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With the help of the redox mediator, decoupled water-splitting allows O, and H, to be produced at dif-
ferent times, at different rates, and even in different cells, which promotes both the operation safety and
the utilization of renewable power sources. However, the current densities and stabilities of these redox
mediators are commonly low, which require further improvements for practical applications. Here, we
propose to use supercapacitors as solid state redox mediators for decoupled water splitting. For demon-
stration, NagsMnO, (pseudocapacitor) and active carbon (double layer capacitor), are both used as the
redox mediator. These supercapacitors show superior current density (1 A/cm?) and ultralong cycle-life
(8000 cycles) compared with commonly investigated battery-based mediators (NiOOH/Ni(OH),). Our re-
search proves supercapacitors can be used as redox relay with high current density and stability, which
may bring new insights in the design of decoupled water splitting systems.
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Hydrogen with high energy density by weight is highly promis-
ing to replace the fossil fuels and reduce CO, emissions [1-7]. Elec-
trolytic water splitting, driven by renewable energy sources such
as solar and wind, represents an important way for green hydro-
gen production [8-10]. Despite the rapid development of a vari-
ety of novel electrocatalyst for hydrogen evolution reaction (HER)
[11,12] and oxygen evolution reaction (OER) [13,14], an equally im-
portant issue is to design new water splitting systems to overcome
some critical challenges confronted by conventional water electrol-
ysis, such as gas mixing issues and the incompatibility with fluc-
tuated green energies [15-18].

To address these issues, one interesting topic that has been pro-
posed recently is to decouple the water splitting in space and/or in
time [19-21]. Redox mediators are commonly used to achieve the
HER/OER decoupling, which bring extra reactions pairing with the
HER and OER. As such, a one-step reaction is decoupled into a two-
step process. Up to now, a variety of agents have been developed
as redox mediators [22-24], including soluble ones, such as poly-
oxometalates [25], and solid-state redox mediators [26-28], such
as NiOOH/Ni(OH), [26]. A few nice review papers summarized the
developments of different types of redox mediators [29,30]. De-
spite the rapid development of decoupled water splitting, there
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are several constraints that prohibit their practical implementa-
tion [31,32]. One problem is that the long-term stability of the
redox agents upon repeated redox cycling remains unproven, an-
other problem is that the current density of reported decoupled
water splitting systems is generally low (the number of cycles and
the current density tested for typical redox mediators are provided
in Table S1 in Supporting information). Redox mediators with long
cycle life and high current density still require further investiga-
tion.

With the development of energy storage technologies, super-
capacitors such as electric double layer capacitors and pseudoca-
pacitors, are thoroughly investigated and their applications well
explored [33-35]. In general, the key function for the redox me-
diator in decoupled water splitting is “decoupling”, which means
robust, rapid redox reactions to decouple the HER and OER, and
the energy storage capacity is not crucial. As a result, superca-
pacitors [36-38] with high, tunable power rates (specific power
500-10000 W/kg), rapid charge/discharge speed (seconds to min-
utes), large Coulombic efficiency (85%-98%) and ultralong cycle-life
(above 500000) may be more suitable to work as solid state redox
mediators for decoupled water splitting compared with the widely
investigated battery-based redox relay, such as NiOOH (Fig. S1 in
Supporting information).

Here, we propose to use supercapacitors as solid state redox
mediators. As a simplified model (Fig. 1a), in an electrochemical
cell using basic electrolytes, a bifunctional (HER and OER) electrode
is used as the gas evolution electrode for H, and O, generation,
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Fig. 1. (a) Schematic illustration of decoupled water splitting using a bifunctional
(HER/OER) electrode and supercapacitor-type mediators. (b) Cyclic voltammograms
(CV) curves of the AC relay electrode (red line), the linear sweep voltammetric (LSV)
curves of the NiFe-LDH@Pt-coated Ti-mesh for the HER (blue line), the OER (black
line) in 1 mol/L NaOH.

