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Decoupled electrolysis for hydrogen
production and hydrazine oxidation via
high-capacity and stable pre-protonated
vanadium hexacyanoferrate

Fei Lv1, Jiazhe Wu1, Xuan Liu1, Zhihao Zheng1, Lixia Pan1, Xuewen Zheng1,
Liejin Guo 1 & Yubin Chen 1

Decoupled electrolysis for hydrogen production with the aid of a redox
mediator enables two half-reactions operating at different rates, time, and
spaces, which offers great flexibility in operation. Herein, a pre-protonated
vanadium hexacyanoferrate (p-VHCF) redox mediator is synthesized. It offers
a high reversible specific capacity up to 128 mAh g−1 and long cycling perfor-
mance of 6000 cycles with capacity retention about 100% at a current density
of 10 A g−1 due to the enhanced hydrogen bonding network. By using this
mediator, amembrane-freewater electrolytic cell is built to achieve decoupled
hydrogen and oxygen production. More importantly, a decoupled electrolysis
system for hydrogen production and hydrazine oxidation is constructed,
which realizes not only separate hydrogen generation but electricity genera-
tion through the p-VHCF-N2H4 liquid battery. Therefore, this work enables the
flexible energy conversion and storage with hydrogen production driven by
solar cell at day-time and electricity output at night-time.

Hydrogen (H2) is considered one of themost promising alternatives to
traditional fossil fuels due to its zero carbon emissions andhigh energy
density (120 MJ kg−1)1–3. Among various methods for hydrogen pro-
duction, water electrolysis is a sustainable and environmentally
friendly technology that has been receiving lots of attention4–7. Con-
ventional one step water electrolysis with diaphragm or membrane as
the separator typically faces several critical challenges8,9. Firstly, using
membranes will increase the system costs and restrict the direct use of
the fluctuating renewable energy. Secondly, water electrolysis rate is
limited by the sluggish kinetics of the oxygen evolution reaction (OER)
because the hydrogen evolution reaction (HER) and OER are tightly
coupled and the reaction kinetics of two half-reactions are inter-
dependent to each other. Thirdly, the pressure differences between
the sides of the separator and reactive oxygen species caused by the
coexistence of H2, O2, and catalysts will accelerate the degradation of
membrane, thus increasing safety issues10–12.

To address this situation, Cronin et al. proposed a newelectrolysis
architecture, in which a soluble redox mediator of phosphomolybdic
acid (H3PMo12O40) was employed as electron-coupled proton buffer to
decouple the one-step water splitting process into two steps13. This
“decoupled” water electrolysis strategy with the aid of a mediator
electrode enables the production of H2 and O2 at different rates, time,
and spaces, which greatly increases the flexibility to harness the
intermittent renewable energy. Compared with the soluble mediator,
decoupled electrolysis system with solid-state redox mediators can
avoid using membranes, which shows considerable prospects14.
Recently, several solid-state redoxmediators have been developed for
decoupled water electrolysis systems14,15. For instance, our previous
work presented a sodium nickelhexacyanoferrate mediator to decou-
ple acid water electrolysis and amphoteric water electrolysis. The
decoupled device was driven by one single perovskite solar cell with a
solar-to-hydrogen efficiency of 14.4%16. Ma et al. introduced a Prussian
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blue analogs of Cu[Fe(CN)6]2/3·3.4H2O (CuFe TBA) as a solid-state
redox mediator to decouple the HER and OER in acid water electro-
lysis. The CuFe TBA electrode shows high rate performance and good
cycling performance due to the Grotthuss proton conduction17. How-
ever, both the capacity and cycle performance of currently developed
redoxmediators cannotmeet the high energy/power requirement and
the research is still in the preliminary stage, which greatly limits the
practical application of decoupled systems18.

Considering the sluggish kinetics of OER, the anodic OER can
be replaced by other anodic oxidation reactions that are kinetically
and thermodynamically favorable for energy-saving H2 production,
such as the methanol oxidation reaction19–21, the formate oxidation
reaction22,23, and the isopropanol oxidation reaction24–26. Among
available options, hydrazine, as a liquid proton carrier, can be oxi-
dized to inert nitrogen and release protons at the low voltage,
effectively decreasing the input electrical energy27,28. Besides,
hydrazine oxidation reaction (HzOR) can be combined with a
reduction reaction with more positive potential to form a hydrazine
battery/cell for simultaneous generation of electricity29–31. Inspired
by this principle, combining hydrazine oxidation with the reduction
of mediator electrode into a decoupled electrolysis system can
enable hydrogen production and electricity generation, which may
offer the possibility for the flexible energy conversion and storage
using renewables. However, this topic in decoupled system is sel-
dom investigated up to present.

