
The Bigger Picture 
 
 
Electrocatalytic water splitting is a green approach to producing clean H2 fuel, especially when it 
is driven by renewable energy sources. Conventional water electrolysis always produces H2 and 
O2 simultaneously under corrosive acidic or alkaline conditions with large voltage inputs, posing 
safety concerns of H2/O2 mixing. Therefore, it is desirable to develop new electrolyzer design for 
decoupled water splitting in eco-friendly neutral solution with small voltage inputs, enabling 
separated H2 and O2 evolution. Herein, we report (ferrocenylmethyl)trimethylammonium chloride 
and Na4[Fe(CN)6] as proton-independent electron reservoirs to achieve separated H2 and O2 
evolution in near neutral solution driven by electricity or solar cells under sunlight irradiation. 
Na4[Fe(CN)6] can also integrate H2 evolution with organic oxidation to yield H2 and high-value 
organic products. This work offers promising economic and safety advantages for sustainable H2 
production and organic transformation. 
 
Highlights 
 
Stable proton-independent electron reservoirs of inexpensive iron complexes 
 
Decoupling H2 evolution from O2 evolution in neutral electrolyte with small voltage inputs 
 
Photovoltaic-driven decoupled water splitting under natural sunlight irradiation 
 
Decoupled H2 evolution integrated with valorization of biomass-derived intermediates 
 
 
eTOC Blurb 
 
Robust proton-independent electron reservoirs of (ferrocenylmethyl)trimethylammonium chloride 
and Na4[Fe(CN)6] are utilized to separate H2 evolution from O2 evolution with much lower 
voltage inputs compared to that of conventional water splitting electrolysis. Such decoupled water 
splitting can be readily driven by photovoltaics with small photovoltages in near neutral solution 
under natural sunlight irradiation. The electron reservoirs can facilitate sustainable H2 production 
from decoupled water splitting and further integrate H2 evolution with organic upgrading, yielding 
two value-added products (H2 and 2,5-furandicarboxylic acid). 
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SUMMARY 

Conventional water splitting electrolysis drives the H2 and O2 evolution reactions (HER and OER) 
simultaneously with large voltage inputs. Herein, two inexpensive iron complexes as proton-
independent electron reservoirs (ERs) are described for decoupled water electrolysis. 
(Ferrocenylmethyl)trimethylammonium chloride and Na4[Fe(CN)6], which have proper redox 
potentials in aqueous media, are able to couple their oxidation with HER. The subsequent 
reduction of the oxidized ER+ are then paired with OER. Both steps require much smaller voltage 
than that of direct water splitting. Nearly 100 % Faradaic efficiency and remarkable cycling stability 
are obtained for both electron reservoirs. Such a decoupled water splitting can also be driven by 
photovoltaic cells with small photovoltages under sunlight irradiation. Furthermore, a two-step 
electrolysis of HER and the oxidation of 5-hydroxymethylfurfural mediated by Na4[Fe(CN)6] is 
demonstrated under alkaline condition, producing H2 and 2,5-furandicarboxylic acid. This work 
presents a decoupled water electrolyzer design with great flexibility and safety advantages. 
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INTRODUCTION 
H2 production from water electrolysis with renewable energy inputs is a promising approach to 
the storage of renewable electricity in chemical forms.1- 4 Due to the thermodynamic requirements 
and slow kinetics of water splitting, conventional water electrolysis is usually conducted with a 
large voltage input (1.8–2.5 V) under either acidic or alkaline conditions, utilizing proton exchange 
membrane (PEM) electrolyzers or alkaline electrolyzers at elevated temperatures, respectively.5,6 
Regardless of the electrolyzer type, conventional water electrolysis always produces H2 and O2 
simultaneously (Scheme 1A), and thus the rate of the H2 evolution reaction (HER) is strictly 
dependent on the rate of the O2 evolution reaction (OER).7- 9 Furthermore, the concurrence of 
HER and OER results in potential H2/O2 gas crossover, which is particularly severe at low current 
density (e.g., 10 mA cm 2, a benchmark current density for solar-driven water splitting) and/or 
under high gas pressure, even if an ostensibly gas impermeable membrane is utilized.10- 13 This 
will further require the downstream purification of H2 (e.g., catalytic de-oxygenation). In addition, 
H2/O2 mixing may lead to the formation of reactive oxygen species due to the coexistence of H2, 
O2 and catalysts under electrocatalytic conditions, which would degrade the electrolyzer and 
shorten its operation lifetime. 14 , 15  Overall, these limitations of conventional water splitting 
electrolysis call upon an alternative electrolyzer design, not only circumventing these drawbacks 
but also enabling more flexibility in electrolyzer manufacture for a wide range of applications. 
 
Recent years have witnessed the emergence of a decoupling strategy for water splitting, wherein 
redox mediators are employed to decouple HER from OER. Representative proton-dependent 
redox mediators include phosphomolybdic acid and hydroquinone sulfonate.8,12, 16  The 
combination of V(III)/V(II) and Ce(IV)/Ce(III) redox mediators has also been employed for indirect 
water electrolysis.17,18 However, all of these redox mediators only function well in strongly acidic 
media which are corrosive environments for the device and severely limit the scope of suitable 
electrocatalysts, particularly for OER,19 as most of the earth-abundant transition metal-based 
OER electrocatalysts cannot survive in strongly acidic electrolytes. The required proton migration 
between electrolyzer chambers also results in a great pH gradient and hence a large ohmic 
resistance.20 Recently, a solid-state redox relay of NiOOH/Ni(OH)2 was reported for alkaline water 
electrolysis, wherein HER and OER took place simultaneously in separate chambers with a fairly 
large voltage input (~2.1 V).21 Nevertheless, NiOOH/Ni(OH)2 is only stable under strongly alkaline 
condition and it requires long-time pre-activation prior to operation. Reversing current polarity or 
physically swapping two saturated NiOOH/Ni(OH)2 electrodes are needed to regenerate the 
redox replay for electrolysis cycling. Furthermore, the produced O2 through the sluggish OER 
under the alkaline conditions is not of significant value.9, 22  These limitations motivate us to 
develop alternative inexpensive electrolyzers of great convenience, flexibility, and durability for 
decoupled water electrolysis under benign conditions and preferably generating high-value 
products instead of O2. 
 
Herein, we demonstrate that a ferrocene-derived complex, (ferrocenylmethyl)trimethylammonium 
chloride (FcNCl), is able to act as a stable proton-independent electron reservoir to decouple HER 
from OER in near neutral electrolyte (0.5 M Na2SO4). Besides, Na4[Fe(CN)6] is employed as a 
robust and low-cost proton-independent electron reservoir with a wider stable pH range from 
neutral to alkaline conditions not only for decoupled water splitting but also for H2 production 
integrated with organic upgrading. By taking the advantage of these two electron reservoirs, HER 
and OER, which have to take place simultaneously in one-step water splitting, are separated and 
coupled with the oxidation and reduction of electron reservoirs, respectively. Hence, HER and 
OER can occur at different times with different rates and both steps require smaller voltage inputs 
compared to that of direct water splitting. The separation of HER from OER also eliminates the 
further downstream purification of H2, reducing the cost and increasing the purity of H2 fuel.8 The 
neutral electrolyte enables us to utilize nonprecious metal phosphide and Ni foam as 
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electrocatalysts to catalyze HER and OER, respectively. Because of the substantially reduced 
voltage inputs for the decoupled water electrolysis, the H2 and O2 evolution can be driven by 
commercial photovoltaic (PV) cells with photovoltages (< 1.7 V) lower than those of reported PV-
driven water electrolysis. Thus a wider solar spectrum could be utilized, expanding the candidate 
pool of semiconductors absorbing longer-wavelength sunlight for solar-driven water electrolysis 
without the need of many solar cells in series connection.7,12,23 With the assistance of the alkaline 
stable Na4[Fe(CN)6] electron reservoir, OER can be replaced with an organic oxidation to produce 
value-added product from biomass-derived intermediate compound (e.g., 5-
hydroxymethylfurfural). A two-step electrolysis of decoupled HER and organic oxidation is also 
successfully demonstrated. Overall, the use of proton-independent electron reservoirs enables 
great flexibility in electrolyzer design for decoupled water splitting, H2 production and organic 
upgrading. It allows the cathodic and anodic reactions in the working compartment to occur at 
different times, not only avoiding the H2/O2 mixing problem but also making both reaction rates 
independent of each other. The utilization of environmentally benign neutral electrolyte further 
expands the pool of electrocatalyst candidates encompassing those inexpensive 1st-row transition 
metal-based electrocatalysts, and allows for potential integration with biocatalysts for the 
production of biofuels, bioproducts,24- 27 and seawater electrolysis. 
 

 
 

Scheme 1. Schematic illustration of electrolyzer designs. 
(A) Conventional electrolyzer for one-step full water splitting. 
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(B) A new electrolyzer design for decoupled water splitting with stepwise HER and OER in near neutral 
electrolyte, wherein two working electrodes are alternatively utilized in the working compartment while a 
carbon electrode is used in the counter compartment containing an electron reservoir of either FcNCl or 
Na4[Fe(CN)6]. 
(C) A new electrolyzer design for stepwise HER and organic oxidation in alkaline electrolyte (1 M NaOH). 
Na4[Fe(CN)6] is introduced in the counter chamber with a carbon electrode.  
For (B) and (C), ER and ER+ denote the reduced (i.e., FcNCl or [Fe(CN)6] ) and oxidized (i.e., FcNCl+ or 
[Fe(CN)6]3 ) forms of the adopted electron reservoir, respectively. 
 
 
RESULTS AND DISCUSSION 
Principle for decoupled water splitting and integrated organic upgrading 
The principle for decoupled water splitting in near neutral solution is illustrated in Scheme 1B. An 
ideal electron reservoir should possess a reversible redox potential positioned between the 
electrocatalytic onset potentials of HER and OER in the same electrolyte. A two-compartment H-
cell will be adopted with an ion exchange membrane. In the working chamber both the HER (e.g., 
a transition metal phosphide working electrode) and OER (e.g., a Ni foam working electrode) 
electrodes are placed; while a carbon counter electrode is positioned in the counter chamber 
containing the electron reservoir solution. In step 1, the HER working electrode is connected to 
the carbon counter electrode through an external power source. Upon an appropriate negative 
voltage bias applied to the HER working electrode, H2 evolution will take place on it and 
simultaneously the oxidation of electron reservoir will occur on the carbon counter electrode. In 
this case, the voltage input will be smaller than that required for full water splitting, as the oxidation 
potential of electron reservoir is less positive compared to the OER onset potential. After a certain 
amount of charge passed (determined by the capacity of electron reservoir), step 2 switches the 
connection from the HER electrode to the OER electrode. When a sufficient positive voltage bias 
is applied to the OER working electrode, O2 evolution will take place and meanwhile the reduction 
of the oxidized electron reservoir (ER+) back to its original state (ER) will occur on the carbon 
counter electrode. Such a positive voltage bias is also smaller than that for full water splitting, as 
the reduction potential of the oxidized electron reservoir is less negative relative to the HER onset 
potential. Under alkaline condition, OER in step 2 can be replaced by electrochemical organic 
oxidation (Scheme 1C), such as the oxidation of 5-hydroxymethylfurfural (HMF) to 2,5-
furandicarboxylic acid (FDCA), in that its required oxidation potential is less positive than that of 
OER. Under this new scenario, a large voltage input for one-step water splitting is separated into 
two smaller voltage inputs for individual HER, OER, or organic upgrading, which can be readily 
driven by PV cells of small photovoltages. The key to the success of this decoupling strategy is 
to find a suitable electron reservoir complex. 

