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Graphical abstract

‘ Valley Filling Peak Shaving

Public summary

m A high-performance device of decoupled water electrolysis is constructed by using polysulfides as mediators and
graphene-encapsulated CoNi as catalysts, which provides a new strategy to distribute the electricity reasonably by peak
shaving and valley filling

m The potential of H, production only needs 0.82 V at 100 mA/cm? current density, which saves 60.2% more energy than
direct electrolysis of water

= The capacity of the electrolyzer to produce voluminous hydrogen reaches 2.5 x 10° mAh/cm? in a single pass, which is
the highest capacity reported so far

m The device exhibits superior cyclicity in 15-days periodic recycle tests without any decay of performance
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Decoupled electrolysis of water is a promising strategy for peak load
regulation of electricity. The key to developing this technology is to
construct decoupled devices containing stable redox mediators and cor-
responding efficient catalysts, which remains a considerable challenge.
Herein, we designed a high-performance device, using polysulfides as
mediators and graphene-encapsulated CoNi as catalysts. It produced
H,, with a low potential of 0.82 V at 100 mA/cm?, saving 60.2% more en-
ergy than direct water electrolysis. The capacity of H, production
reached 2.5x10° mAh/cm?, which is the highest capacity reported so
far. This device exhibited excellent cyclability in 15-day recycle tests,
without any decay of performance. The calculation results revealed
that the electronic structure of the graphene shell was modulated by
the electron transfer from N-dopant and metal core, which significantly
facilitated recycle of polysulfides on graphene surfaces. This study pro-
vides a promising method for constructing a smart grid by developing
efficient decoupled devices.

Keywords: peak shaving and valley filling; decoupled electrolysis; H,
production; chainmail catalyst; polysulfides redox

INTRODUCTION

The imbalance between the generation and consumption of electricity rai-
ses challenges in the efficient utilization of electricity. As related to human life
and production, the electricity consumption exists peaks in the daytime and
valleys at night. With a constant generation mode of electricity that meets the
demand in the peak time, there are huge amounts of surplus electricity during
the valley time. Therefore, it is important to find an efficient method of storing
surplus electricity and releasing it when demanded, which realizes the effi-
cient utilization of electricity by peak shaving and valley filling."”

H, is advocated as a green energy carrier, so producing H, from water
electrolysis is a promising strategy for the conversion of surplus electricity
to sustainable clean energy.® ° As the conventional electrolysis of water con-
tains the disadvantage of gas crossover (H, and O,) and problems in H, stor-
age and transportation, the decoupled electrolysis is proposed against this
backdrop.®” Through the utilization of redox mediators, the electrolysis of wa-
ter could be decoupled into two steps. Step1 is O, evolution reaction (OER)
with the reduction of the mediator, and step 2 is H, evolution reaction
(HER) with the oxidation of the mediator.”® As the anode potential for the
oxidation of the mediator is lower than the OER, the energy cost is reduced
in the step of H, production. Therefore, the decoupled water electrolysis is
helpful to produce H, with high purity and low price. By introducing decoupled
devices into the peak regulation system, a kind of strategy can be designed to
convert surplus electricity to hydrogen energy, achieving the peak shaving
and valley filling. The specific method is that proceeding step 1 in the valley
time, which stores the cheap and unused surplus electricity in the reduced
mediator for valley filling (step 1). Then the oxidation of the mediator in
step 2 would produce H, with low energy consumption. In the peak time,

the produced H, could connect to the users directly and reduce the cost of
H, storage. The development of such technology relies on an appropriate
redox mediator and corresponding catalyst of the decoupled electrolyzer.
However, it is still greatly limited by the small capacity of the electrolyzer
and the low activity of electrode for H, production.”® " Therefore, it is urgent
to develop a high-performance decoupled device with a high-capacity electro-
lyzer and high-activity electrode.

Sis a cheap chemical that has abundant reserves on the Earth.'? Its redox
polysulfides (Sy127/S>™), which have a simple structure and high solubility
in alkaline solutions, could maintain great cyclability of redox by the catalysis
of the appropriate electrode. In the previous work, the N-doped graphene
encapsulating CoNi nanoalloy material (CoNi@NGs) could resist the corro-
sion of sulfide and presented excellent performance in the sulfide oxidation
reaction.’® Inspired by this, we herein introduced polysulfides into the de-
coupled electrolyzer as the redox mediator, and ingeniously employed
CoNi@NGs to prepare redox electrodes. It successfully decoupled the pro-
cess of water electrolysis into separate HER and OER steps. With the efficient
catalysis of CONi@NGs, this device could produce significant amounts of H,
with low energy consumption and exhibited excellent cyclability in the exten-
sive recycle tests. This resulting electrolyzer achieved the highly efficient con-
version of surplus electricity to hydrogen energy.