Herein, we develop a pre-protonated vanadium hexacyanoferrate
(p-VHCF) Prussian blue analog as a solid-state redox mediator with
enhanced hydrogen bonding network. The p-VHCF electrode offers
high-rate performance and long cycling stability, which can be used for
efficient decoupled hydrogen production in acid water. Further, a
decoupled electrolysis system for hydrogen production and hydrazine
oxidation is constructed via the redox cycling of p-VHCF. This system
not only separates H2 generation at high-rate, but realizes the oxida-
tion of hydrazine with electricity generation through the p-VHCF-N2H4

liquid battery. In such a manner, the flexible energy conversion and
storage using renewables can be achieved.

Results and discussion
Structure and morphology of p-VHCF mediator
The prototype of the decoupled water electrolysis architecture is
shown in Fig. 1a, which consists of the hydrogen evolution electrode,
oxygen evolution electrode, and p-VHCF mediator electrode in a one-
chamber cell. The operation of the decoupled cell involves two elec-
trolysis processes. Specifically, the H2 production step (Step 1)
includes the oxidation of p-VHCF (p-VHCFred→p-VHCFox) in the anode
and the reduction of H+ in the cathode. The subsequent O2 production
step (Step 2) involves the anodic oxidation of H2O and cathodic
reduction of p-VHCF (p-VHCFox→ p-VHCFred). Step 1 and Step 2 can be
cycled owing to the high reversible stability of p-VHCF. The pre-
protonated p-VHCF with expanded hydrogen bond network displays
fast Grotthuss proton conduction. Therefore, the HER and OER are
successfully decoupled by the reversible redox reaction of p-VHCF in
different time without introducing membrane separation. Alter-
natively, the OER process can be replaced by the hydrazine oxidation
reaction. As shown in Fig. 1b, the p-VHCFox formed during hydrogen
production is coupled with the hydrazine oxidation process to gen-
erate a new electrolysis architecture to recycle the mediator. Con-
sidering the more positive potential of the reduction of p-VHCF than
the hydrazine oxidation reaction (potential results are discussed
below), the p-VHCF-N2H4 liquid battery can be formed, which enables
hydrazine oxidation with simultaneous electricity generation (Step 2’).

In this study, the vanadium hexacyanoferrate (VHCF) powder was
synthesized via a simple wet-chemistry method, where the chemical
reduction of V2O5 was first applied to form a vanadium precursor
followedby the co-precipitation process. Thepre-protonatedVHCF (p-
VHCF) was then obtained by chemical reduction of VHCF in a certain
environment (see the experimental section)32,33. The crystal structure
of p-VHCF is illustrated in Fig. 2a, where the lattice water in the
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Fig. 1 | Illustration of two-step decoupled electrolysis process. a Schematic of the hydrogen/oxygen production from decoupled acid water electrolysis with p-VHCF
mediator electrode. b Schematic of decoupled electrolysis for hydrogen production and hydrazine oxidation with p-VHCF mediator electrode.
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framework can form hydrogen bond network to promote the trans-
port of protons. To clarify the difference of crystal structures after the
pre-protonated process, the X-ray diffraction (XRD)measurement was
employed and the corresponding Rietveld refinement profiles are
shown in Fig. 2b and Supplementary Fig. 1. The results show that VHCF
and p-VHCF are well-assigned to a typical Prussian blue analog che-
mical compound of Cu[Fe(CN)6]2/3 (PDF No. 86-0513) with a face-
centered cubic structure. The Rietveld refinement XRD profiles indi-
cate that the lattice parameter of 10.145 Å (Rwp = 7.91%, χ2 = 2.37) for
p-VHCF is larger than 10.031 Å (Rwp = 9.70%, χ2 = 2.99) for VHCF, which
can be contributed to the introduced lattice water after the protona-
tion process17,34. The transmission electron microscope (TEM) images
show that the p-VHCF presents irregular particles with the diameter of
20–50nm. The high-resolution TEM images indicate that the p-VHCF
particles showgood crystallinity and clear lattice fringeswith a spacing
of about 0.33 nm (Fig. 2c-e). The energy dispersive spectroscopy (EDS)
element mapping of VHCF and p-VHCF also proved the homogeneous
distribution of K, V, Fe, C, andNelement (Supplementary Figs. 2 and 3).