Selection criteria of electron reservoir 
As alluded in the above discussion, an ideal electron reservoir for decoupled water electrolysis 
should satisfy the following criteria: (i) high solubility in water, (ii) fast and reversible proton-
independent redox feature positioned between the HER and OER onset potentials, (iii) strong 
robustness for repeated redox cycling, and (iv) low-cost composition and synthesis from abundant 
materials. The (ferrocenylmethyl)trimethylammonium chloride, FcNCl, exhibits high water 
solubility and excellent electrochemical stability in a long cycling neural aqueous redox flow 
battery,28 and indeed meets all the criteria. FcNCl can be conveniently synthesized via direct 
alkylation of a commercially available precursor (ferrocenylmethyl)-dimethylamine (FcN) with 
methyl chloride in a nearly unity yield.28 Even though the precursor FcN is almost insoluble in 
water, the solubility of FcNCl dramatically increases to at least 4 M in water. The most critical 
feature of our electron reservoir distinct from the reported proton-dependent redox mediators is 
that the redox electrochemistry does not involve protonation or deprotonation for the proton-
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independent electron reservoir, eliminating the dependence on the use of strongly acidic 
electrolytes.8,12,16 Instead, a mild near neutral electrolyte (0.5 M Na2SO4) was used. 
 
The electrochemistry of FcNCl was investigated via cyclic voltammetry and compared to the HER 
and OER onset potentials. As plotted in Figure 1, the cyclic voltammogram of 50 mM FcNCl in 
0.5 M Na2SO4 (pH ~ 6.5) showed a reversible redox couple at 0.40 V vs. Ag/AgCl (sat. KCl) on a 
glassy carbon electrode. In the absence of electrocatalysts, HER and OER currents do not take 
off until 1.2 and 1.7 V vs. Ag/AgCl, respectively, on carbon electrodes in 0.5 M Na2SO4. In near 
neutral electrolyte, a large group of earth-abundant electrocatalysts can be employed to reduce 
the voltage inputs for HER and OER.29- 36 Therefore, when a nickel foam decorated with Ni2P 
(Ni2P/Ni/NF) and a bare Ni foam (NF) were used as the HER and OER electrodes (Figures S1 
and S2), respectively, the overpotentials for the two half reactions of water splitting were 
dramatically reduced (Figure 1). Nevertheless, the HER and OER still needed applied potentials 
beyond 1.0 and +1.0 V vs. Ag/AgCl, respectively, to achieve appreciable catalytic current 
densities. Therefore, even with the assistance of water splitting electrocatalysts, the redox 
potential of FcNCl was still well positioned between the HER and OER onsets. In addition, the 
scan rate dependence of the cyclic voltammograms of FcNCl was also studied (Figure S3). The 
linear trend obtained from the variation of its anodic and cathodic peak currents along the square 
root of scan rate indicated that this redox process involved a molecular species in solution under 
diffusion control. The diffusion constant of FcNCl was further probed via linear sweep 
voltammogram (LSV) using a rotating disk electrode (Figure S4). Calculation based on the 
derived Levich pot resulted in a diffusion constant of 0.71  10 6 cm2 s 1 and an electron transfer 
rate constant of 1.33  10 5 cm s 1 for FcNCl in 0.5 M Na2SO4, both of which were in good 
agreement with reported values for FcNCl and analogous complexes in aqueous media.28 
 

 
 

Figure 1. Comparison of the cyclic voltammograms of FcNCl, HER, and OER under near neutral condition. 
All the CV curves were collected in a three-electrode configuration in 0.5 M Na2SO4 (pH = 6.5) using 
Ag/AgCl (sat. KCl) as the reference electrode. Cyclic voltammogram of 50 mM FcNCl (red) was collected 
at a scan rate of 100 mV s 1 with a glassy carbon working electrode and carbon counter electrode. Cyclic 
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voltammograms of HER (black) and OER (black) were collected on bare glassy carbon electrodes at a scan 
rate of 5 mV s 1 (iR-corrected). Cyclic voltammograms (iR-corrected) of HER on Ni2P/Ni/NF (green) and 
OER on nickel foam (blue) were collected at a scan rate of 5 mV s 1 with a carbon counter electrode. 
 
Decoupled water electrolysis using FcNCl 
According to the aforementioned experimental results obtained in three-electrode configuration, 
we were confident that FcNCl could act as an electron reservoir for decoupled water electrolysis. 
As an initial attempt to evaluate the feasibility of our strategy, a two-electrode compartment H-cell 
with an anion exchange membrane was utilized to collect the linear sweep voltammogram of HER 
on Ni2P/Ni/NF in 0.5 M Na2SO4. A carbon rod was utilized as the counter electrode. A negative 
voltage bias was applied to Ni2P/Ni/NF and no catalytic HER current was observed until scanning 
beyond 2.4 V (Figure 2A). However, upon the addition of 50 mM FcNCl in the counter electrode 
compartment, the catalytic HER current on Ni2P/Ni/NF rose rapidly after 1.4 V, saving nearly 1 
V voltage input compared to the above condition (step 1 in Scheme 1B). With an external bias of 

1.8 V continuously applied to the Ni2P/Ni/NF working electrode, the produced H2 amount in an 
air-tight H-cell was quantified by gas chromatography (GC) and compared to the theoretically 
calculated amount assuming all the passed charge was utilized to form H2. Figure 2B plots the 
GC-measured and theoretically calculated H2 amounts and the near overlap of these two H2 
evolution traces rendered a Faradaic efficiency close to 100 % for H2 evolution. Note that only H2 
was produced during this electrolysis and the corresponding anodic reaction was the oxidation of 
FcNCl to FcNCl+ on the carbon counter electrode. No O2 was detected in the headspace of the 
counter chamber (Figure S5), indicating the high purity of H2 product. 
 
After the 50 mM FcNCl in the counter compartment had been fully oxidized, we switched the 
working electrode connection from the Ni2P/Ni/NF electrode to the NF electrode (step 2 in 
Scheme 1B). Subsequently, a positive voltage bias was applied to NF to drive O2 evolution. As 
displayed in Figure 2C, the catalytic OER current took off at merely 0.6 V. This is because the 
redox potential of FcNCl+/0 (0.4 V vs. Ag/AgCl) was relatively closer to the OER onset (~1.0 V vs. 
Ag/AgCl) on NF (Figure 1). Nevertheless, in the absence of FcNCl+ in the counter compartment, 
a much larger voltage input (> 2.4 V) was required to conduct OER using the same electrodes. 
The GC-measured O2 amount also matched the theoretically calculated value very well (Figure 
2D), confirming the nearly unity Faradaic efficiency for this decoupled O2 evolution electrolysis at 
an applied bias of 1.7 V. In the meantime, no H2 was detected in the counter chamber (Figure 
S5). In fact, the cathodic reaction occurring in the counter compartment was the reduction of 
FcNCl+ back to the FcNCl, thus accomplishing its regeneration cycle as an electron reservoir.  
 
The voltage between Ni2P/Ni/NF and carbon counter electrodes was ive a current 

cm 2 for HER in the presence of 50 mM FcNCl (Figure 2A). In the second step 
for OER and FcNCl+ reduction, a small voltage of 0.954 V was required to achieve the current 
density of 10 mA cm 2 (Figure 2C). If a Ni2P/Ni/NF || NF electrode couple was used for one-step 
water splitting without any electron reservoir, a much larger voltage input of 2.338 V was required 
to produce 10 mA cm 2 in 0.5 M Na2SO4 (Figure S6). This demonstrates a high efficiency of 96% 
for two-step decoupled water splitting relative to one-step direct water splitting. This efficiency is 
higher than that of the reported phosphomolybdic acid-mediated (79 %) and potassium 
hydroquinone sulfonate-mediated (80 %) decoupled water electrolyzers and comparable to that 
(93 %) of silicotungstic acid-mediated system in acidic solution and Ni(OH)2-mediated decoupled 
water electrolysis system (92 %) without considering resistive factors.8,9,16,37 The practical energy 
efficiency of our decoupled water electrolyzer could be calculated by dividing the thermoneutral 
potential (i.e., 1.48 V, see details in Supplemental Information) of water electrolysis by the total 
applied voltage at room temperature,38,39 when the Faradaic efficiencies of HER and OER are 
both 100 %. The calculated energy efficiency was 61 % at 10 mA cm 2, which is comparable to 
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that of the silicotungstic acid-mediated (63 %), the potassium hydroquinone sulfonate-mediated 
(61 %) or the phosphomolybdic acid-mediated (59 %) decoupled water electrolyzers, and the Pt-
based PEM electrolyzer (67 %) in acidic electrolyte and the efficiency of Ni(OH)2-mediated Ir || Pt 
electrolyzer (67 %) in 1 M NaOH solution at room temperature (Table S1).8,16,21,37  When proton 
buffers were added in the electrolyte, we were able to collect the HER and OER linear sweep 
voltammograms at pH 5, 7, and 9 (Figures S7 – S9). Within the pH range from 5 to 9, our FcNCl 
functioned well as an electron reservoir for decoupled water splitting. 
 

 
Figure 2. Electrochemical investigation of decoupled HER and OER with the assistance of FcNCl as an 
electron reservoir. 
(A) Linear sweep voltammograms of Ni2P/Ni/NF as the working electrode and carbon rod as the counter 
electrode with 0 (black) or 50 mM (red) FcNCl and 0.5 M Na2SO4 in the counter chamber and only 0.5 M 
Na2SO4 in the working compartment (scan rate = 5 mV s 1, iR-corrected).  
(B) Comparison of the GC-measured and theoretically calculated H2 amounts during electrolysis at 1.8 V 
under (A)’s condition with FcNCl.  
(C) Linear sweep voltammograms of NF as the working electrode and carbon rod as the counter electrode 
with 0 (black) or 50 mM (red) FcNCl+ and 0.5 M Na2SO4 in the counter chamber and only 0.5 M Na2SO4 
in the working compartment (scan rate = 5 mV s 1, iR-corrected). 
(D) Comparison of the GC-measured and theoretically calculated H2 amounts during electrolysis at 1.7 V 
under (C)’s condition with FcNCl+. 
 
In order to evaluate the robustness of FcNCl as an electron reservoir for repeated HER and OER 
electrolysis, a long-term decoupled water electrolysis was conducted by alternating the applied 
voltage bias to the Ni2P/Ni/NF and NF electrodes in 0.5 M Na2SO4; while the counter 
compartment was charged with a carbon electrode immersed in 10 mM FcNCl and 0.5 M Na2SO4. 
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By alternating the applied voltage bias of 1.6 V to Ni2P/Ni/NF for H2 evolution and 1.8 V to NF 
for O2 production, we carried out the decoupled water electrolysis with each half cycle passing 
~7 C charge before switching the applied bias. Figure 3 displays the accumulated charge versus 
time for 20 successive cycles. At the beginning of each cycle, the pH of the electrolyte was 6.5. 
Upon the completion of the HER step, the pH value in the working compartment rose to 9, which 
decreased back to 6.5 once the OER step was finished. The similarity of these 20 charge versus 
time cycles indicated the robust cycling performance of FcNCl for repeated oxidation and 
reduction. Apparently, the generation of H2 and O2 periodically in the working compartment did 
not affect the reversible redox chemistry of FcNCl in the counter compartment. We also used 
NO3  as a counter ion to replace Cl  in FcNCl. The change of counter ion did not affect the redox 
feature of FcN  (Figure S10). The performance of FcN(NO3) as an electron reservoir for 
decoupled water electrolysis was comparable to that of FcNCl in Figure S11. 
 