and supercapacitors used as the relay electrode [39]. As shown
in Fig. 1b, in step 1, the HER process is coupled with the charg-
ing of the supercapacitor. In step 2, by reversing the current flow,
OER process is coupled with the discharging of the supercapacitor.
For demonstration, a typical double layer capacitor, active carbon
(AC), and a typical pseudocapacitor, NagsMnO,, are both used as
the relay electrode for decoupled water splitting. NagsMnO, elec-
trode was selected as another type of the pseudocapacitor elec-
trode owing to their proper redox positions, low cost, high spe-
cific capacitance and long cycle life. For both the active carbon and
NagsMnO, as the redox mediator, the decoupling processes show
rapid gas evolution rate owing to the rapid charging/discharging
of the supercapacitor, both electrodes show high Coulombic effi-
ciency, the decoupling efficiency is tunable and directly related to
the gas evolution speed. Meanwhile, both electrodes show ultra-
long cycle-life (8000 cycles in 223 h for AC and 8000 cycles in
223 h for Nags5MnO,;). These supercapacitor based relay mediator
show much better performance compared with the traditionally
used battery electrodes. Our research may bring new insights in
the selection of redox mediators for decoupled water splitting.

The configuration of as-designed cell for decoupled water split-
ting is shown in Fig. S2 (Supporting information), and Ti foil with
deposited Pt and hydrothermally grown Ni/Fe LDH (Fig. S3 in Sup-
porting information) is used as the gas evolution electrode (GEE).
The preparation of the gas evolution electrode is shown in Sup-
porting information. The surface morphology and structure of the
NiFe-LDH@Pt-coated Ti-mesh is confirmed by the SEM images and
XRD pattern (Figs. S4 and S5 in Supporting information). The GEE
showed both high HER and high OER activities, which is presented
in Fig. S6 (Supporting information).

The details for the preparation of the AC electrode is provided
in Supporting information. The structure and surface morphology
of as-prepared AC relay is confirmed by XRD and SEM (Fig. S7
in Supporting information). With active carbon as the relay, the
mechanism is shown in Fig. 2a, while the discharging of the AC
electrode, O, is produced on the GEE by an anodic oxidation of
the OH~. By reversing the current polarity, H, is produced on the
GEE while the AC relay charged. The cyclic voltammogram (CV)
curve of the AC electrode tested at a scan rate of 1 mV/s using
Ag/AgCl as the reference electrode is shown in Fig. 2b. The charg-
ing/discharging processes are symmetric and there is no obvious
redox peaks observed in the curve, which is consistent with the
double layer capacitor nature of the AC electrode in the HER and
OER processes. For the charging/discharging processes of the AC
relay electrode, with a constant current flow, the capacity of the
electrode is 1.1 F/cm? (Fig. 2c), which is typical for double layer
supercapacitors. The charging/discharging performance of AC elec-
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Fig. 2. (a) lllustration of the mechanism for the decoupled water splitting using AC
as relay. (b) CV curve of the AC electrode. (c) Charge/discharge with a current den-
sity of 1 mA/cm? of AC in 1 mol/L NaOH. (d, e) Chronopotentiometry curves (Cell
voltage vs. time) for the H,/O, production steps (blue/black line) and the chronopo-
tentiometry data (potential vs. time) of bifunctional (HER/OER) electrode (red/green
line) at a current of 10 mA and 100 mA respectively.

trode tested with different current flow is shown in Fig. S8 (Sup-
porting information).

Unlike common redox mediators, with the supercapacitors as
the relay, the potential for the decoupled reaction under a fixed
current is not a constant. As shown in Fig. 2d, at a constant cur-
rent of 10 mA, the as-designed cell requires a cell voltage of 0.68 V
for the HER step and 0.834 V for the OER step. With current in-
creased to 100 mA (Fig. 2e), the as-designed cell requires a cell
voltage of 0.75 V for the HER step and 1.18 V for the OER step. For
decoupled water splitting, the decoupling efficiency (DE) is com-
monly calculated by comparison of the operating voltage between
the two-step water splitting and the one-step process without the
relay electrodes. Based on a comparison of their operating voltage,
the DEs of the decoupled water splitting using the AC relay at cur-
rent of 10 mA and 100 mA were calculated to be 99% and 90%.
Meanwhile, the overall energy conversion efficiency using the AC
relay at current of 10 mA and 100 mA were calculated to be 98%
and 78%, which indicate ultrasmall energy loss with low current
flow (Fig. S9 in Supporting information).

The long-term stability of the AC relay electrode under constant
current (200 mA, 100 s for 1 cycle) is investigated. As shown in
Figs. 3a-c, the first 10 cycle, middle 10 cycles and the last 10 cycles
are enlarged. No obvious performance decay is observed, which
confirms the high stability of the relay electrode. At a cell current
of 200 mA, the two-step water splitting process can be reversibly
cycled for 8000 rounds in 223 h without noticeable decay (Fig. 3d).