Fourier transform infrared (FTIR) analysis was employed to
determine the molecular structure after pre-protonation. As shown in
Fig. 2f, the obvious FTIR peaks at 2097 and 979 cm−1 for VHCF and
p-VHCF correspond to the C ≡N and V =O stretching modes. After
being pre-protonated, the vibrational hydrogen bond O-H of VHCF
shifts 33 cm−1 from 3417 cm−1 to 3384 cm−1 (p-VHCF). This shift upon
pre-protonation can be attributed to the enlargement of the hydrogen
bonding network35,36. The thermogravimetric analysis (TGA) and dif-
ferential scanning calorimetry (DSC) curves were used to determine
the water content of the electrodes (Fig. 2g). The DSC curves exhibit
apparent endothermic peaks at around 150 °C, which correspond to
the loss of crystal lattice water molecules. The weight loss of 26.8%
below 170 °C for p-VHCF is 1.48% higher than that of VHCF, indicating
the higher content of crystal lattice water in p-VHCF. The coordination
water can not only stabilize the crystal structure but also improve the
osmotic hydrogen-bond network and facilitate proton conduction
through the Grotthuss mechanism17,32,34. The composition of as-
synthesized samples were analyzed by inductively coupled plasma
emission spectrometry (ICP-OES) and the molecular formulae of
p-VCHF and VHCF were determined as K0.1VO0.9[Fe(CN)6]0.8∙4.8H2O

and K0.2VO0.5[Fe(CN)6]0.7∙4H2O, respectively. Overall, these results
proved that the protonation process of p-VHCF introduces crystal
lattice water to expand the hydrogen bond network and improve the
proton conduction, which is favorable to improve its electrochemical
performance.

Electrochemical properties and redox centers of p-VHCF
mediator
The electrochemical properties of the p-VHCF electrode in acid elec-
trolyte (6M H2SO4) were then investigated through a three-electrode
configuration with the Pt plate as counter electrode, Ag/AgCl as
reference electrode, and p-VHCF electrode as working electrode. Fig-
ure 3a (black line) shows the cyclic voltammogram (CV) curve of
p-VHCF obtained at a scan rate of 5mV s−1. There are three pairs of
distinct redox peaks of p-VHCF, same as the VHCF electrode (Sup-
plementary Fig. 4), which is attributed to the multistep reversible far-
adaic reactions. The potentials of HER andOERwere alsomeasured by
linear sweep voltammetry (LSV) test using the commercial Pt-coated
Ti-mesh electrode and RuO2/IrO2-coated Ti-mesh electrode, respec-
tively. Clearly, the electrochemical window of p-VHCF lies between the
onset potentials of the HER and OER, indicating that p-VHCF can be
used as a redox mediator to decouple the acid water electrolysis. To
further inspect the kinetics behavior of p-VHCF, CV measurement was
recorded at different scan rates from 1 to 10mV s−1 (Supplementary
Fig. 5). The peak current (ip) and the scan rate (ν) of the CV curves
follow a power-law relationship (ip=aν

b, where a and b are constants).
As shown in Fig. 3b, most calculated b values for the anodic peaks and
cathodic peaks exceed0.8 (0.89, 0.98, 0.79 for anodic O1, O2, O3; 0.86,
0.98, 0.84 for cathodic R1, R2, R3), which signifies an ultra-fast proton
insertion/de-insertion kinetics17,37,38.

Rate performance at various current densities was also evaluated.
As shown in Fig. 3c, a reversible capacity of p-VHCF electrode was 152
mAh g−1 at a current density of 2 A g−1. Even at a high current density of
200A g−1, a respectable capacity of 47 mAh g−1 was still achieved,
indicating ultrafast proton insertion/de-insertion rate. When the cur-
rent density was up to 300Ag−1, the electrode only delivers a capacity
of 17mAhg−1, indicating the limit of this electrode. TheVHCF electrode
shows lower rate performance compared with the p-VHCF electrode

100 nm 50 nm 3 nm

50 100 150 200 250 300
30

40

50

60

70

80

90

100

-1.8

-1.5

-1.2

-0.9

-0.6

-0.3

0.0

W
ei

gh
t(

%
)

Temperature (�C)

p-VHCF
VHCF

H
ea

tf
lo

w
(m

W
m

g-1
)

a fb

g
c d e

0.33 nm (220)

V Fe C N O H
4000 3500 3000 2500 2000 1500 1000 500

� (Fe2+-CN) L
� (O-H) Z VHCF

Tr
an

sm
itt

an
ce

(a
rb

.u
ni

ts
)