Figure 3. Electrolysis cycles of HER and OER to assess the stability of FcNCl as an electron reservoir. 
Charge evolution plot for repeated two-electrode water electrolysis cycles with 0.5 M Na2O4 in the working 
compartment and 10 mM FcNCl together with 0.5 M Na2SO4 in the counter compartment. Ni2P/Ni/NF and 
NF were utilized as the HER and OER electrodes, respectively, in the working chamber and a carbon rod 
as the counter elelectrode in the counter chamber. Voltage bias between the working and counter 
electrodes were alternated at 1.6 V for HER and 1.8 V for OER, periodically. No iR correction was applied. 

Solar-driven H2 production decoupled from OER using FcNCl 
Light-driven H2 evolution from water splitting has been widely recognized as a promising 
approach to storing renewable solar energy in green chemical forms (i.e., H2).7,21,23 By virtue of 
the remarkably reduced voltage input for decoupled water electrolysis using FcNCl as described 
above, it is feasible to conduct H2 generation in near neutral solution under natural sunlight 
irradiation if a single photovoltaic (PV) module with small photovoltage is used as the external 
power source. Based on the aforementioned results, we reasoned that the combination of a PV 
cell (photovoltage > 1.4 V) and FcNCl would be able to drive HER without any external bias. 
Hence, a two-electrode H-type cell with the same configuration was connected with a commercial 
PV cell (~1.6 V, Figure S12) to assess our hypothesis. Figure 4A shows the linear sweep 



9 
 

voltammograms of HER collected on Ni2P/Ni/NF in 0.5 M Na2SO4; while 10 mM FcNCl and 0.5 
M Na2SO4 were loaded in the counter comparment with a carbon rod as the counter electrode. 
To reach a current density of 30 mA cm 2 for H2 evolution, an external voltage bias of 1.58 V 
was required in the absence of natural sunlight irradiation. In contrast, when the solar cell was 
fully exposed to solar irradiation (intensity = 92  5 mW cm 2), the same current density could be 
achieved at zero external bias. Figure 4B displays the current evolution over time upon chopped 
solar irradiation, when the applied external bias was set at 0 V. When solar irradiation was not 
blocked, an immediate rise in cathodic current was observed, accompanied with vigorous H2 
bubble formation and release on the Ni2P/NF working electrode. The periodic on and off catalytic 
HER current dependent on the sunlight exposure strongly supported the conclusion that the 
detected H2 evolution was solely driven by sunlight irradiation. Control experiment under an 
identical condition but without FcNCl in the counter compartment demonstrated that FcNCl was 
crucial for this solar-driven decoupled H2 evolution. 
 

 
Figure 4. Electrocatalyic H2 evolution with the assistance of a PV cell under natural sunlight irradiation. 
(A) Linear sweep voltammograms of HER on Ni2P/Ni/NF in 0.5 M Na2SO4 with a carbon electrode in the 
counter chamber charged with 10 mM FcNCl and 0.5 M Na2SO4 with (red) and without (black) an external 
PV cell under sunlight irradiation (iR-corrected).  
(B) Produced HER current density on Ni2P/Ni/NF over time under chopped sunlight irradiation with no 
external voltage bias. Red curve: 10 mM FcNCl in the counter compartment. Black curve: No FcNCl was 
added in the counter compartment. No iR correction was applied. 
 
Decoupled water splitting and organic oxidation using Na4[Fe(CN)6] 
As demonstrated in the above discussion, the FcNCl electron reservoir is stable in the pH range 
of 5–9. To extend such new electrolyzer design to other applications, Na4[Fe(CN)6] was also 
introduced as a proton-independent electron reservoir which is stable in a wider pH range from 
neutral to alkaline (1.0 M NaOH) conditions. Na4[Fe(CN)6] is a low-cost chemical with relatively 
high solubility (0.6 M) in water and multiple industrial applications.40 The electrochemical results 
demonstrate that Na4[Fe(CN)6] possesses a suitable redox feature located between the onset 
potentials of HER and OER catalyzed by Co-P and Ni foam working electrodes, respectively 
(Figures S13 – S16), with a large diffusion coefficient of 3.53×10 6 cm2 s 1 and an electron 
transfer rate constant of 2.20×10 1 cm s 1 as well as remarkable robustness in 0.5 M Na2SO4 and 
0.5 M sodium phosphate buffer (NaPi, pH = 7.0) electrolyte (Figure S17). The utilization of 
Na4[Fe(CN)6] as an electron reservoir was proved to effectively split a large voltage input of one-
step water splitting to two smaller voltage inputs for separate HER and OER processes with great 
cycling stability and a Faradic efficiency of 100 % under neutral condition (Figures S18 – S21). 
The energy efficiency was calculated to be 64.6 %, comparable to other decoupled water splitting 
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systems in acidic or alkaline electrolytes (Table S1). In addition, PV cells with small photovoltages 
(1.1 or 1.6 V, Figure S22) were also able to drive decoupled water splitting under natural sunlight 
irradiation when Na4[Fe(CN)6] was employed as the electron reservoir (Figures S23 and S24).7,23

Further optimization of the PV-electrolyzer design in terms of the sizes of PV panels and 
electrodes, concentrations of electron reservoir, and power densities of PV and electrolyzer, will 
be pursued to achieve high solar-to-H2 efficiency. 

As O2 generated from water splitting is not a product of high value, we reasoned that it would be 
more economically attractive if our electron reservoir could be further utilized to promote HER and 
other organic upgrading reactions, such as electrochemical reforming of biomass-derived 
intermediates.22, 41 For instance, 5-hydroxymethylfurfural (HMF) is an intermediate platform 
chemical produced from biomass materials which can be transformed to many value-added 
products.42 Previous studies have demonstrated that HMF could be readily oxidized to more 
valuable 2,5-furandicarboxylic acid (FDCA) by nickel-based electrocatalysts under alkaline 
conditions.43, 44 The electrochemical experiments of Na4[Fe(CN)6] conducted in 1.0 M NaOH 
proved that its redox feature (1.3 V vs. RHE) was still positioned between the HER and OER 
onset potentials and less positive than the HMF oxidation on a Ni foam under the alkaline 
condition (Figure S25) with a diffusion coefficient of 4.70×10 6 cm2 s 1 and an electron transfer 
rate constant of 8.45×10 2 cm s 1 (Figure S26), which were comparable to those reported 
values.45 The negligible degradation during 1000 redox cycles of Na4[Fe(CN)6] in 1.0 M NaOH 
further demonstrated its excellent stability. 

Figure 5. Electrochemical investigation of decoupled HER, OER and HMF oxidation with the assistance of 
Na4[Fe(CN)6] as an electron reservoir. 
(A) Linear sweep voltammograms of the two-electrode H-cell systems consisting of a Co-P working 
electrode and a carbon counter electrode with (red) or without (blue) 0.3 M Na4[Fe(CN)6] (ER) in the counter 
compartment.  
(B) Linear sweep voltammograms of the two-electrode H-cell systems consisting of a Ni foam working 
electrode and a carbon counter electrode under different conditions: neither Na3[Fe(CN)6] (ER+) nor HMF 
in both compartments (black); with 0.3 M ER+ in the counter compartment (red); with 10 mM HMF in the 
working compartment and 0.3 M ER+ in the counter compartment (green). The common electrolyte for all 
the above experiments was 1.0 M NaOH. All results were not iR-corrected. 

Therefore, similar to decoupled water splitting, a two-compartment electrochemical cell with a 
cation exchange membrane was utilized for HER and HMF oxidation in 1.0 M NaOH (Scheme 
1c). Figure 5A compares the linear sweep voltammogram (LSV) curves of a Co-P working 
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electrode for HER with and without 0.3 M Na4[Fe(CN)6] in the counter compartment. The addition 
of the electron reservoir substantially shifted the LSV curve of HER towards positive direction. 
After the 0.3 M Na4[Fe(CN)6] in the counter chamber had been oxidized after a chronocoulometry 
experiment, a LSV curve was collected on the Ni foam working electrode for OER (Figure 5B), 
which delivered 10 mA cm 2 at a voltage bias of 0.66 V. However, upon the addition of 10 mM 
HMF in the working chamber, a less positive onset potential was observed for HMF oxidation, 
achieving 10 mA cm 2 at a voltage bias of only 0.37 V. A chronocoulometry electrolysis for HMF 
oxidation was conducted at a voltage bias of 0.2 V. After passing 87 C charge, the conversion of 
HMF reached 100 %, resulting in the FDCA yield of 83% (Figure S27) without the need of noble 
metal catalysts that were widely used in previous reports.46- 48 It is anticipated that HER coupled 
with the electron reservoir oxidation can be driven by PV under the diurnal sunlight irradiation, 
while the electrocatalytic HMF oxidation is carried out at a small voltage (e.g., 0.2 V) coupled with 
the electron reservoir regeneration at night with this novel electrolyzer design.49 The exploration 
of new electron reservoirs with higher solubility is preferred in order to increase the capacitance 
of the electron reservoir solutions. 

 
CONCLUSIONS 
In summary, we have reported that a ferrocence-derived complex FcNCl could act as a robust 
and low-cost electron reservoir for decoupled water electrolysis under near neutral condition. 
Such a decoupling stratgegy enables H2 and O2 to be produced at different time and the 
production rate of one gas to be independent on the other, allowing fast H2 production at elevated 
pressure without the concern of H2/O2 mixing. The reversible  redox couple, high solubity, and 
great robustness of FcNCl in water make it feasible to conduct decoupled water electrolysis in 
near neutral water with earth-abundant electrocatalysts. Thanks to the substantially reduced 
voltage requirement for HER based on this decoupling approach, we further demonstrated that a 
PV cell with a small photovoltage (~1.6 V) was able to drive efficient H2 evolution (~20 mA cm 2) 
under natural sunlight irradiation without any external bias. Furthermore, we also introduced 
another electron reservoir, Na4[Fe(CN)6], which is stable in a wider pH range from neural to 
alkaline conditions. The low cost, high solubility, remarkable robustness, and excellent redox 
properties of Na4[Fe(CN)6] render itself an ideal electron reservoir not only for decoupled water 
splitting in neutral electrolyte but also for HER integrated with organic upgrading under alkaline 
conditions. This work offers attractive economic and safety advantages for sustainable H2 
production from water and also allows great flexibility in electrolyzer design for water electrolysis 
and electrocatalytic organic upgrading. This work will inspire researchers to explore novel electron 
reservoirs with lower cost, higher solubility, and better-positioned redox potential for decoupled 
water electrolysis and other promising electrocatalytic applications such as biocatalytic reactions, 
biomass valorization and seawater electrolysis. 
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Main figure and scheme titles and legends 
 

