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ABSTRACT: Development of cost-effective catalysts that provide low overpotentials and enhanced electrochemical kinet-
ics is a critical goal of contemporary research on electrochemical water splitting and similar technologically significant
processes. Translation to practical applications demands that they should also enable high current densities to be ex-
tracted. A simple strategy of encapsulating the active electrocatalyst in hydrogel polymer matrices is shown to provide a
solution in several respects, especially regarding the last criterion. The concept is illustrated using two examples of ‘gelec-
trodes’ based on nanocomposites of cobalt oxyhydroxide and nickel-iron hydroxide with chitosan on nickel foam, and
their efficient mediation of the oxygen evolution reaction (OER). Comparison with various control systems show that
significantly lower overpotentials and higher current densities with extended temporal stability can be achieved with the
gelectrodes; the cobalt oxyhydroxide - chitosan and nickel-iron hydroxide - chitosan systems provide stable current densi-
ties up to 1.6 - 1.7 A cm™ for the OER with alkaline aqueous electrolyte. This simple design strategy is expected to open up

a general route to technologically useful electrocatalyst performance.

Hydrogen has approximately thrice the energy content
than gasoline, on a mass basis (120 MJ kg™ vs 44 MJ kg™).">
The additional attraction of environmentally benign
combustion product lends it the ‘green’ epithet, making it
the choice fuel for future technologies. Among the vari-
ous routes to hydrogen generation, electrocatalytic water
splitting is one of the most promising.*> Some of the crit-
ical challenges in developing practically sustainable elec-
trocatalytic water splitting technology are the high cost of
efficient catalysts for the hydrogen evolution reaction
(HER) and the multi-electron oxygen evolution reaction
(OER), maintenance of the catalyst integrity and stability,
and technical/design issues of scale up.”® Development
of appropriate solutions must take into account (i) the
use of non-noble metal based and easily synthesized elec-
trocatalysts, (ii) fabrication of catalytic electrodes that
ensure efficient protection of the catalyst in suitable ma-
trices that prevent leaching while enabling facile access of
the electrolyte and release of the reaction products, and
(iii) potential scale-up and thermal/mechanical stability
of the catalyst-matrix composites.”’® Recent studies in
our laboratory"™ have shown that the deployment of pol-
ymers that possess hydrogel characteristics opens up a
wide gamut of options as the matrix to embed the select-
ed electrocatalyst paving the way to address the challeng-
es outlined above. Significant observations from various
laboratories, of the critical role of superaerophobic sur-
faces in promoting HER>'® and OER,” and tuning the
water states in supramolecular hydrogel electrolytes™ are
pertinent in this context. Many of these efforts have in-

volved specialized hydrogels and elaborate fabrication
processes.

Past and contemporary research aimed at en-
hancing the efficiency of the electrocatalysts for water
splitting reactions have largely been focused on lowering
the overpotentials for the HER and OER, enhancing their
kinetics, and extending the stability of the catalytic elec-
trodes.”™ Use of hydrogel polymers for embedding the
electrocatalysts have led to similar advantages,”** and
the added benefits of the active role of the polymer matrix
in enhancing the activity through optimized cycling pro-
tocols.?"* However, in order to realize practically relevant
electrocatalytic water splitting, significantly high and sus-
tainable current densities need to be extracted at reason-
ably low overpotentials.***> We report a protocol that can
easily be generalized, to embed or enclose established or
novel, efficient and cost-effective catalysts in common
and widely available hydrogel polymer matrices that leads
to sustainable and enhanced electrocatalytic activity. As
illustrative cases, we present our exploration of cobalt
oxyhydroxide (CoOOH) and nickel-iron hydroxide (Ni,.
JFe,(OH),) encapsulated in polymers such as
poly(acrylamide-co-acrylic acid) (PAM), polyacrylic acid
(PAA), poly(2-hydroxyethyl methacrylate) (PHEMA) and
chitosan (CS), and formed as thin films on Ni foam (NF);
we call these ‘gelectrodes’. The former is a CoOOH-
polymer composite coated on NF, and the latter Ni,
Fe,(OH), formed on the NF surface® and over-coated
with the polymer. Our studies demonstrate efficient and
sustainable OER with high current densities achieved
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Figure 1. (a) TEM image (scale bar = 100 nm), (b) HR-TEM
image showing the lattice plane spacing (scale bar = 10 nm),
and (c) electron diffraction pattern of CoOOH-CS. (d-f) Cor-
responding images and diffraction pattern of Ni,,Fe (OH),-
Cs.