Wavenumber (cm-1)

p-VHCF

� (O-H) L 3417
� (O-H)

� (V=O)

� (O-H) L
3384
� (O-H) Z

� (Fe2+-CN) L

� (O-H)
� (V=O)

10 20 30 40 50 60

In
te

ns
ity

(a
rb

.u
ni

ts
)

2 Theta (degree)

p-VHCF
Observed
Calculated
Bragg position
Difference

(1
11

)
(2

00
)

(2
20

)

(4
00

)

(4
20

)
(4

22
)

(5
11

)

(4
42

)
(6

20
)

Fig. 2 | Structure andmorphology characterization. a The structural illustration of p-VHCF crystal. b XRD pattern and Rietveld refinement profile of p-VHCF. c–e TEM
images of p-VHCF at different magnifications. f FTIR spectra. g TGA and DSC curves of p-VHCF and VHCF.
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(Supplementary Fig. 6). To evaluate the proton storage/release capa-
city of the electrodes, galvanostatic charge-discharge tests were
employed with the potential window of 0–1.2 V (vs. Ag/AgCl). p-VHCF
and VHCF electrodes both exhibit good capacity stability under long-
term cycling, with about 100% retention of the initial capacity after
6000 cycles at 10A g−1 (Fig. 3d). In comparison, the p-VHCF electrode
shows higher specific capacity up to 128 mAh g−1. The XRD patterns,
scanning electron microscope (SEM) images, and X-ray Photoelectron
Spectroscopy (XPS) results after 6000 cycles were collected (Supple-
mentary Fig. 7). There are not apparent changes of the structure and
morphology after the long-term test, indicating the good stability of
the p-VHCF electrode. As displayed in Fig. 3e, the p-VHCF mediator
electrode depicts better cycling stability in terms of capacity retention
and cycle number than most previously reported redox mediator
electrodes for acid water electrolysis (Supplementary Table S1)16,17,37–41.

We further tested the cycle performance of the p-VHCF electrode
in various concentrations of H2SO4, including 0.5, 1, 3, 5, and 6M, at
10A g−1. As shown in Supplementary Fig. 8, the p-VHCF electrode
delivers a specific capacity of 108 mAh g−1 and 90% capacity retention
at 3M concentration after 6000 cycles. It alsohas a specific capacity of
95 mAh g−1 and can maintain more than 75% capacity retention at
10A g−1 after 6000 cycles as the H2SO4 concentration decreases to
0.5M. The rate performance of p-VHCF electrode at varied current
densities in 0.5M H2SO4 electrolyte was exhibited in Supplementary
Fig. 9, and those values remain favorable among the most currently

reported mediator electrode8,9. Generally, the properties of the cur-
rent mediator are improved with the increased H2SO4 concentration.
For the practical application, the reaction condition should be com-
prehensively considered in terms of the balance of the cost and per-
formance. Higher electrolyte concentration can be acceptable, and a
good example is commercial alkaline water electrolysis, where 30wt.%
(around 6M) KOH aqueous solution is used as the electrolyte42,43. In
addition, we tested the performances of the p-VHCF electrode in 10M
and 2M H3PO4 electrolytes. As shown in Supplementary Fig. 10a, this
material shows good cycling stability and a redox capacity of 98.8mAh
g−1 at 10 A g−1 in 10M H3PO4. It is reported that the freezing point of
H3PO4 electrolyte can be lower than −80 °C with the increase of elec-
trolyte concentration to 9M. This result indicates that the p-VHCF
mediator has a potential application at ultralow temperatures for H2

production34,44. Moreover, this electrode also shows considerable sta-
bility in 2M H3PO4 electrolyte (Supplementary Fig. 10b). Owing to the
good performances in different conditions, the p-VHCF electrode
seems promising in decoupled electrolysis, batteries, and other elec-
trochemical applications.

To better understand the effect of proton insertion/de-insertion
on the structure change of the p-VHCF mediator, a series of in-situ/ex-
situ measurements were carried out32,33,45. The ex-situ XRD patterns of
the p-VHCF electrode at different charge/discharge states are pre-
sented in Fig. 3f, g. Clearly, there is no new peak appearing or original
peak disappearing, indicating a non-phase transition process. While
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during the charging processwith the extraction of protons (frompoint
1 to 5 in Fig. 3f), the (200) and (400) diffraction peaks shift to lower
degrees, implying an increase of the lattice parameter. Likewise, upon
the discharge process (from point 5 to 9 in Fig. 3f), these diffraction
peaks shift back to original states, revealing high reversibility of the
electrode structure. This reversible lattice shrinkage and expansion
during the proton insertion and de-insertion is attributed to the
smaller radius of [Fe(CN)6]

4- than that of [Fe(CN)6]
3- anions17,46.