RESULTS
Mechanism of decoupled water electrolysis

The operation mechanism of decoupled electrolyzer is shown in Fig-
ure 1A, which includes two steps. Step 1 (valley time, usually at night)
involved a cathodic polysulfides reduction reaction (SRR) and anodic OH™
oxidation for OER (O, production). In the subsequent step 2 (peak time, usu-
ally in the daytime), the reduction of H,0 for HER (H, production) occurred
on the cathode and the polysulfides oxidation reaction (SOR) happened
simultaneously on the anode. Both electrodes were coated with the
CoNi@NGs catalyst, which was prepared through a template-assisted
method. Its synthesis method is detailed in the supplemental information.
As the transmission electron microscopy (TEM) images shown in Figures
1B and S1, the CoNi@NGs consisted of CoNi nanoparticles completely
encapsulated by a single-layer graphene shell distributed on the interlaced
carbon nanotubes. The lattice fringes of the internal metal displayed an in-
terplanar spacing of 2.1 A, which matched well with the (111) plane of the
CoNi alloy. The graphene shells protect the CoNi metal cores from corro-
sion in the harsh reaction environment.®

Before fabricating the electrolyzer, the electrochemical profile of polysul-
fides in the electrolyte (1 M NaOH and 0.5 M Na,S,) was investigated using
the cyclic voltammetry (CV) and linear sweep voltammograms (LSVs) test.
The tests proceeded in a three-electrode cell, and more details are given in
the supplemental information. As shown in Figures 1C and S2, the potential
window of the SRR-SOR was located between the potential of the HER-OER at
the same current density. The potential of SRR-SOR was only 0.15 V at a
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Figure 1. Decoupled device of water electrolysis (A) A
schematic of the decoupled electrolyzer. Step 1 (O, pro-
duction) involved the anodic OH™ oxidization for OER (20H™
— 2e~ — %0, + H,0) and the cathodic polysulfides reduc-
tion for SRR (Sy41% +2e~ — S, +S8%7,x=1-4). Step 2 (H,
production) involved the cathodic H,O reduction for HER
(2H,0 + 2~ — H, + 20H") and anodic polysulfides oxida-
tion for SOR (S,2™ + S?7 — 2™ — S4q27, x = 1-4).

(B) TEM image of CoNi@NGs. The insert schematic illus-
tration shows the model structure of the CoNi@NGs. An
enlargement of the dotted frame shows the (111) crystal
plane of the CoNi alloy. The white marks show that the layer
thickness of the single graphene layer was 3.4 A.

(C) Comparison of SRR-SOR and HER-OER polarization
curves of CoNi@NGs. At the current density of 10 mA/cm?,
the potential of HER-OER was 1.61 V and the SRR-SOR was
0.15V. The experiments were carried out in a three-electrode

(SOR): S;™+8* -2e” — S7, cell, with 1 M NaOH and 0.5 M Na,S, electrolyte at 25°C.
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current density of 10 mA/cm?. It was much lower than the potential of the
HER-OER process, which needed 1.61 V. This result indicated that polysul-
fides could become the redox mediator to decouple the electrolysis of water,
as shown in Figure TA. In addition, the SRR and SOR activities of CONi@NGs
were compared with the precious metal materials, 40% Pt/C and IrO,. As
shown in Figure S3, the current density of CoNi@NGs was 2-fold higher
than 40% Pt/C and 8-fold higher than IrO, at the same potential. The
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increasing of the sulfides’ concentration was beneficial to improving electro-
catalytic activity for CONi@NGs (Figure S4). The value of double-layer capac-
itances (Cdl) further indicated that the excellent performance of CoNi@NGs
was due to its higher electrochemical surface area (ECSA) and higher intrinsic
catalytic activity (Figure S5). With the efficient catalysis of CONi@NGs, the
anodic potential of SOR was much lower than OER, which was beneficial
to reduce the energy consumption of H, production.