 
Scheme 1. Schematic illustration of electrolyzer designs. 
(A) Conventional electrolyzer for one-step full water splitting. 
(B) A new electrolyzer design for decoupled water splitting with stepwise HER and OER in near neutral 
electrolyte, wherein two working electrodes are alternatively utilized in the working compartment while a 
carbon electrode is used in the counter compartment containing an electron reservoir of either FcNCl or 
Na4[Fe(CN)6]. 
(C) A new electrolyzer design for stepwise HER and organic oxidation in alkaline electrolyte (1 M NaOH).
Na4[Fe(CN)6] is introduced in the counter chamber with a carbon electrode.  
For (B) and (C), ER and ER+ denote the reduced (i.e., FcNCl or [Fe(CN)6] ) and oxidized (i.e., FcNCl+ or 
[Fe(CN)6]3 ) forms of the adopted electron reservoir, respectively.
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Figure 1. Comparison of the cyclic voltammograms of FcNCl, HER, and OER under near neutral condition. 
All the CV curves were collected in a three-electrode configuration in 0.5 M Na2SO4 (pH = 6.5) using 
Ag/AgCl (sat. KCl) as the reference electrode. Cyclic voltammogram of 50 mM FcNCl (red) was collected 
at a scan rate of 100 mV s 1 with a glassy carbon working electrode and carbon counter electrode. Cyclic 
voltammograms of HER (black) and OER (black) were collected on bare glassy carbon electrodes at a scan 
rate of 5 mV s 1 (iR-corrected). Cyclic voltammograms (iR-corrected) of HER on Ni2P/Ni/NF (green) and 
OER on nickel foam (blue) were collected at a scan rate of 5 mV s 1 with a carbon counter electrode. 
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Figure 2. Electrochemical investigation of decoupled HER and OER with the assistance of FcNCl as an 
electron reservoir. 
(A) Linear sweep voltammograms of Ni2P/Ni/NF as the working electrode and carbon rod as the counter 
electrode with 0 (black) or 50 mM (red) FcNCl and 0.5 M Na2SO4 in the counter chamber and only 0.5 M 
Na2SO4 in the working compartment (scan rate = 5 mV s 1, iR-corrected).  
(B) Comparison of the GC-measured and theoretically calculated H2 amounts during 
under (A)’s condition with FcNCl.  
(C) Linear sweep voltammograms of NF as the working electrode and carbon rod as the counter electrode 
with 0 (black) or 50 mM (red) FcNCl+ and 0.5 M Na2SO4 in the counter chamber and only 0.5 M Na2SO4 in 
the working compartment (scan rate = 5 mV s 1, iR-corrected). 
(D) Comparison of the GC-measured and theoretically calculated H2 amounts during electrolysis at 1.7 V 
under (C)’s condition with FcNCl+. 
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Figure 3. Electrolysis cycles of HER and OER to assess the stability of FcNCl as an electron reservoir. 
Charge evolution plot for repeated two-electrode water electrolysis cycles with 0.5 M Na2O4 in the working 
compartment and 10 mM FcNCl together with 0.5 M Na2SO4 in the counter compartment. Ni2P/Ni/NF and 
NF were utilized as the HER and OER electrodes, respectively, in the working chamber and a carbon rod 
as the counter elelectrode in the counter chamber. Voltage bias between the working and counter 
electrodes were alternated at 1.6 V for HER and 1.8 V for OER, periodically. No iR correction was applied. 
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Figure 4. Electrocatalyic H2 evolution with the assistance of a PV cell under natural sunlight irradiation. 
(A) Linear sweep voltammograms of HER on Ni2P/Ni/NF in 0.5 M Na2SO4 with a carbon electrode in the 
counter chamber charged with 10 mM FcNCl and 0.5 M Na2SO4 with (red) and without (black) an external 
PV cell under sunlight irradiation (iR-corrected).  
(B) Produced HER current density on Ni2P/Ni/NF over time under chopped sunlight irradiation with no 
external voltage bias. Red curve: 10 mM FcNCl in the counter compartment. Black curve: No FcNCl was 
added in the counter compartment. No iR correction was applied. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



20 
 

Figure 5. Electrochemical investigation of decoupled HER, OER and HMF oxidation with the assistance of 
Na4[Fe(CN)6] as an electron reservoir. 
(A) Linear sweep voltammograms of the two-electrode H-cell systems consisting of a Co-P working 
electrode and a carbon counter electrode with (red) or without (blue) 0.3 M Na4[Fe(CN)6] (ER) in the counter 
compartment.  
(B) Linear sweep voltammograms of the two-electrode H-cell systems consisting of a Ni foam working 
electrode and a carbon counter electrode under different conditions: neither Na3[Fe(CN)6] (ER+) nor HMF 
in both compartments (black); with 0.3 M ER+ in the counter compartment (red); with 10 mM HMF in the 
working compartment and 0.3 M ER+ in the counter compartment (green). The common electrolyte for all 
the above experiments was 1.0 M NaOH. All results were not iR-corrected. 
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I. Supplemental Experimental Procedures 
 
Materials. 

-Pure system and used in all experiments. 
CoCl2 6H2O was purchased from Sigma-Aldrich. NH4Cl, NiCl2 6H2O, Na2SO4, NaH2PO4 H2O, Na2HPO4, 
and NaOH were purchased from Fisher Chemical. Na4[Fe(CN)6 2O was purchased from Acros 
Organics. NaH2PO2 H2O was acquired from Alfa Aesar. (Ferrocenylmethyl)dimethylamine, methyl 
chloride, acetonitrile and diethyl ether were purchased from Sigma-Aldrich. Ni foam (> 99.99%, 80 110 
pores per inch) and Co foam (> 99.99%, 110 pores per inch) were purchased from MTI and Hezhe Jiaotong 
Group, respectively. HCl was purchased from Pharmco-Aaper. 5-Hydroxymethylfurfural (HMF), 2,5-
diformylfuran (DFF) and 2-formyl-5-furancarboxylic acid (FFCA) were purchased from Ark Pharm. 2,5-
Furandicarboxylic acid (FDCA) was purchased from Chem-Impex International. 5-Hydroxymethyl-2-furan-
carboxylic acid (HMFCA) was purchased from Asta Tech. Anion exchange membrane (SELEMIONTM, AMV 
120 m) was purchased from AGC Chemicals. Cation exchange membrane (Nafion, NR-212) was 
purchased from Fuel Cell Store. All chemicals were used as received without purification. 
 
Synthesis of (ferrocenylmethyl)trimethylammonium chloride (FcNCl) 
FcNCl was prepared according to a reported method.[S1] A Schlenk flask (250 mL) was maintained under 
N2. (Ferrocenylmethyl)dimethylamine (20 g, 82.3 mmol) and methyl chloride (1 M in tert-butylether, 90 mL) 
were added to CH3CN (50 mL) in the Schlenk flask. The reaction mixture was stirred at room temperature 
overnight. The orange precipitate was collected by filtration. Diethyl ether (100 mL) was added into the 
supernatant solution to precipitate a second crop of the product. The product was rinsed with diethyl ether 
(40 mL) twice and dried under vacuum. 
 
Synthesis of FcN(NO3) 
FcN(NO3) was prepared via the reaction between FcNCl and AgNO3. FcNCl (1 mmol) was dissolved in 
water (150 mL). AgNO3 (1 mmol) was also dissolved into water (20 mL). FcNCl solution was stirred at room 
temperature; while AgNO3 solution was added slowly and dropwisely to the FcNCl solution. Then, the AgCl 
precipitate was removed through filtration and FcN(NO3) was obtained via rotary evaporation at 30°C. 
 
Preparation of Ni2P/Ni/NF. 
The electrodeposition of porous Ni microspheres on nickel foam (Ni/NF) was performed in a standard two-
electrode configuration at room temperature with an aqueous electrolyte consisting of NH4Cl (2.0 M) and 
NiCl2 (0.1 M). A piece of commercial nickel foam (0.5 cm × 0.5 cm) was used as the working electrode and 
a carbon rod was used as the counter electrode. The electrodeposition was carried out at a constant current 

2 for 500 s to obtain Ni/NF samples. Subsequently, the resulting Ni/NF was placed in the 
center of a tube furnace, and NaH2PO2·H2O (1.0 g) was placed at the upstream side and near Ni/NF. After 
flushing with Ar gas, the center of the furnace was quickly elevated to 400°C with a ramping rate of 10°C 
min 1 and kept at this temperature for 2 h to convert the metallic nickel to nickel phosphides, resulting in 
the formation of Ni2P/Ni/NF. The as-prepared Ni2P/Ni/NF was stored under vacuum at room temperature 
and directly used for electrochemical experiments without any further treatment. 
 
Preparation of the Co-P Electrode. 
The Co-P working electrodes were prepared by electrodeposition of Co particles on Co foams followed by 
thermal phosphorization. Typically, a piece of Co foam was cleaned by ultrasonication in 6 M HCl for 10 
min, subsequently rinsed with water and ethanol, and finally dried under N2 at room temperature. Then the 
cleaned Co foam was used as the working electrode and a carbon rod was used as the counter electrode. 
The electrolyte was 0.1 M CoCl2 and 2.0 M NH4Cl mixture solution and deaerated by N2 bubbling. The 
electrodeposition was performed in a two- 0.5 A 
cm 2 for 1000 s under N2 protection without stirring. The resultant Co-deposited Co foam was loaded in a 
ceramic boat, with 10.0 g of NaH2PO2 H2O placed 2 cm away in the upstream side. The ceramic boat was 
placed in a horizontal tube furnace and purged with Ar gas (99.999 %) for 1 h. Afterwards, it was heated to 
400°C at a ramping rate of 5 °C min 1 and maintained at 400°C for 2 h. Finally, the furnace was naturally 
cooled down to room temperature. The Ar flow was kept throughout the whole process. The final Co-P 
electrode was washed with water and ethanol, dried under N2 and stored in a vacuum desiccator for further 
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use. The Ni foam working electrode was a piece of commercial Ni foam, which was cleaned and dried in 
the similar procedure as for the Co foam. 
 
Electrochemical Measurements.  
For the studies of Na4[Fe(CN)6], three-electrode linear sweep voltammogram (LSV) and cyclic 
voltammogram (CV) experiments were conducted on a CHI760E electrochemical workstation (CH 
Instruments). Deaerated 0.5 M Na2SO4 and 0.5 M sodium phosphate buffer (NaPi) mixture solution (pH = 
7.0) was used as the neutral electrolyte to eliminate the possible pH gradient, while 1 M NaOH was used 
as the alkaline electrolyte. The synthesized Co-P electrode and Ni foam electrode were used as the working 
electrodes for HER and OER, respectively. A carbon electrode (spectro-grade carbon rod, Electron 

electrode were used as the counter and 
reference electrodes, respectively. Unless stated otherwise, all potentials are reported versus reversible 
hydrogen electrode (RHE) by converting the potentials measured versus Ag/AgCl (3 M NaCl) according to 
the following equation:  
 
E(vs. RHE) = E(vs. Ag/AgCl) + 0.209 + 0.059 × pH              (1) 

 
The current density presented in this work is normalized with respect to the geometric surface area of each 
working electrode. For HER studies, the Co-P electrode was firstly conditioned by CV scans from 0.05 to 

0.6 V vs. RHE at 5 mV s 1. The steady-state LSV curve of the Co-P electrode was then obtained by 
scanning from negative to positive potential at 5 mV s 1. For OER studies, the Ni foam electrode was 
conditioned by repetitive CV scans at 5 mV s 1 in the potential window from 0.7 to 2.2 V vs. RHE. Afterwards, 
the steady-state LSV curve of the Ni foam electrode was obtained by scanning from positive to negative 
potential at 5 mV s 1. For comparison, the electrocatalytic performance of the carbon electrode for HER 
and OER was also measured under the same conditions. Unless stated otherwise, all LSV polarization 
curves measured in the three-electrode configuration are iR-corrected. The correction was made according 
to the following equation: 
 
Ecorrected = Emeasured iRs                         
(2) 

 
where Ecorrected is the iR-corrected potential, Emeasured and i are experimentally measured potential and 
current, respectively, and Rs is the equivalent series resistance measured by electrochemical impedance 
spectroscopy (EIS) in the frequency range of 106 – 0.1 Hz with an amplitude of 10 mV. 
 