In addition, the in-situ Ramanand ex-situ XPSmeasurementswere
performed to illustrate the redox centers. As shown in the in-situ
Raman spectra (Fig. 4a, b), the peak of V =O group located at 895 cm−1

becomes gradually weakened during the charging process, while the
peak intensity slowly increases during the discharging process. The
peak position and intensity of C ≡N groups bonded to iron ions loca-
ted at 2110 and 2157 cm−1 also change reversibly. Typically, the peaks
slightly shift toward higher wavenumber and then reverses backward
during the charging and discharging cycle, indicating the redox of Fe2+

and Fe3+ ions47–49. These results confirm that the V =O and [Fe(CN)6]
4−

are the active redox sites during the redox process.
Ex-situ XPS measurement was further carried out to track the

chemical status of components at various charging/discharging states
(Fig. 4c-h). The partial V undergoes a shift of V3+ → V4+ → V5+ during
charging process from initial 0.52 V to 1.2 V (vs. Ag/AgCl) and reserves
back during the discharging process. This further indicates that V ions

take part in the electrochemical redox reaction (Fig. 4c). According to
the valence distribution diagram of V ions, the corresponding ratios of
V4+/(V3+ + V4+) and V5+/(V4+ + V5+) are apparently increased at 0.6 V and
1.2 V, implying that theoxidationof V3+ to V4+ starts at theO1 peak in the
CV curve, and the oxidation of V4+ to V5+ starts at the O3 peak in the CV
curve (Fig. 4d, e). Meanwhile, the valance distribution ratio of Fe3+/
(Fe2++ Fe3+) is significantly increased at 0.9 V during the charging
process, indicating that the oxidation of Fe2+ to Fe3+ starts at the O2

peak in theCVcurve (Fig. 4f, g). Therefore, the three redoxpeaks ofO1/
R1, O2/R2, O3/R3 in the CV curve of the p-VHCF electrode (Fig. 4h)
should respectively correspond to the redox reactions of V3+/V4+, Fe2+/
Fe3+, and V4+/V5+, consistent with those results reported in the
literature33,46.

Decoupled acid water electrolysis
Subsequently, amembrane-free decoupled acidwater electrolyzerwas
constructed with a Pt-coated Ti mesh electrode (1.5 × 2 cm2), a RuO2/
IrO2-coatedTimeshelectrode (1.5 × 2 cm2), and ap-VHCF electrode (1.5
× 2 cm2 with the mass loading of p-VHCF of 60mgcm−2) to illustrate
the hypothesis shown in Fig. 1a. The image of the electrolyzer is shown
in Supplementary Fig. 11. Chronopotentiometry measurement was
carried out to evaluate the performance of this decoupled system in
6M H2SO4 under different applied currents (5-200mA). Figure 5a
shows the chronopotentiometrydata (voltage andpotential vs time) at
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the current of 5mA with step time of 1000 s. The Step 1 (HER process)
exhibits an average cell voltage of ~0.80 V, which comes from the
potential difference between the anodic potential of p-VHCF oxidation
of 0.63 V (vs. Ag/AgCl), and the cathodic potential of H2O reduction of
−0.17 V (vs. Ag/AgCl). The average voltage of Step 2 (OER process) is
0.78 V, which is obtained from the anodic potential of H2O oxidation
(1.39 V vs. Ag/AgCl) and the cathodic potential of p-VHCF reduction
(0.61 V vs. Ag/AgCl). Therefore, a total voltage of 1.58V was obtained
for decoupled acid water electrolysis. This value is slightly higher than
that of direct membrane-free water electrolysis with RuO2/IrO2-Pt
electrodes (1.54V) due to the internal polarization of the p-VHCF
electrode. The two-step acid water electrolysis was further investi-
gated at a high current of 100mA with a step time of 200 s, showing
that the cell voltages of steps 1 and 2 are 1.0 V and 0.84 V, respectively
(Fig. 5b). The corresponding separate H2 and O2 generation can be
verified by the corresponding videos given in Supplementary Movie 1.
To reflect the operational flexibility of the decoupled system, the
decoupled device was also operated at different currents from 10 to
200mA (Supplementary Fig. 12). The efficiency of the decoupled sys-
tem is calculated to be 97.8% at 100mA compared to the corre-
sponding one-step system according to the previous reports
(Supplementary Fig. 13)13,50. The potential of the p-VHCF electrode as a
function of time was acquired at different currents, as shown in Sup-
plementary Fig. 14. The polarization gradually increases with the
increase of applied currents from 5 to 100mA, with the coulombic
efficiency of 98% even at a high current of 100mA.

