 
materials with surface controlled EDL capacitance.[2,76] For our 
hydrogels, we attribute this linear-symmetric GCD behavior to 
the conducting graphene component in our films.

Figure  7a shows that the addition of catechol (i.e., the Cat-
Gr-Chit hydrogel) broadened the GCD curve and changed the 
shape to have slope changes at potential values (E1 =  +0.19  V 
and E2 =  −0.16  V) that correspond to the redox potentials 
of the conducting catechols (observed in the CV curves of 
Figure  2). Such changes in slope in GCD curves have been 
previously observed for materials that offer a pseudo-capacitive 
charge-storage mechanism.[1,76] For our hydrogels, we attribute 
this pseudo-capacitive behavior to the conducting catechol 
population.

When measurements of the Cat-Gr-Chit hydrogel were per-
formed in the presence of mediators, Figure 7a shows that the 
GCD results were further broadened, and partially flattened 
regions appeared at potential values near those observed in the 
CV curves of Figure 5a for the two mediators (E3 = +0.26 V and 
E4 =  −0.29  V) (note: Figure S11, Supporting Information pro-
vides a summary of these CV and GCD results measured using 
the same hydrogel). Such complex shapes of the GCD curve 
have also been observed with battery-type materials that employ 
diffusion-based charge-transfer mechanisms (e.g., ion/metal 
intercalation).[7,94] For our hydrogels, we attribute this behavior 
to the non-conducting catechol population that requires medi-
ator diffusion for charge-transfer. Overall, the shape features 
of the GCD curves in Figure 7a are consistent with: CV meas-
urements in Figure S11, Supporting Information; observations 
for various energy storage materials;[1,2,76] and expectations 
for the different electron-transfer mechanisms illustrated in 
Scheme 1c.

While our goal was not to create a composite optimized 
for energy applications, it is useful to quantify the relevant 
energy properties of our hydrogel films. Experimentally, we 
calculated the specific capacity by dividing the capacity (mAh) 
measured from the GCD curves by the hydrogel mass and sur-
face area as measured using a Quartz Crystal Microbalance. 
Figure 7b shows the calculated specific capacities of 4 different 

Figure 6.  Stability of redox state switching. a) Repeatable switching of 
catechol redox-states with and without mediators as measured from the 
optical output from multi-cycle CV measurements (scan rate of 10 mV s−1). 
b) Stability measurements of the reduced and oxidized redox-states of the 
catechol when a step potential was imposed.

Figure 7.  Catechol-based enhancement of capacitance. a) Potential outputs from galvanostatic charge–discharge (GCD) measurements at a current 
density of 0.63 mA cm−2. b) Comparison of the specific capacities of the four hydrogels without and with mediators and also literature reports of TiO2

[2] 
and RuO2

[2] pseudocapacitors.

Adv. Mater. Interfaces 2022, 9, 2202021

 21967350, 2022, 35, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202202021 by U
niversity O

f M
aryland, W

iley O
nline L

ibrary on [02/10/2023]. 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



www.advancedsciencenews.com

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH2202021  (13 of 15)

www.advmatinterfaces.de

hydrogels in the buffer solution without and with mediators. 
First, the addition of graphene to the chitosan hydrogel signifi-
cantly (≈100 times) enhanced the capacity 100.C CGr Chit

PB
Chit
PB( )≈  

presumably due to graphene’s ability to enhance the double 
layer capacitance. Second, the addition of catechol to the Gr-
Chit hydrogel resulted in an additional 2.2-fold increase in 
capacity 2.2. . .C CCat Gr Chit

PB
Gr Chit
PB( )≈  presumably due to the addi-

tion of the conducting catechol’s redox capacitance. Finally, 
the use of mediators yielded a further 2-fold increase in 
capacity 2. . . .C CCat Gr Chit

Mediator
Cat Gr Chit
PB( )≈  presumably due to the redox 

activity of the non-conducting catechols. Thus, as illustrated in 
Figure 7b, the capacity of our hydrogel films was synergistically 
increased by the addition of graphene and catechol, and the use 
of mediators. For comparison, Figure  7b also shows that the 
observed capacities of our hydrogels are ≈80% to ≈90% of the 
highest-reported values for energy materials in non-aqueous 
and aqueous systems.[2]

3. Conclusions

Here, we electrofabricated a composite hydrogel film and 
used a range of electrochemical methods to demonstrate 
that: the graphene component confers conductivity and ena-
bles charge-storage through an EDL capacitance mechanism; 
and the catechol component enables charge-storage through 
a redox mechanism. Note: Table S1, Supporting Information, 
provides a list of various inter-related property measurements. 
Further, we report two functional populations of catechol: con-
ducting-catechols can directly transfer electrons to graphene, 
while non-conducting catechols require diffusible mediators 
for electron-transfer. The mechanistic behavior of these com-
posite films is summarized in Figure 4e which shows the cor-
relation between the amount of charge that can be transferred 
into/from the film (ΔQ) and the redox-state switching of the 
catechol moieties (ΔA). In the absence of catechol (i.e., the Gr-
Chit hydrogel), a comparatively small amount of charge can 
be transferred into and out of the hydrogel through double-
layer charging. The addition of catechol (i.e., the Cat-Gr-Chit 
hydrogel) increases charge-transfer and this increase shows a 
linear correlation to the molecular redox-switching of catechol 
moieties. The use of mediators with Cat-Gr-Chit film further 
enhances charge-transfer and the redox-switching of catechol 
by enabling electron-exchange with the non-conducting cat-
echol population.

While the importance of conducting materials (e.g., gra-
phene) for electronic materials is well-established, the poten-
tial benefits of redox components (e.g., catechol) are still being 
revealed. Using thin, partially-transparent Cat-Gr-Chit com-
posite hydrogels, we show that the ability of catechol to exist 
in two stable redox states enables an optically-readable molec-
ular-memory with switching capabilities comparable to those 
observed for various electrochromic materials. Using thick, 
Cat-Gr-Chit composite hydrogels, we show that the ability of 
catechol to store charge enhances capacities to values compa-
rable to those of recently reported energy storage materials. 
Importantly, we demonstrate the importance of diffusible 
mediators to enhance the performance of redox-based energy 
materials.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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