with CS as the matrix for the nanocomposite thin film.
The overpotentials obtained with CoOOH-CS/NF and Ni,.
Fe,(OH),-CS/NF are 3u mV and 275 mV @10 mA cm™
respectively; compared to the native catalyst on the same
conducting substrate, substantially higher and stable cur-
rent densities up to 1.7 A cm™ are attained.

CoOOH and Ni, Fe,(OH), were synthesized fol-
lowing reported procedures.***”” Trial experiments with
various polymers led to the choice of chitosan (CS), that
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provided the nanocomposite gelectrode capable of OER
with the lowest overpotentials and stable, high current
densities. The nanocomposite CoOOOH-CS/NF was fabri-
cated by simple mixing of CoOOH and CS in 1% acetic
acid and drop-casting on NF. Ni, Fe (OH),-CS/NF was
prepared by drop casting CS on Ni, Fe,(OH),/NF and
drying in air (Figures S1, S2, Table S1). The TEM images
confirm the formation of CoOOOH (Figure 1a-c; JCPDS: 96-
900-9450) and Ni, Fe,(OH),-CS (Figure 1d-).2® Core level
XPS of CoOOH (Figure 2a) shows the presence of Co™
and Co®" and oxygen in the expected environments (Ta-
bles Sz, S3, Figure S3). Core level XPS in Figure 2b,c show
that Ni*', Fe and Fe’" are present in ~ 0.53:0.23:0.24
atomic ratio in Ni,,Fe,(OH),-CS;***° based on this, x and y
can be estimated to be 0.47 and 2.24 respectively so that
the material can be formulated as Ni, y,Fe, ,,(OH), ,,.
CoOOH-polymer/NF and Ni, .Fe,(OH),-
polymer/NF were used as the working anode in the elec-
trochemical water splitting reaction in a standard 3-
electrode configuration with Pt as the counter electrode
and Hg/HgO as the reference electrode. Figure 3a shows
the CV plots recorded for the OER at 10 mV s” with
CoOOH-polymer/NF (Figure S4 provides the correspond-
ing polarization plots). The plots with the hydrogel pol-
ymers, poly-L-lysine, PAM, PAA, PHEMA and CS are
shown; the catalytic electrode prepared with Nafion as
the binder is included as the control. CoOOH-CS/NF is
found to show the lowest overpotential of 31 mV @10 mA
cm”  Experiments with selected cases of Ni, Fe,(OH),-
polymer/NF (with Ni, Fe,(OH),/NF used as the control)
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Figure 2. Core-level XPS of (a) CoOOH (Co) and (b, ¢) Ni,_Fe,(OH),-CS/NF (Ni, Fe) showing also the spectral deconvolutions;
the experimental spectra (black line), the total fitting (red line), and individual components are shown.
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Figure 3. (a) CV plots for the OER using various CoOOOH-polymer/NF (the overpotentials are estimated from the reverse sweep
to avoid the oxidation peak, Ni**/Ni*"), and (b) the polarization plots of selected cases recorded up to higher potentials. (c, d)

Similar plots for OER using Ni, ,Fe,(OH),-polymer/NF.

showed that the nanocomposite with CS again provides
the lowest overpotential of 275 mV @10 mA cm™ The
hydrogel polymer stabilizes the electrocatalyst; its swell-
ing and confinement of the electrolyte within lead to the
enhancement of the electrocatalytic efficiency. Figures
3b, d show that technologically relevant current densities
up to ~ 1.6 - 1.7 A cm™ can be obtained with the CS-based
gelectrodes; the control systems show significant fluctua-
tions or fail at much lower current densities. Beyond the
low overpotentials and stable water splitting performance
demonstrated in our earlier studies,”* the current obser-
vations add a new dimension of realizing high current
densities with the hydrogel based nanocomposite thin
films.