Noticed that the electrolytic step time can be easily managed by
varying the loading amount of redoxmediator.When themass loading
of the p-VHCF was increased from 60mg cm-2 to 466mgcm-2, the
electrolytic cell can be cycled with a step-time of 12 h, indicating the
good performance of the mediator material over long-term charge/
discharge processes (Supplementary Fig. 15). According to the gas
chromatography (GC) data in Supplementary Fig. 16, the pure H2 and
O2 can be detected in Step 1 and Step 2 process. The Faraday

efficiencies for H2 and O2 production were determined to be 99.2% at
20mA (Supplementary Fig. 17). Meanwhile, hydrogen evolution as a
function of varied current was obtained. As shown in Supplementary
Fig. 18, with all step time of 800 s, the hydrogen production amount
was increased with the increased current. Typically, this decoupled
system achieves Faraday efficiencies of higher than 99% for hydrogen
evolution at various currents. The cycleperformanceof this decoupled
water electrolysis process was further investigated with applied cur-
rents of 10mA, 50mA and 100mA (Fig. 5c). After 150 consecutive
cycles, the cell voltage of Step 1 and Step 2 have no obvious change,
indicating the good stability for the decoupled hydrogen and oxygen
production. To assess the practicality of the system, the energy con-
sumption of the decoupled system at different currents is compared
with the conventional one step water electrolysis with and without a
membrane (Fig. 5d and Supplementary Fig. 19). Compared with the
one-step electrolysis with amembrane, the decoupled configuration is
more energy efficient, showing a considerable potential for practical
application.

Decoupled electrolysis for H2 production and N2H4 oxidation
For decoupled electrochemistry, the oxidized mediator needs to be
recycled for sustained hydrogen production. The standard recycle
process contains electrochemical reduction coupled with OER,
which requires additional energy input due to the sluggish
kinetics24,50,51. Alternatively, we solve this issue by adopting hydra-
zine oxidation reaction (HzOR) as the anodic half-reaction for
removing hydrazine from acid waste water (Fig. 6a). The operation
of the device involves a step for H2 production (Step 1) and a step for
hydrazine oxidation (Step 2’), where Steps 1 and 2’ can be cycled like
a rechargeable system. Considering the more positive potential of
the reduction of p-VHCF than the hydrazine oxidation reaction, the
simultaneous electricity is generated in Step 2’. The according
reactions are shown in Fig. 1b, and the overall reaction is hydrazine
electrolysis in the acidic environment.
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Figure 6b shows the comparison of the LSV curves of OER in 6M
H2SO4 electrolyte and HzOR in 0.5M H2SO4 +0.1M N2H4 electrolyte,
where the onset potential of HzOR locates at 0 V (vs. Ag/AgCl), more
negative than the onset potential ofOER and apparently lower than the
redox potential of p-VHCF. Thus, the reduction of p-VHCFox and
hydrazine oxidation is spontaneous if only considering the thermo-
dynamic potential of the electrodes. It seems that a p-VHCF-N2H4

liquid battery can be constructed in Step 2’. To reveal this point, the
chronopotentiometry data of Step 1 at 100mA and Step 2’ at 10mA
with the same charge capacity of 2.78mAh were tested (Fig. 6c).
Clearly, Step 1 exhibits a cell voltage of about 1.1 V for hydrogen pro-
duction, where the p-VHCF mediator is charged to 1.0V (vs. Ag/AgCl).
Due to the potential difference between the cathodic reduction of
p-VHCF and the anodic HzOR, the Step 2’ displays a discharge voltage
of about 0.5 V with spontaneous nitrogen gas production (Supple-
mentary Movie 2), indicating the successful formation of a p-VHCF-
N2H4 liquid battery. The rate capability of the p-VHCF-N2H4 battery at
different discharge currents was also tested (Supplementary Fig. 20).