The diffusion and electron transfer properties of Na4[Fe(CN)6] were studied by using CV in a three-
electrode configuration. A polished glassy carbon electrode (GCE, area = 0.07065 cm2) was used as the 
working electrode. A carbon rod and a calibrated Ag/AgCl (3 M NaCl) electrode were used as the counter 
and reference electrodes, respectively. The electrolyte consisted of 0.01 or 0.3 M Na4[Fe(CN)6] in 0.5 M 
Na2SO4 and 0.5 M NaPi, or 1 M NaOH deaerated by N2 bubbling. The CV curves of Na4[Fe(CN)6] over 

vs. Ag/AgCl (3 M NaCl) at varying scan rates from 10 to 4000 mV s 1 
without stirring but under N2 protection. LSV measurements on the rotating disk electrode (RDE) were 
performed by using a RRDE-3A apparatus (ALS Co., Ltd) in a similar three-electrode configuration except 
for a polished glassy carbon RDE (area = 0.07065 cm2) used as the working electrode. The electrolyte was 
composed of 10 mM Na4[Fe(CN)6] in 0.5 M Na2SO4 and 0.5 M NaPi or 1 M NaOH deaerated by N2 
bubbling. LSV curves were recorded at a scan rate of 5 mV s 1 with the rotation rate varying from 400 to 
4000 rpm. The limiting currents were plotted against the square root of the rotation rate (rad s 1). The data 
were fitted to a linear Levich plot, resulting in the Levich plot slope.[S1] The diffusion coefficient of 
Na4[Fe(CN)6] was calculated based on the following equation: 
 
Levich plot slope = 0.62nFAC0D2/3 1/6                       (3) 

 
where n = 1 for a one-electron process, Faraday constant F = 96485 C mol 1, electrode area A = 0.07065 
cm2, Na4[Fe(CN)6] concentration C0 = 10 mM, D is the diffusion coefficient, and  is the kinematic viscosity 
of 0.5 M Na2SO4 and 0.5 M NaPi (1.16222 ×10 6 m2 s 1) or 1 M NaOH (1.05303 ×10 6 m2 s 1). The diffusion 
coefficients (D) of Na4[Fe(CN)6] were calculated as 3.53×10 6 cm2 s 1 in 0.5 M Na2SO4 and 0.5 M NaPi 
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and 4.70×10 6 cm2 s 1 in 1 M NaOH. The electron transfer rate constant k0 was estimated by the Nicholson 
method and calculated through the equation as follows,[S2,S3] 

 

0.6288 + 0.002 )/(1 )              (4) 
 

n = 1 for a 
one- 0 
through the following equation: 
 
Ȳ = k଴ × [Ɏ × D × n × ɋ × F/(R × T)]ି଴.ହ                      (5) 

 
where ߥ is the scan rate (mV s 1), T is the temperature (298.15 K), and ܴ is the ideal gas constant (8.3145 
J K 1 mol 1).  
 
Two electrode electrochemical measurements were conducted on a Gamry 1000E potentiostat in a H-cell 
consisting of two compartments (the volume of each compartment is 250 mL) separated by a cation 
exchange membrane (Nafion, NR-212, Fuel Cell Store). The working electrodes were Co-P electrode for 
HER and Ni foam electrode for OER. The counter electrode was a carbon electrode. The electrolyte was 
200 mL of 0.5 M Na2SO4 and 0.5 M NaPi in each chamber. The buffering capability of the NaPi solution 
alleviated the formation of pH gradient. For decoupled water electrolysis, 0.3 M Na4[Fe(CN)6] was added 
to the counter chamber. For HER studies, the Co-
to 4 V at 5 mV s 1. Then the steady-state LSV curve of Co-P electrode was obtained by scanning from 
negative to positive potential at 5 mV s 1. For OER studies, the Ni foam electrode was firstly conditioned 
by CV scans from 0 to 4 V at 5 mV s 1. Then the steady-state LSV curve of Ni foam electrode was obtained 
by scanning from positive to negative potential at 5 mV s 1. All LSV curves measured in the two-electrode 
configuration had no iR correction. The resistances of our two-electrode systems were measured by EIS in 
the frequency range of 106 – 0.1 Hz with a magnitude of 10 mV. 
 
The cycling of such decoupled water electrolysis in neutral solution was tested in a small H-cell. The counter 
electrode was a carbon electrode immersed in 15 mL of 0.5 M NaPi and 0.5 M Na2SO4 (pH = 7.0) containing 
10 mM Na4[Fe(CN)6]. The working electrode was either Co-P for HER or Ni foam for OER, immersed in 
0.5 M NaPi and 0.5 M Na2SO4. The buffering capability of the NaPi solution alleviated the formation of pH 
gradient. Prior to HER or OER for each time, the chambers were purged with N2. The resistances of such 
two-electrode systems were also measured by EIS in the frequency range of 106 – 0.1 Hz with a magnitude 
of 10 mV. 
 
Solar-driven decoupled water electrolysis was conducted by in series connection of electrodes, the Gamry 
1000E potentiostat and a photovoltaic (PV) cell. The PV cell used in the experiments was a solar cell panel 
(1.1 V or 1.6 V, Solar Made). The I-V curves of PV cells were collected using both forward and backward 
voltage sweeps at 5 mV s 1 under the sunlight irradiation (92  5 mW cm 2), leading to same results and 
thus only the forward voltage sweep results were shown. Typically, for decoupled HER studies, the Co-P 
electrode was connected with the working lead of the potentiostat while the counter lead was connected to 
the negative side of PV and the positive side of PV was connected to the carbon electrode. For decoupled 
OER studies, the Ni foam electrode was connected with the working lead of the potentiostat while the 
counter lead was connected to the positive side of PV and the negative side of PV was connected to the 
carbon electrode. The steady-state LSV curves of Co-P for HER and Ni electrodes for OER were collected 
in the same way as preceding decoupled electrocatalytic water electrolysis. The electrolyte was 200 mL of 
0.5 M Na2SO4 and 0.5 M NaPi in each chamber, with 0.3 M Na4[Fe(CN)6] or Na3[Fe(CN)6] only in the 
counter chamber. 
 
Electrocatalytic water splitting and HMF oxidization under alkaline condition were conducted in a small two-
compartment H-cell. The working electrodes were Co-P electrode for HER and Ni foam electrode for either 
OER or HMF oxidation. The counter electrode was a carbon electrode immersed in 15 mL of 1 M NaOH 
and 0.3 M Na4[Fe(CN)6]. The working compartment contained 15 mL of 1 M NaOH. When OER was 
replaced by HMF oxidation, The Ni foam could also be used for catalyzing HMF oxidation, and 10 mM HMF 
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was added to the working compartment. The LSV curves were collected at 5 mV s 1. Chronocoulometry 
was performed at 0.2 V applied to the Ni foam working electrode for HMF oxidation. 
 
For electrochemical studies of (ferrocenylmethyl)trimethylammonium based electron reservoir, Na2SO4 
aqueous solution (0.5 M) was used as the electrolyte for most of the electrochemical measurements. Cyclic 
voltammetry experiment in a three-electrode configuration for FcNCl or FcN(NO3) was conducted with a 
glassy carbon working electrode (3 mm diameter), a Ag/AgCl (sat. KCl) reference electrode and a carbon 
rod counter electrode. N2 was bubbled through the electrolyte solution for at least 20 min prior to 
measurements and maintained above the electrolyte during the entire process. The CV curves of FcNCl 
and FcN(NO3) were not iR-corrected. The steady-state CV curves of Ni2P/Ni/NF for HER and Ni foam for 
OER were obtained at a scan rate of mV s 1 with iR correction according to Equation 2. 
 
The diffusion and electron transfer properties of FcNCl were studied by using CV in a three-electrode 
configuration. A polished glassy carbon electrode (GCE, area = 0.07065 cm2) was used as the working 
electrode. A carbon rod and a calibrated Ag/AgCl (sat. KCl) electrode were used as the counter and 
reference electrodes, respectively. The electrolyte consisted of 0.01 M FcNCl in 0.5 M Na2SO4 deaerated 
by N2 bubbling. The CV curves of FcNCl vs. Ag/AgCl (sat. KCl) 
at varying scan rates from 5 to 800 mV s 1 without stirring but under N2 protection. LSV measurements on 
the rotating disk electrode (RDE) were performed by using a RRDE-3A apparatus (ALS Co., Ltd) in a similar 
three-electrode configuration except for a polished glassy carbon RDE (area = 0.07065 cm2) used as the 
working electrode. The electrolyte was composed of 10 mM FcNCl in 0.5 M Na2SO4 deaerated by N2 
bubbling. LSV curves were recorded at a scan rate of 5 mV s 1 with the rotation rate varying from 400 to 

vs. Ag/AgCl (sat. KCl). The limiting currents (i.e., the 
mass transport-limited current intensity) were collected at 0.8 V vs. Ag/AgCl and plotted over the square 
root of the rotation rate. The diffusion coefficient of Na4[Fe(CN)6] was calculated based on Equation 3,[S1] 
where n = 1 for a one-electron process, Faraday’s constant F = 96485 C mol 1, electrode area A = 0.07065 
cm2, FcNCl concentration C0 = 10 mM, while D is the diffusion coefficient, and the kinematic viscosity  is 
0.0107 cm2 s 1 in 0.5 M Na2SO4 aqueous solution. The calculated diffusion coefficient (D) of FcNCl is 0.71 
× 10 6 cm2 s 1. 
 
The reciprocals of the current intensities at selected potentials were plotted against the reciprocals of the 
square root of the rotation rate (Figure S4C). The data for each potential were fitted with a linear line; the 
intercept gives the reciprocal of iK, the current in the absence of mass transport limitations (the extrapolation 
to infinite rotation rate). A plot of log(iK) versus overpotential was linearly fitted (Figure S4D). The x-intercept 
gives the logarithm of the exchange current density i0, which is equal to FAC0k0 based on Equation 6,[S1] 
and gives an electron transfer rate constant k0 as 1.33 × 10 6 cm s 1 for FcNCl. 
 
i0 = FAC0K0                   (6) 
 
The decoupled water electrolysis and solar-driven decoupled water splitting with FcNCl electron reservoir 
are similar to those of Na4[Fe(CN)6] assisted water electrolysis. In a typical two-electrode experiment for 
linear sweep voltammetry studies, 0.5 M Na2SO4 solution (pH ~ 6.5, 75 mL) was added into the working 
compartment of a two-compartment H-cell while 15 ml 0.5 M Na2SO4 solution and 0.2202 g FcNCl (50 mM) 
were added in the counter compartment with a carbon counter electrode. In the working compartment, 
Ni2P/Ni/NF and Ni foam electrodes were used as the working electrode for H2 and O2 evolution, 
respectively. Two chambers of the H-cell were separated by an anion exchange membrane (SELEMIONTM, 
AMV 120 m) 2, stirred vigorously and kept under a N2 atmosphere 
throughout the experiment. Linear sweep voltammetry (LSV) scans of Ni2P/Ni/NF for HER were collected 
at a scan rate of 5 mV s 1. In order to obtain the LSV scans of NF for OER, a two-electrode controlled 
potential electrolysis was conducted at a voltage input of 2.0 V between Ni2P/Ni/NF and carbon electrodes 
to oxidize FcNCl into FcNCl+ in the counter compartment. When an amount of 72.4 C charge had passed, 
FcNCl in the counter chamber was fully oxidized to FcNCl+. Subsequently, NF was connected as the 
working electrode and LSV curves scanning anodically were collected at a scan rate of 5 mV s 1. The 
internal resistance of this cell was measured by EIS. The LSV curves of Ni2P/Ni/NF for HER and NF for 
OER had iR correction according to Equation 2. 
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For the cycling test plotted in Figure 3, the same experimental condition was utilized as described above, 
except that the original concentration of FcNCl was 10 mM in the counter compartment. The cycling 
experiment started with HER electrolysis at 1.6 V applied to Ni2P/Ni/NF until 7.25 C passed, which 
indicated that 50 % of FcNCl was oxidized to FcNCl+. Then, NF was utilized as the working electrode and 
OER electrolysis was started at an applied voltage of 1.7 V until 7.25 C passed, which implied that all the 
oxidized FcNCl+ was reduced back to FcNCl. Prior to HER or OER for each time, the chambers were purged 
with N2. Such a process was repeated for 20 successive cycles. No internal resistance was accounted in 
these measurements. 
 