Figure 2. Performance of the decoupled electrolyzer (A)
The comparison of the potential for decoupled water elec-
trolysis with the one-step water electrolysis at a current
0 density of 100 mA/cm?.
H,8 (B) In situ electrochemical mass spectrometry curves of the
d H, evolution and O, evolution in the total decoupled water
electrolysis process.
(C) In situ gas chromatography monitoring to test the Fara-
daic efficiency of H, and O, in a decoupled electrolysis
process at a current density of 100 mA/cm?.
(D) Capacity of maximum H, production in a single SOR-HER
step. It produced H, in large quantities for 500 h with high
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Figure 3. The cyclability of decoupled device (A) Cyclability

test of the electrolyzer with a periodic alternation current
08 density (100 mA/cm? in the daytime and —100 mA/cm? at

5 night) for 15 cycles in 15 days.

(B-D) In situ UV-vis tests for the anodic electrolyte corre-
sponding to successive process with 4 h per cycle (2 h SOR-
HER and 2 h SRR-OER) for 10 cycles. The photograph in (B)
- corresponds to the electrolyte of the first five cycles in (C).
The color depth of electrolyte changed alternately with the
circulation of SOR ([0]) and SRR ([R]). The intensity of peak at
420 nm wavelength of (C) is shown in (D).
(E) In situ mass spectrometry curves of the H, evolution and
0, evolution (up) corresponds to the total decoupled water
electrolysis process (down) over six cycles. In one cycle, the
reaction processed as follows: 4 h rest; 2 h SOR-HER step;
4 h rest; 2 h SRR-OER step; 2 h rest. All experiments were
carried out in a two-electrode cell, with the 1 M NaOH and
0.5 M Na,S; electrolyte at 25°C.
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Performance of the decoupled electrolyzer

To realize the reaction process in Figure 1A, a decoupled electrolyzer
was constructed and tested by the galvanostatic method in the three-elec-
trode cell. As shown in Figure 2A, with a constant applied current density of
100 mA/cm?, the potential of the SOR-HER step was only 0.82 V, and the
following SRR-OER step proceeded at the potential of —1.81 V. The SRR-
OER step of decoupled electrolysis could be driven by the surplus power
at valley time, avoiding the electricity consumption in peak time. Therefore,
the potential of the H, production step is only 0.82 V for proceeding SOR-
HER. It decreased 1.24 V potential compared with one-step electrolysis of
water, saving 60.2% of the electricity for H, production. It is the lowest po-
tential of the H, evolution step compared with the reported decoupled elec-
trolyzers at the same current density (Table S1). In situ electrochemical
mass spectrometry was used to confirm the component of produced
gas in the decoupled process. As shown in Figure 2B, only H, gas was pro-
duced in the SOR-HER step, and O, was the only gas product in the SRR-
OER step. Thus, the gases produced in different steps were of high purity,
which was convenient for collection and further utilization. By the real-time
monitor of gas chromatography, it indicated that the Faradaic efficiency of
H, and O, were both high, maintaining above 98% (Figure 2C). To further
confirm H, production capacity in a single SOR-HER step, the electrolyzer
was tested at a high current density of 500 mA/cm?. As shown in Figure 2D,
it kept producing H, for 500 h with a stable potential maintained around 1.2
V. The capacity of H, production reached 2.5 x10° mAh/cm? and 112 L of
H, was produced according to the measured Faradaic efficiency. It dis-
played the highest capacity for H, evolution in a single step of the previ-
ously reported decoupled devices (Table S1). The structures of CONi@NGs
were not damages after a 500-hour reaction, with metal cores being
completely encapsulated in graphene shells (Figure S6). In the SRR-OER
step, the electrolyzer also showed good durability in a 500-h reaction under
the high-current-density test conditions (Figure S7). It further demonstrated

84

that the electrolyzer had an excellent capacity for converting surplus elec-
tricity to hydrogen energy in large quantities. The above results indicate
that this electrolyzer possessed high performance in the decoupled electrol-
ysis of water, which efficiently achieved the production of voluminous H,
with low energy consumption.