Even at the high discharge current of 20mA, the battery still can
exhibit an average voltage of about 0.35 V with 100% Coulombic effi-
ciency. The formed p-VHCF-N2H4 battery can deliver an open-circuit
voltage about 0.84 V. When the p-VHCF electrode is charged to 1.2 V
(vs. Ag/AgCl), the battery can deliver an open-circuit voltage of 1.05 V
(Supplementary Fig. 21). The aqueous batteries, especially aqueous
proton batteries with only the proton charge carriers, usually hold an
electrochemical window of 0-1.2 V, but those secondary batteries
intrinsically own the perceived merits of high safety, low cost, easy
manufacture, fast kinetics, and long-term cycling stability43,44,52–56. The
gas products and purity were alsomeasured and the data are shown in
Fig. 6d-e, indicating a nearly 100% Faraday efficiency for removing
hydrazine to produce innocuous N2 from acid waste water. Further-
more,we summarized thepolarizationandpowerdensity curves of the
p-VHCF-N2H4 battery (Fig. 6f). A maximum power of around 9mW is
obtained, which is close to some reported liquid fuel batteries24,51.

More importantly, this decoupled system is proposed to enable
the flexible energy conversion and storage. We can use solar energy to
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drive the Step 1 process for high-rate H2 production at day-time, and
achieve hydrazine oxidation with electricity generation (Step 2’)
through the p-VHCF-N2H4 liquid battery at night-time (Fig. 6g). To
clarify this point, we built a Si solar cell driven decoupled electrolysis
system and tested the performances of these two separate processes.
As shown in Fig. 6h, the operating current of the solar cell driven Step 1
is around 22mA, which matches with the value estimated from the
intersection of the LSV curve of the Step 1 for H2 production and the
current-voltage curve of the Si solar cell (Supplementary Fig. 22).
Meanwhile, the Step 2’ can output stable electricity (Fig. 6i). In this
regard, we believe this design shows predictable potential for flexible
energy conversion and storage compared with the direct hydrazine
electrolysis (Supplementary Fig. 23).

In summary, we have successfully prepared pre-protonated
vanadium hexacyanoferrate (p-VHCF) Prussian blue analog as a solid-
state redox mediator for the decoupled electrolysis systems. Due to
the enhanced hydrogen bonding network, this electrode delivers a
high reversible specific capacity up to 128 mAh g-1 and long cycling
performance of 6000 cycles with capacity retention about 100% at a
current density of 10 A g-1. The p-VHCF electrode also shows good
performances in various acid electrolytes, demonstrating the promis-
ing potential in decoupled water electrolysis, batteries, and other
electrochemical applications. Most importantly, a decoupled electro-
lysis system for hydrogen production and hydrazine oxidization is
built, which realizes separate H2 generation, electrical energy storage,
and green treatment of hydrazine hazards. Typically, solar energy can
be used to drive the H2 production at day-time. The hydrazine oxida-
tion with electricity generation can be achieved through the p-VHCF-
N2H4 liquid battery at night-time. This architecture shows a promising
solution to facilitate renewables-to-hydrogen conversion, and pro-
vides new ideas to build the hybrid energy conversion/storage system.

Methods
Sample fabrication
Vanadiumprecursor solutionwas synthesized via a chemical reduction
method according to the pervious report33. Typically, 50ml of 32%HCl
was diluted with deionized water to 75ml, and 4 g V2O5 powder was
then added to the HCl solution to form a yellow suspension. After-
wards, 700μl glycerol was added dropwise, and the solution was
continuously stirred for 1 h to form a clear blue solution at 60 °C.

The vanadium hexacyanoferrate (VHCF) was prepared by a co-
precipitation method. Specifically, the as-prepared vanadium pre-
cursor solution (9.375ml) was diluted with deionized water to 50ml
under stirring to form a transparent blue solution. Then, 50mL
K3Fe(CN)6 solution (0.072M) was dropwise added into above solution
and stirred for 9 hours under 60 °C. Finally, the green powder was
collected after centrifugation, washing, and vacuum drying overnight.

The protonated vanadium hexacyanoferrate (p-VHCF) was
obtained by chemical reduction method32,34. Typically, 0.2 g VHCF
powder was ultrasonically dispersed into 20mL of deionized water.
Then, 10mL of hydrazine hydrate (0.05M) was added to the above
suspension and stirred for 2 h under N2 atmosphere. Finally, the sus-
pension was centrifuged and the precipitate was washed with deio-
nized water repeatedly. The obtained yellow powder was dried in a
60 °C vacuum oven overnight to obtain p-VHCF powder.