The preparation of the NagsMnO, relay electrode follows pre-
vious reports. With NagsMnO, (a typical pseudocapacitor) as the
relay for decoupling, the mechanism and properties are shown in
Supporting information, while the discharging of the NagsMnO,
(Mn** reduced to Mn3*), 0, is produced on the GEE by an anodic
oxidation of the OH~. By reversing the current polarity, H, is pro-
duced on the GEE while the NagsMnO, relay charged (Fig. S10 in
Supporting information). In operation, the as-designed cell requires
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Fig. 3. Chronopotentiometry curve (cell voltage as a function of time) for the de-
coupled water splitting using AC as relay with step time of 50 s at a constant cur-
rent of 200 mA: (a) The first ten cycles; (b) the middle ten cycles; (c) the last ten
cycles. (d) Cycle stability of the H,/O, generation cycle during 800,000 s.

a cell voltage of 0.514 V for the OER step and 1.15 V for the HER
step at 10 mA/cm?. The decoupled water splitting with NagsMnO,
relay electrode shows the same high-efficiency and cycle stability
(8000 rounds, Fig. S11 in Supporting information), which may be
due to the high surface reversible cycling capacity of pseudocapac-
itance.

The supercapacitors can achieve rapid charge/discharge with
large current flow compared with common battery based elec-
trodes, owing to the capacitive ion storage mechanism. With super-
capacitors as relay, such a property may promote rapid hydrogen
production with high current flow in the decoupled water splitting
process. As shown in Fig. 4a, with AC as the relay electrode, at a
current density of 1 A/cm2, a potential of 2.54 V is required for the
HER process and 2.43 V for the OER process. Meanwhile, under dif-
ferent current density (500 mA, 800 mA), the system show stable
performance (Fig. S12 in Supporting information), which means the
supercapacitors can be used as relay for decoupled water splitting
using unstable power supplies.

Meanwhile, large-area AC electrodes (10 x 10 cm?) and GEE
electrodes (10 x 10 cm?) were assembled into a decoupling elec-
trolysis device (Fig. 4b and Fig. S13 in Supporting information).
The two step H,/O, production processes are visualized as shown
in Video in Supporting information. Drainage method was used to
quantify the substep production of H,/O, over a certain period of
time and was visualized (Video in Supporting information). In such
a device, the decoupling can be achieved using different current
flow, as an example, in the first step, low current density (1 A)
(with the AC electrode discharge) was used to produce oxygen. In
the second step, a large current (10 A) was used to rapidly pro-
duce large amount of high-purity hydrogen. Such a strategy may
help to produce high-purity hydrogen within a short time. Figs. 4c
and d were HER/OER process voltage over time curve. The calcu-
lated Faradaic efficiency for the hydrogen production was close to
100%.

In the device, the H, evolution and O, evolution were decou-
pled in time, and gas chromatographs (GCs) were used to detect
the purity of the produced hydrogen and oxygen. The GC data
which was obtained during the electrolysis process and the corre-
sponding timing potential data were shown in Fig. S14 (Supporting
information). The results clearly showed that the separation pro-
cess produces only hydrogen and without oxygen. At 100 mA cur-
rent, with an operating time of 90 min and H, gas production of
2.79 mmol, the Faraday efficiency of hydrogen was calculated to be
about 100%.
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Fig. 4. (a) Cell voltage and Potential curves of the hydrogen production (left part)
and the oxygen production (right part) at a current of 1 A/cm?. (b) The visual
configuration of decoupled water electrolysis with NiFe-LDH@Pt-coated Ti-mesh
(10 x 10 cm?) and AC relay (10 x 10 cm?). Cell voltage vs. time (above display)
for the H, production steps (c) and the O, production steps (d) at a current of 10
A and 1 A respectively.

The selection of proper redox mediators is crucial for decoupled
electrolysis. With traditional battery based solid state redox me-
diators, such as NiOOH/Ni(OH),, the long-term stability and cur-
rent density may not meet the requirements for practical appli-
cations. Supercapacitors show much better performances such as
charge/discharge rate, specific power, Coulombic efficiency and cy-
cle stability, which is more compatible with unstable green ener-
gies, such as solar and wind. Our research may bring some new
insights in the selection of proper materials for decoupled electrol-
ysis.
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