Cyclability of decoupled device in the circulation

To further confirm the cyclability of polysulfides, alternating galvanostatic
tests have been performed in a two-electrode system. In order to simulate the
peak regulation, the applied current density of +100 mA/cm? (oxidized cur-
rent was positive, and reduced current was negative) was periodically
changed every 12 h with the alternation of day and night. The potential of
electrolyzer maintained stability for 15 days in successive cycles (Figure 3A),
around 0.9 V for the SOR-HER step and —1.8 V for the SRR-OER step. Ultra-
violet-visible (UV-vis) spectrophotometry indicated that the concentration of
polysulfides redox could return to the initial state after circulation (Figure S8).
In order to observe the polysulfides redox in the electrolyte, an in situ electro-
chemical UV-vis spectrophotometry system was designed. In successive cy-
cles, the color of electrolyte changed alternately, which became darker after
SOR steps and light after SRR steps (Figure 3B). The corresponding in situ
UV-vis results showed that the intensity of peaks at 300 nm and 420 nm
changed periodically, which increased after the SOR step and decreased after
the SRR step (Figures 3C, 3D, and S9). In addition, the evolution of gases was
detected by the in situ mass spectrometry. As shown in Figure 3E, H, and O,
were produced alternately as the potential changes. The produced gas was
pure, without the mixture of H, and O, in respective steps. The above results
demonstrate the polysulfides redox had excellent cyclability by the catalysis
of CoNi@NGs, so that this decoupled device could run enduringly for a long
time. Considering the advantages of simple and cheap synthesis, the polysul-
fides were proved to be a promising redox mediator in the decoupled electrol-
ysis system.
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Mechanism calculation of polysulfides redox conversion

Density functional theory (DFT) calculations were performed to get more
insight into the recycle of polysulfides redox on CoNi@NGs. As the mecha-
nisms of SOR on the CoNi@NGs have been investigated, we here focus on
the mechanism of SRR."* It is proposed that CoNi@NGs involves the adsorp-
tion of S, on the C site, which gets converted to S,* which gradually dissoci-
ates t0 Sg*, S,*, S* and finally results in the evolution of $?~ (Figure S10). The
corresponding free energy profiles are given in Figure 4A. The results showed
that the short-chain S4* S3* and S,* species could be readily adsorbed on the
carbon layer of CoNi@NGs and the adsorption free energies were near 0 eV.
However, the processes of each dissociation step of adsorbed S,* into co-ad-
sorbed S,,.*+S* were endothermic due to S—S bond breaking. The rate-deter-
mining step was the dissociation of S3* to S,*+S*. In addition to the investi-
gation of S3*+S* as the first dissociation product, the co-adsorbed species
S,*+S,* originating from S* was also examined. The adsorption free energy
of So*+S,*was 0.21 eV higher than that of S3*+S%, indicating that the splitting
of S4*to S3*+S* may be preferred as the initial SRR dissociation step.

Following the formation of co-adsorbed S,*+S*, the reduction step occurs
with the adsorbed S* reduced into S?~ and removed from the surface,
whereas the remaining S,* stayed on the carbon ready for the following
dissociation. The first reduction step of S3*+S* was exothermic with a reac-
tion energy of —0.89 eV. In the second reduction of S;*+S* into S,*, the reac-
tion energy changed to significantly exothermic at —1.49 eV. For comparison,
the free energy diagrams for SRR on the graphene surface, N-doped gra-

phene, CoNi@Gs, and in the aqueous solution were also calculated (Figures
4A and S11). It was found that the free energies of the intermediates of each
reaction step were lowest over CoNi@NGs among all studied catalysts.
Furthermore, the calculated projected density of states (DOS) in Figure 4B
showed that the band center of the occupied states of the C-S bond on
CoNi@NGs located in a more negative energy regime, which means a stron-
ger chemical bonding between S atom and C atom to enhance the S adsorp-
tion on the graphene surface. Thus, a superior SRR activity of CONi@NGs
catalyst would be expected from a thermodynamics viewpoint, which is
consistent with the experimental observations.

CONCLUSIONS

In summary, we have successfully constructed a decoupled device by us-
ing polysulfides as redox mediators and CoNi@NGs as catalysts. By decou-
pling electrolysis of the water, we realized the conversion of surplus electricity
to hydrogen energy. With the efficient catalysis of the CoNi@NGs, the poten-
tial of H, evolution was only 0.82 V at a current density of 100 mA/cm?, which
reduced 1.24 V compared with direct electrolysis of water. It displayed the
excellent H, production capacity in quantity during one step, which reached
2.5%10% mAh/cm?. Meanwhile, the polysulfides in the electrolyzer showed
remarkable cyclability during the 15-day circulation tests without any decay.
Further DFT calculations addressed the high recycle performance of polysul-
fides redox that originated from the electron transfer from the encapsulated
metal alloy and N dopant to the graphene’s surface. It modulated the
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electronic structure of the graphene shell and facilitated the formation and
decomposition of polysulfide intermediates. This work demonstrated that co-
operating polysulfides redox with CoNi@NGs electrocatalyst could develop a
kind of high-performance electrolyzer in the decoupled process of water elec-
trolysis. It provides a new route to the rational use of electricity in a separate
period, which is helpful to construct smart power grids for practical
applications.
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