The solar-driven decoupled water splitting was conducted by connecting the PV cell (Mini-Panel 1.5 V, 
SolarMade) in series with the two-electrode water splitting system and the Gamry Interface 1000E 
potentiostat. Typically, for decoupled HER studies, the Ni2P/Ni/NF electrode was connected with the 
working lead of the potentiostat, while the counter lead was connected to the negative side of PV and the 
positive side of PV was connected to the carbon electrode. A two-compartment H-cell was utilized. The 
working compartment was charged with 0.5 M Na2SO4 (100 mL) and Ni2P/Ni/NF was used as the working 
electrode for HER. The counter compartment was filled with 100 mL 0.5 M Na2SO4 and 10 mM FcNCl 
together with a carbon electrode. The two compartments were separated by an anion exchange membrane. 
The steady-state LSV curves of Ni2P/Ni/NF for HER were collected in the same way as preceding 
decoupled electrocatalytic water electrolysis. The sunlight irradiation intensity was 92  5 mW cm 2 during 
these experiments. The internal resistance of this cell was measured by EIS. The LSV curves of Ni2P/Ni/NF 
for HER were iR-corrected. 
All the aforementioned current densities were calculated on the basis of the geometrical area of electrodes. 
 
 
Characterization. 
Scanning electron microscopy and elemental mapping analysis were conducted on a FEI Quanta 650 FEG 
microscope equipped with an INCA 350 spectrometer (Oxford Instruments) for energy dispersive X-ray 
(EDX) spectroscopy. X-ray diffraction (XRD) patterns were collected on a Rigaku MiniflexII Desktop X-ray 
diffractometer. The generated H2 and O2 during electrolysis were detected with a SRI gas chromatograph 
system 8610C equipped with a HayesSep D packed column, a molecular sieve 13 × packed column, and 
a thermal conductivity detector. The oven temperature was maintained at 80 °C and argon was used as the 
carrier gas. High-performance liquid chromatography (HPLC, Shimadzu Prominence LC-2030C) was used 
to quantify the products of HMF oxidation. During the chronocoulometry experiment, 20 μL of the electrolyte 
was withdrawn from the working compartment and diluted with 480 μL water. The HPLC was equipped with 
a 4.6 mm × 150 mm Shim- -visible detector set at 265 nm. 
A mixture 
solution and methanol, respectively. Separation and quantification were conducted using an isocratic 

L min 1. The quantification and identification 
of the reaction products were determined from the calibration curves by using standard solutions with known 
concentrations of commercial HMF, HMFCA, DFF, FFCA and FDCA. 
 
Isolation 2,5-furandicarboxylic acid from 1 M NaOH solution. 
After electrolysis (HMF oxidation coupled with reduction of [Fe(CN)6] ), the FDCA product in 1 M NaOH 
solution can be isolated by acidifying the solution to pH 0 ׽ with H2SO4 and subsequently filtering the white 
precipitate from the solution. 
 
Calculation of energy efficiency of the water electrolyzer. 
 
Water electrolysis involves the hydrogen evolution reaction (HER) on cathode and the oxygen evolution 
reaction (OER) on anode. The overall reaction is 
 
ଶܪ  ଶܱܪ + ଵ

ଶ
ܱଶ                   (7) 

 
an endothermic reaction defined as follows, 
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଴ܩ߂ = ଴ܪ߂ െ  ଴                   (8)ܵ߂ܶ
 
where the change of the Gibbs free energy ܩ߂଴ = 237.1 kJ mol 1, the enthalpy change ܪ߂଴ = 285.8 kJ 
mol 1 and the thermal energy ܶܵ߂଴ = 48.7 kJ mol 1 under standard conditions (298 K, 1 atm pressure). 
The thermodynamic voltage corresponding to the change of the Gibbs free energy ܩ߂଴ is 1.23 V under 
standard conditions T (298 K, 1 atm pressure), calculated by the following equation, 
 
E = ௱ீబ

௡ி
                             (9) 

 
where n = 2, which is the number of transferred electrons and F the Faradaic constant (96495 C mol 1). 
The thermodynamic voltage is considered as the theoretical voltage enabling the water electrolysis to start. 
In fact, the energy efficiency is calculated based on the thermoneutral voltage (ܧ௧௡), defined as 
 
௧௡ܧ = ௱ுబ

௡ி
                  (10) 

 
which is 1.48 V under standard conditions.[S4, S5]  
 
This calculation method is the same as the one for calculating the energy efficiency of silicotungstic acid-
mediated decoupled water splitting by only considering the enthalpy change ܪ߂଴ = 285.8 kJ mol 1.[S6] 

If an electrolyzer works at 100 % efficiency (i.e., at 1.48 V under the standard condition), the heat generated 
from the electrolyzer will be equal to the heat needed for the electrolysis to proceed, and therefore a 
thermoneutral situation is achieved. In other words, the electrolyzer neither releases nor absorbs heat to or 
from the environment. If the voltage is below a cell voltage of 1.48 V (but above 1.23 V), the electrolysis 
cell would act as a refrigerator absorbing heat from the surroundings. If the voltage is above 1.48 V, heat 
is generated and must be removed, for an isothermal operation of the electrolyzer.[S4] 

 
Since the Faradaic efficiency is almost 100% in water electrolysis for producing H2 and O2, the practical 
energy efficiency should be calculated by dividing the thermoneutral voltage 1.48 V by the practical cell 
voltage. 
 
Calculation of energy efficiency for decoupled water splitting with FcNCl electron reservoir in near 
neutral electrolyte. 
As shown in Figure 2A (red curve), the voltage between Ni2P/Ni/NF and carbon counter electrodes is 

mA cm 2 for HER in the presence of 50 mM FcNCl. In the following 
step for OER and reduction of FcNCl+, a small voltage of 0.954 V is required upon NF and carbon counter 
electrodes (Figure 2C red curve). If a Ni2P/Ni/NF || NF electrode couple was used for one-step water 
splitting without any electron reservoir, a large voltage input of 2.338 V was required to produce 10 mA cm 2 
in 0.5 M Na2SO4 (Figure S6). This demonstrates a high efficiency of 96 % ( ଶ.ଷଷ଼ ௏

ଵ.ସ଻଼ ௏ା଴.ଽହସ ௏ 
× 100% = 96%) 

for two-step decoupled water splitting relative to one-step direct water splitting. This efficiency is higher 
than that of the reported phosphomolybdic acid-mediated (79 %) and potassium hydroquinone sulfonate-
mediated (80 %) decoupled water electrolyzers and comparable to that (93 %) of silicotungstic acid-based 
system in acidic solution and Ni(OH)2-mediated decoupled water electrolysis system (92 %) without 
considering resistive factors. [S6-S9] 

The practical energy efficiency of our decoupled water electrolyzer should be calculated by dividing the 
thermoneutral potential (i.e., 1.48 V) of water electrolysis by the total cell voltage at room temperature, 
when the Faradaic efficiencies of HER and OER are both 100 %. The calculated energy efficiency is 61 % 
( ଵ.ସ଼ ௏

ଵ.ସ଻଼ ௏ା଴.ଽହସ ௏ 
× 100% = 61%) at 10 mA cm 2. This is comparable to that (63 %) of the silicotungstic acid-

mediated decoupled water splitting and the efficiency of Pt-based PEM electrolyzer (67 %) in 1 M H3PO4 
and Ni(OH)2-mediated Ir || Pt electrolyzer (67 %) in 1 M NaOH solution at room temperature (Table S1). 
 
Calculation of energy efficiency for decoupled water splitting with Na4[Fe(CN)6] electron reservoir 
in the neutral electrolyte. 
As shown in Figure S18A (red curve), the voltage between Co-P working electrode and carbon counter 
electrode is mA cm 2 when the counter chamber 



 
 

9 
 

contains 0.3 M Na4[Fe(CN)6] and 0.5 M Na2SO4 and 0.5 M NaPi buffer solution. In the following step for 
OER and reduction of Na4[Fe(CN)6], a small voltage of 1.06 V is required upon Ni foam working electrode 
and carbon counter electrode (Figure S18C, red curve). If a Co-P || Ni electrode couple was used for one-
step water splitting without any electron reservoir, a large voltage input of 2.27 V was required to produce 
10 mA cm 2 under the same condition (Figures S18A and S18C, black curves). This renders a high 
efficiency of 99% ( ଶ.ଶ଻ ௏

ଵ.ଶଷ ௏ାଵ.଴଺ ௏
× 100 = 99%) for our two-step decoupled water splitting strategy utilizing 

Na4[Fe(CN)6] as an electron reservoir relative to direct water electrolysis. This efficiency is higher than that 
of the reported phosphomolybdic acid-mediated (79 %) and potassium hydroquinone sulfonate-mediated 
(80 %) decoupled water electrolyzers, the silicotungstic acid-based system in acidic solution (93 %) and 
the Ni(OH)2-mediated decoupled water electrolysis system (92 %).[S6-S9] 
 
The practical energy efficiency of such decoupled water electrolyzer should be calculated by dividing the 
thermoneutral potential (i.e., 1.48 V) of water electrolysis by the total cell voltage at room temperature, 
when the Faradaic efficiencies of HER and OER are both 100 %. The calculated energy efficiency is 64.6 
% ( ଵ.ସ଼ ௏

ଵ.ଶଷ ௏ାଵ.଴଺ ௏ 
× 100% = 64.6%) at 10 mA cm 2. This is comparable to that of the silicotungstic acid-

mediated (63 %), the potassium hydroquinone sulfonate-mediated (61 %) or the phosphomolybdic acid-
mediated (59 %) decoupled water electrolyzers and the Pt-based PEM electrolyzer (67 %) in acidic 
electrolyte and the efficiency of Ni(OH)2-mediated Ir || Pt electrolyzer (67 %) in 1 M NaOH solution at room 
temperature (Table S1). 
 