The enhanced catalytic activity of the gelectrodes
prepared with CS is also reflected in the Tafel plots of
CoOOH-CS/NF and Ni,Fe (OH),-CS/NF (Figure 4a), the
slopes of 96.9 and 77.0 mV dec™ respectively being signif-
icantly lower than that of the control cases. We have also
calculated the electrochemically active surface area
(ECSA) by estimating the double layer capacitance (Fig-
ures 4b, S5). The ECSA values nearly quadruple from 7.65
cm® with CoOOH-Nafion/NF to 33.5 cm® with CoOOH-
CS/NF; similarly, the value increases from 19.8 ¢cm® with
Ni,..Fe,(OH),/NF to 34.7 cm® with Ni, Fe (OH),-CS/NF
(Table Ss). Parallel trends are observed with the Faradaic
efficiency, measured by volumetric analysis of the O, pro-

duced; high efficiencies of 97% and 87% are obtained with
CoOOH-CS/NF and Ni,Fe,(OH),-CS/NF respectively
(Figures 4d, S6). The TOF for OER evaluated using Co
and Fe content in the two electrodes (determined by ICP
elemental analysis) are 16.2 and 25.4 h™ respectively (pag-
es S13, S14).”” Encapsulation of the electrocatalyst within
the hydrogel polymer improves the stability and efficiency
of the working electrode, as illustrated by the chronoam-
perometry and chronopotentiometry plots in Figures 4d,
e. The current density obtained at 3 V and the voltage
required for 50 mA cm™ show significant increase and
decrease respectively, from CoOOH-Nafion/NF to
CoOOH-CS/NF to Ni,,Fe,(OH),-CS/NF. The parallel en-
hancement of temporal stability demonstrated for 24 h, is
clearly extendable to longer time periods. The high cur-
rent densities that can be extracted over extended time
periods using the gelectrodes are especially notable. Fig-
ure 5 shows the polarization plots for water splitting with
2-electrode cells having Pt as the cathode and CoOOH
and Ni,Fe (OH), based gelectrodes as the anodes. The
cell voltages required to achieve a current density of 100
mA cm™ decrease from 2.124 V with CoOOH-Nafion/NF
to 1.899 V with CoOOH-CS/NF, and from 1.968 V with
Ni,.Fe,(OH),/NF to 1.892 V with Ni,Fe(OH),-CS/NF.
This clearly demonstrates the enhanced efficiency for the
high current water splitting process using the gelectrodes.
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Figure 4. (a) Tafel plot for the different catalytic electrodes. (b) Plot of Aj/2 (Aj = anodic current density - cathodic current
density) vs scan rate used to calculate the double layer capacitance. (c) Plot of the volume of O, produced by 5 mA current vs
time, using different electrodes (the lines are based on the Faradaic efficiencies shown, calculated for the 30 min data point).
Stability of the catalysts demonstrated using (d) chronoamperometry and (e) chronopotentiometry plots for the OER carried

out at 3V vs RHE, and 50 mA cm™ respectively using the CoOOH and Ni,..Fe,(OH), based catalytic electrodes.
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Figure 5. (a) Polarization plots recorded at a 10 mV s” scan rate for the 2-electrode cell using the gelectrodes CoOOOH-CS/NF
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Fe,(OH),/NF are also shown. (b) Chronoamperometry plots at an applied voltage of 4 V.
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The hydrogel polymer matrix plays multiple roles
in enhancing the capabilities of the electrocatalyst. It
protects the nanocatalyst from leaching and potential
chemical changes in the alkaline environment; confine-
ment of the electrolyte promotes the charge transfer pro-
cesses and hence the electrochemical kinetics. The aero-
phobic character facilitates efficient disposal of the gase-
ous products of the reaction supporting sustained high
current flow. The present study thus demonstrates the
low overpotentials, and more prominently, the high and
stable current densities that can be extracted for electro-
catalytic water splitting using the simple approach of en-
capsulating the active OER catalysts in hydrogel based
polymers. The gelectrodes fabricated with the cheap and
commercially available chitosan is shown to provide ex-
cellent performance (comparison with earlier reported
systems is provided in Table S6) pointing to a cost-
effective route to practically useful electrochemical water
splitting. This general concept can be extended to other
critical electrocatalytic processes using a wide range of
options with a new generation of gelectrodes.
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