Characterization
X-ray diffraction patterns (XRD) were obtained from a PANalytical
X’pert MPD Pro diffractometer using Ni-filtered Cu Kα irradiation. The
morphology and elemental analysis were studied using a JEOL JSM-
7800F field emission scanning electron microscope (SEM) combined
with an energy dispersive spectroscopy (EDS) detector. Transmission
electron microscopy (TEM) images were obtained using JEOL JEM-
2100Plus. Fourier transform infrared (FTIR) spectroscopy was recor-
ded using KBr pellets on a Bruker Vertex 70 FTIR spectrometer in the

wavenumber range of 400-4000 cm-1. The thermogravimetric analysis
(TGA 209 F1) tests were carried out under Ar atmosphere at a ramp
rate of 10 °C min-1. X-ray Photoelectron Spectroscopy (Thermo Fisher
ESCALAB) analysis was used to determine their chemical composi-
tions. The in-situ Raman measurement was conducted in the wave-
number range of 700-2300 cm-1 using a DXR Raman microscope
(excitation length: 532 nm) with real-time CV at 0 to 1.2 V (vs. Ag/AgCl)
and a 10 s exposure length.

Electrode preparation and electrochemical tests
The p-VHCF electrode was prepared by mixing p-VHCF powder, acet-
ylene black, and polytetrafluoroethylene binder in a mass ratio of
70:20:10 in amortar. Then, a fewdrops of isopropanolwere added into
the mixture under stirring until the mixture formed a homogeneous
slurry. The slurry mixtures were then rolled into a film and pressed
onto a Ti-mesh based current collector to form the p-VHCF electrode
with a mass loading of about 2 ~ 2.5mg cm-2. Cyclic voltammetry (CV)
and linear sweep voltammetry (LSV) measurements were measured in
6MH2SO4 electrolyte with a typical three-electrode system, where the
counter and reference electrodes were Pt plate electrode and Ag/AgCl
(saturatedKCl) electrode, respectively. All above testswereperformed
on an electrochemical workstation (CHI 760E, Shanghai Chenhua,
China). The galvanostatic charge-discharge was evaluated in the vol-
tage range of 0-1.2 V (vs. Ag/AgCl) using a LAND test system using the
above mentioned three-electrode mode.

The decoupled acidwater electrolyzer includes theHER electrode
(commercial Pt-coated Ti-mesh electrode, 1.5 × 2 cm2), the OER elec-
trode (commercial RuO2/IrO2 coated Ti-mesh electrode, 1.5 × 2 cm2),
and the p-VHCFmediator electrode (mass loading is 60mgcm-2, 1.5 × 2
cm2) in the acid electrolyte (6M H2SO4). The image of the decoupled
water electrolysis cell is shown in Supplementary Fig. 11, where the
p-VHCF electrode is located between the HER electrode and OER
electrode without using any membrane in the cell. The decoupled
electrolyzer for hydrogen production and hydrazine oxidation
includes the HER electrode (commercial Pt-coated Ti-mesh electrode,
1.5 × 2 cm2), the HzOR electrode (commercial Pt-coated Ti-mesh
electrode, 1.5 × 2 cm2), and the p-VHCF mediator electrode (mass
loading is 60mgcm-2, 1.5 × 2 cm2). The HER electrode and p-VHCF
electrode are located in 6MH2SO4 electrolyte and the HzOR electrode
is located in 0.5MH2SO4 +0.1MN2H4 electrolyte. The twoelectrolytes
are separated by a proton exchange membrane.

The decoupled electrolysis performance was investigated
using the chronopotentiometry method. In Step 1, the p-VHCF
electrode and HER electrode act as the anode and cathode,
respectively. In Step 2 (or Step 2’), the OER (or HzOR) electrode and
oxidized p-VHCF electrode act as the anode and cathode, respec-
tively. The cell voltages of Step 1 and Step 2 (Step 2’) were used to
characterize the decoupled electrolysis properties. The chron-
opotentiometry data of the single electrode (the p-VHCF electrode,
the OER/HzOR electrode, or the HER electrode) were also detected
using an Ag/AgCl electrode as the reference electrode during Step 1
and Step 2 (Step 2’). A CHI 760E electrochemical workstation was
used for the electrochemical measurement. The gas purity was
detected by GC measurement with Ar gas as carrier gas.

Data availability
The authors declare that the data supporting the findings of this study
are available within the paper and its Supplementary Information files.
Source data are provided with this paper. Additionally, the corre-
sponding authors can provide the raw data upon request. Source data
are provided with this paper.
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