The state-of-the-art proton exchange membrane (PEM) electrolyzers show an energy efficiency ranging 
from 48.5 to 82 %, which mostly work in the acidic media with noble metal based electrocatalysts (Pt, IrO2 
and RuO2) at elevated °C).[S10, S11] The state-of-the-art alkaline electrolyzers show an 
energy efficiency ranging from 47.2 to 82 %, which work in the alkaline electrolyte with transition metal 
based electrocatalys °C). [S10, S11] 
 
Compared to that of the PEM and alkaline electrolyzers, the energy efficiency of our new design of 
electrolyzer for decoupled water splitting with electron reservoir indeed remains mediocre in the 
aforementioned range. However, our electrolyzer can function in the environmentally benign neutral 
electrolyte with transition metal based electrocatalysts and carbon electrodes for decoupled water splitting 
at room temperature, avoiding the H2/O2 crossover issue. The energy efficiency of our new design of 
electrolyzer for decoupled water splitting with electron reservoir is comparable to that of various reported 
decoupled water splitting systems (Table S1). 
 
Calculation of the experimental solar-to-chemical conversion efficiency. 
In the designed PV-electrolyzer system for decoupled water splitting with Na4[Fe(CN)6] electron reservoir, 
the solar-to-hydrogen (STH) conversion efficiency is calculated according to the following equations.[S12, 

S13] 

 
STH efficiency܄۾ ૚.૟܄ =  οா×ூೈಶ×ఎಷ

௉೔೙
= [଴.ଽ଴ ௏ି(଴ ௏)]×ଶଵ ௠஺ ௖௠షమ×ଶ ௖௠మ×ଵ଴଴%

ଽଶ ௠ௐ ௖௠షమ×ଶସ.ଽଽ ௖௠మ = 1.64%                (11) 
 
Here, οܧ is the potential difference between HER (0 V vs. RHE) and oxidation of Na4[Fe(CN)6] (0.90 V vs. 
RHE) in 0.5 M Na2SO4 and 0.5 M NaPi buffer solution (Figure S13). ܫௐா  is the operating electrolysis current, 
which is the average current density (21 mA cm 2, see Figure S23C, blue curve) multiplied by the area of 
Co-P working electrode (2 cm2). ߟி is the Faradaic efficiency (100 %). Power input ( ௜ܲ௡) is the sunlight 
intensity (92 mW cm 2) multiplied by the active PV cell area (1.6 V cell, 24.99 cm2).  
 
STH efficiency܄۾ ૚.૚܄ =  οா×ூೈಶ×ఎಷ

௉೔೙
= [଴.ଽ଴ ௏ି(଴ ௏)]×ହ.ଷ ௠஺ ௖௠షమ×ଶ ௖௠మ×ଵ଴଴%

ଽଶ ௠ௐ ௖௠షమ×ଶ଻.ଷସ ௖௠మ = 0.38%                (12) 
 
Here, οܧ is the potential difference between HER (0 V vs. RHE) and oxidation of Na4[Fe(CN)6] (0.90 V vs. 
RHE) in 0.5 M Na2SO4 and 0.5 M NaPi buffer solution (Figure S13).  ܫௐா  is the operating electrolysis 
current, which is the average current density (5.3 mA cm 2, see Figure S23C, red curve) multiplied by the 
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area of Co-P working electrode (2 cm2). ߟி is the Faradaic efficiency (100 %). Power input ( ௜ܲ௡) is the 
sunlight intensity (92 mW cm 2) multiplied by the active PV cell area (1.1 V cell, 27.34 cm2). 
In the designed PV-electrolyzer system for decoupled water splitting with Na4[Fe(CN)6] electron reservoir, 
the solar-to-oxygen (STO) conversion efficiency is calculated according to the following equations.[S12, S13] 

 
STO efficiency܄۾ ૚.૟܄ =  οா×ூೈಶ×ఎಷ

௉೔೙
= [ଵ.ଶଷ ௏ି(଴.ଽ ௏)]×ଶ଻.ହ ௠஺ ௖௠షమ×ଶ ௖௠మ×ଵ଴଴%

ଽଶ ௠ௐ ௖௠షమ×ଶସ.ଽଽ ௖௠మ = 0.79%                (13) 
 
Here, οܧ is the potential difference between OER (1.23 V vs. RHE) and reduction of Na3[Fe(CN)6] (0.90 V 
vs. RHE) in 0.5 M Na2SO4 and 0.5 M NaPi buffer solution (Figure S13).  ܫௐா  is the operating electrolysis 
current, which is the average current density (27.5 mA cm 2, see Figure S23F, blue curve) multiplied by 
the area of Ni foam working electrode (2 cm2). ߟி is the Faradaic efficiency (100 %). Power input ( ௜ܲ௡) is 
the sunlight intensity (92 mW cm 2) multiplied by the active PV cell area (1.6 V cell, 24.99 cm2).  
 
STO efficiency܄۾ ૚.૚܄ =  οா×ூೈಶ×ఎಷ

௉೔೙
= [ଵ.ଶଷ ௏ି(଴.ଽ ௏)]×ଵ଺.଻ ௠஺ ௖௠షమ×ଶ ௖௠మ×ଵ଴଴%

ଽଶ ௠ௐ ௖௠షమ×ଶ଻.ଷସ ௖௠మ = 0.44%                (14) 
 
Here, οܧ is the potential difference between OER (0 V vs. RHE) and reduction of Na3[Fe(CN)6] (0.90 V vs. 
RHE) in 0.5 M Na2SO4 and 0.5 M NaPi buffer solution (Figure S13). ܫௐா  is the operating electrolysis current, 
which is the average current density (16.7 mA cm 2, see Figure S23F, red curve) multiplied by the area of 
Ni foam working electrode (2 cm2). ߟி is the Faradaic efficiency (100 %). Power input ( ௜ܲ௡) is the sunlight 
intensity (92 mW cm 2) multiplied by the active PV cell area (1.1 V cell, 27.34 cm2). 
 
The effects of electrode size, PV panel size and PV power density on the solar-to-hydrogen (STH) 
conversion efficiency. 
The solar-to-hydrogen (STH) conversion efficiency is calculated according to the following equation. [S12, S13] 

 
STH efficiency =  οா×௃ೈಶ×஺ೈಶ×ఎಷ

୍୬୲ୣ୬ୱ୧୲୷ × ஺ುೇ
                    (15) 

 
Here, οܧ  is the potential difference between HER and oxidation of electron reservoir or water in the 
electrolyte at a given pH.  ܬௐா is the electrolysis current density normalized by the working electrode area. 
 ி is the Faradaic efficiency. Intensity is the sunlight intensity andߟ .ௐா is the area of the working electrodeܣ
 .௉௏ is the active area of the PV panelܣ
 
Since the Faradaic efficiency is nearly 100 % in most cases and Intensity is determined by the natural 
sunlight irradiation, the STH efficiency is mainly dependent on the potential difference (οܧ), the ratio of the 
electrode area versus the PV panel area and the current density (ܬௐா). Therefore, the match between the 
electrolyzer and PV plays a critical role in determining the STH efficiency.  
In order to driven the water splitting at an appreciable current, the open circuit voltage (VOC) of the PV cell 
should be higher than the theoretical potential difference (οܧ) and the practical operating voltage. The short 
circuit current (ISC) of the PV cell should be higher than the practical electrolysis operating current. The 
efficient electrocatalysts can promote the electrolysis current density (ܬௐா ). Increasing the ratio of the 
electrode area versus the PV panel area will enhance the STH efficiency. 
 
For example, a PV cell (e.g., VOC = 1.1 V, ISC = 500 mA, ܣ௉௏ = 27.34 cm2) and the neutral electrolyte (0.5 
M Na2SO4 and 0.5 M NaPi buffer solution) were used in this work. Without the assistance of electron 
reservoir, the thermodynamic voltage for water splitting (οܧ) is 1.23 V and the practical operating voltage 
is always higher than 2.0 V. Such a PV cell cannot drive the direct water splitting. Therefore, it is necessary 
to connect several PV panels in series to drive the overall water splitting.  
 
In contrast, οܧ is decreased to 0.9 V with the assistance of Na4[Fe(CN)6] electron reservoir and such PV 
cell can apparently drive the HER coupled with the oxidation of Na4[Fe(CN)6], resulting in a calculated STH 
efficiency of 0.38 % when the area of the working Co-P electrode is 2 cm2. If the area of the working 
electrode is enlarged to 100 cm2, the STH efficiency is estimated to be 18 % (assuming the HER current 
density is still ca. 5 mA cm 2), which is comparable to the efficiency of many reports.[S14, S15] Therefore, our 
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decoupled water electrolysis system demonstrates the advantages in lowering the voltage input, expanding 
the candidate pool of semiconductors absorbing longer-wavelength sunlight for solar-driven water 
electrolysis without the need of many solar cells in series connection. [S12, S14] 

 
If a large-area working electrode is used (e.g., 100 cm2, current density = 5 mA cm 2) with the PV cell of 
1.1 V and a diurnal cycle is 10 h, at least 622 mL of 0.3 M Na4[Fe(CN)6] electron reservoir is required to 
maintain the electrolysis. The electron reservoir with higher solubility is preferred in order to minimize the 
space. Therefore, the (ferrocenylmethyl)trimethylammonium chloride (FcNCl) electron reservoir is also 
introduced with the solubility of 4 M in water and proper redox potential (Figure 1) for decoupled water 
splitting under near neutral conditions. For instance, if 4 M FcNCl is used to replace 0.3 M Na4[Fe(CN)6] 
electron reservoir, the volume of electrolyte in the counter chamber can be reduced to 47 mL. 
 
The optimal match between the decoupled water electrolysis system and the PV cell is critical for achieving 
a high STH efficiency and meeting the practical requirements of diurnal cycles, in terms of the power density 
and size of PV cell and electrolyzer as well as other operation parameters such as temperature, 
concentration and volume of electron reservoir and sunlight irradiation intensity. Optimizing the PV-
decoupled water electrolysis system design will be crucial for enabling the deployment of economical large-
scale installations.[S12] 
 



 

12 
 

II. Supplemental Figures 

 

 

Figure S1. SEM images of (A) the pristine Ni foam (NF) ) the prepared Ni2P/Ni/NF electrocatalyst. 
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Figure S2. XRD patterns of Ni foam and Ni2P/Ni/NF as well as the standard XRD patterns of metallic 
nickel and Ni2P. 
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Figure S3. (A) Cyclic voltammograms of 10 mM FcNCl in 0.5 M Na2SO4 at differ ) Plots 
of anodic (blue line) and cathodic (red line) peak currents vs. square root of scan rate for 10 mM FcNCl in 
0.5 M Na2SO4. A three-electrode configuration was utilized with a glassy carbon working electrode (d = 3 
mm), a carbon rod counter electrode and a Ag/AgCl (sat. KCl) reference electrode. 
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Figure S4. (A) Anodic scans of cyclic voltammetry of 10 mM FcNCl in 0.5 M Na2SO4 at different rotating 
speeds on a rotating disk glassy carbon electrode ) Levich plot of the limiting current versus the square 
root of different rotating speeds. (C) The reciprocals of current intensities at 0.36, 0.37, 0.38, 0.39, 0.40, 
and 0.45 V (vs. Ag/AgCl) versus the reciprocals of the square root of rotation rates. (D) A plot of potential 
versus log(ik). 
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Figure S5. Representative gas chromatograms collected from the headspace of the working compartment 
of a two-electrode H cell before (A), during H2 ), and during O2 evolution (C) electrolysis. 
Electrolytes in the working and counter compartments were 0.5 M Na2SO4 and 0.5 M Na2SO4 + 50 mM 
FcNCl, respectively.  
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Figure S6. Polarization curve of Ni2P/Ni/NF || NF two-electrode system for direct overall water splitting in 
0.5 M Na2SO4 at a scan rate of 5 mV s 1 (with iR correction). The Ni foam (NF) was used as the working 
electrode for OER, while the Ni2P/Ni/NF was used as the counter electrode for HER. 
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Figure S7. Electrochemical investigation of decoupled HER and OER with the assistance of FcNCl as an 
electron reservoir in 0.1 M potassium hydrogen phthalate buffer and 0.5 M Na2SO4 (pH = 5). 
Left: Linear sweep voltammograms of Ni2P/Ni/NF as the working electrode and carbon rod as the counter 
electrode with 0 (black) or 50 mM (red) FcNCl, 0.1 M potassium hydrogen phthalate buffer and 0.5 M 
Na2SO4 in the counter chamber, and only 0.1 M potassium hydrogen phthalate buffer and 0.5 M Na2SO4 

in the working compartment (scan rate = 5 mV s 1, iR-corrected).  
Right: Linear sweep voltammograms of NF as the working electrode and carbon rod as the counter 
electrode with 0 (black) or 50 mM (red) FcNCl+, 0.1 M potassium hydrogen phthalate buffer and 0.5 M 
Na2SO4 in the counter chamber, and only 0.1 M potassium hydrogen phthalate buffer and 0.5 M Na2SO4 
in the working compartment (scan rate = 5 mV s 1, iR-corrected). 
 



 
 

19 
 

 
Figure S8. Electrochemical investigation of decoupled HER and OER with the assistance of FcNCl as an 
electron reservoir in 0.1 M phosphate buffer and 0.5 M Na2SO4 (pH = 7).  
Left: Linear sweep voltammograms of Ni2P/Ni/NF as the working electrode and carbon rod as the counter 
electrode with 0 (black) or 50 mM (red) FcNCl, 0.1 M phosphate buffer, and 0.5 M Na2SO4 in the counter 
chamber and only 0.1 M phosphate buffer and 0.5 M Na2SO4 in the working compartment (scan rate = 5 
mV s 1, iR-corrected). 
Right: Linear sweep voltammograms of NF as the working electrode and carbon rod as the counter 
electrode with 0 (black) or 50 mM (red) FcNCl+, 0.1 M phosphate buffer and 0.5 M Na2SO4 in the counter 
chamber, and only 0.1 M phosphate buffer and 0.5 M Na2SO4 in the working compartment (scan rate = 5 
mV s 1, iR-corrected). 
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Figure S9. Electrochemical investigation of decoupled HER and OER with the assistance of FcNCl as an 
electron reservoir in 0.1 M sodium borate buffer and 0.5 M Na2SO4 (pH = 9).  
Left: Linear sweep voltammograms of Ni2P/Ni/NF as the working electrode and carbon rod as the counter 
electrode with 0 (black) or 50 mM (red) FcNCl, 0.1 M sodium borate buffer, and 0.5 M Na2SO4 in the counter 
chamber, and only 0.1 M sodium borate buffer and 0.5 M Na2SO4 in the working compartment (scan rate 
= 5 mV s 1, iR-corrected). 
Right: Linear sweep voltammograms of NF as the working electrode and carbon rod as the counter 
electrode with 0 (black) or 50 mM (red) FcNCl+, 0.1 M sodium borate buffer, and 0.5 M Na2SO4 in the 
counter chamber, and only 0.1 M sodium borate buffer and 0.5 M Na2SO4 in the working compartment 
(scan rate = 5 mV s 1, iR-corrected). 
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Figure S10. Cyclic voltammogram of 30 mM FcN(NO3) in 0.5 M Na2SO4 at a scan rate of 100 mV s 1 with 
glassy carbon and carbon rod as the working and counter electrodes, respectively. No iR correction was 
applied. 
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Figure S11. Electrochemical investigation of decoupled HER and OER with the assistance of FcN(NO3) as 
an electron reservoir in 0.5 M Na2SO4.  
Left: Linear sweep voltammograms of Ni2P/Ni/NF as the working electrode and carbon rod as the counter 
electrode with 0 (black) or 50 mM (red) FcN(NO3) and 0.5 M Na2SO4 in the counter chamber only 0.5 M 
Na2SO4 in the working compartment (scan rate = 5 mV s 1, iR-corrected). 
Right: Linear sweep voltammograms of NF as the working electrode and carbon rod as the counter 
electrode with 0 (black) or 50 mM (red) FcN(NO3)+ and 0.5 M Na2SO4 in the counter chamber and 0.5 M 
Na2SO4 in the working compartment (scan rate = 5 mV s 1, iR-corrected). 
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Figure S12. Current-voltage curve of the PV cell used for driving decoupled water splitting in 0.5 M Na2SO4 
solution with 10 mM FcNCl electron reservoir under the sunlight irradiation (92  5 mW cm 2).  
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Figure S13. Linear sweep voltammograms of carbon working electrode for HER (black) and OER (brown), 
Co-P working electrode for HER (blue), and Ni foam working electrode for OER (green) in 0.5 M Na2SO4 
and 0.5 M NaPi (pH = 7.0) at a scan rate of 5 mV s 1. Cyclic voltammogram (red) of 0.3 M Na4[Fe(CN)6] 
(ER) measured over a glassy carbon working electrode in the same electrolyte at a scan rate of 5 mV s 1. 
All linear sweep voltammogram curves were iR-corrected. A carbon counter electrode and a Ag/AgCl (3 M 
NaCl) reference electrode were utilized for all the above measurements in a three-electrode configuration. 
As displayed in Figure S13, the cyclic voltammogram of 0.3 M Na4[Fe(CN)6] in 0.5 M Na2SO4 and 0.5 M 
sodium phosphate buffer (NaPi) solution (pH = 7.0) shows a reversible redox feature at 0.90 V vs. reversible 
hydrogen electrode (RHE). In the same electrolyte, carbon electrodes achieve the benchmark current 
density of 10 mA cm 2 vs. RHE and OER at 2.18 V vs. RHE. Since in neutral electrolyte, 
a large group of earth-abundant electrocatalysts can be employed to reduce the voltage inputs for water 
splitting, herein we used a Co-P electrode for HER and a Ni foam electrode for OER (Figures S14–S16). 
Consequently, the current density of 10 mA cm 2 could be achieved for HER on Co-P and OER on Ni foam 
at 0.185 and 1.932 V vs. RHE, respectively. Nevertheless, the redox potential of Na4[Fe(CN)6] is still well 
located between the onset potentials of HER and OER. 
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Figure S14. (A) XRD patterns of a Co foam electrodeposited with Co particles and the resultant Co-P 
electrode a ) XRD pattern of a cleaned Ni foam. Corresponding standard 
XRD patterns are included as references. 
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Figure S15. SEM images of Co-P electrode (A-C), elemental mapping images of Co (D) and P (E) and 
EDX spectrum of Co-P electrode (F). 
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Figure S16. ) SEM images of a Ni foam electrode at different magnifications. 
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Figure S17. (A) Cyclic voltammetry (CV) curves of 10 mM Na4[Fe(CN)6] over a glassy carbon electrode at 
varying scan rates from 10 to 4000 mV s 1 ) Plots of oxidation and reduction peak currents vs. square 
root of scan rate for 10 mM of Na4[Fe(CN)6]. (C) Linear sweep voltammetry (LSV) curves of 10 mM of 
Na4[Fe(CN)6] over a rotating disk glassy carbon electrode scanned at 5 mV s 1 at different rotation speeds 
ranging from 400 to 4000 rpm. (D) Levich plot of the limiting current vs. the square root of rotation rates for 
10 mM of Na4[Fe(CN)6]. (E 0.5 0.5 for calculating the electron transfer rate 
constant of Na4[Fe(CN)6]. (F) CV curves of 10 mM of Na4[Fe(CN)6] over a glassy carbon electrode at 100 
mV s 1 for 1000 cycles. The electrolyte was 0.5 M Na2SO4 and 0.5 M sodium phosphate buffer (NaPi) 
solution (pH = 7.0). The area of either the glassy carbon electrode or rotating disk glassy carbon electrode 
was 0.07065 cm2. All plots were not iR-corrected. 
 
Scan rate dependence of its redox feature demonstrates the linear relationship of its anodic and cathodic 
current densities with the square root of the scan rate (Figures S17A–S17B), indicating this redox process 
involves a molecular species under diffusion control.[S1] The diffusion coefficient of Na4[Fe(CN)6] was 
measured as 3.53×10 6 cm2 s 1 from the derived Levich plot (Figures S17C–S17D), which is comparable 
with the previous report.[S16] The electron transfer rate constant of Na4[Fe(CN)6] was estimated to be 
2.20×10 1 cm s 1 by the Nicolson method (Figure S17E).[S2, S3, S17] Such large diffusion coefficient and 
electron transfer rate indicate fast electron transfer kinetics of Na4[Fe(CN)6] as an electron reservoir. The 
robustness of Na4[Fe(CN)6] was also manifested by the negligible degradation during 1000 redox cycles 
(Figure S17F). 
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Figure S18. (A) Linear sweep voltammograms of the two-electrode H-cell systems consisting of a Co-P 
working electrode and a carbon counter electrode with (red) or without (blue) 0.3 M [Fe(CN)6]  (ER) in the 
counter compartment, and a Co-P working electrode and a Ni foam counter electrode without ER (black) 
at a scan rate of 5 mV s 1 ) Chronocoulometry curve of a Co-P working electrode for HER coupled with 
the oxidation of [Fe(CN)6]  in the counter compartment with a voltage input of 1.5 V. Inset is the 
comparison of GC-measured and theoretically calculated H2 amounts during the electrolysis. (C) Linear 
sweep voltammograms of the two-electrode H-cell systems consisting of a Ni foam working electrode and 
a carbon counter electrode with (red) or without (green) 0.26 M [Fe(CN)6]  (ER+) in the counter 
compartment, and a Ni foam working electrode and a Co-P counter electrode without ER+ (black) at a scan 
rate of 5 mV s 1. (D) Chronocoulometry curve of a Ni foam working electrode for OER coupled with the 
reduction of ER+ in the counter compartment with a voltage input of 1.5 V. Inset is the comparison of GC-
measured and theoretically calculated O2 amounts during the electrolysis. For all the above experiments, 
both compartments of the H-cell contained 200 mL of 0.5 M Na2SO4 and 0.5 M NaPi buffer (pH = 7.0). All 
the results were not iR-corrected. 
 
With the favorable electrochemical results of Na4[Fe(CN)6] in hand, we next probed its function as an 
electron reservoir for decoupled water splitting. A two-compartment H-type electrochemical cell was 
adopted (Scheme 1B). All two-electrode electrochemical results were not iR-corrected. As shown in Figure 
S18A, a large voltage of 2.54 V is required to attain a cathodic current density of 10 mA cm 2 on a Co-P 
working electrode for HER if there was no electron reservoir in the counter compartment. However, upon 
the addition of 0.3 M Na4[Fe(CN)6] in the counter chamber, the voltage bias is significantly reduced to 1.23 
V to produce a catalytic current 2. In this case, the coupled reaction occurring on the 
carbon counter electrode was the oxidation of [Fe(CN)6]4  to [Fe(CN)6]3 . A chronocoulometry electrolysis 

Figure S18B) was able to pass an amount of 5000 C charge within 78 h (theoretical charge 
capacity of 200 mL of 0.3 M Na4[Fe(CN)6] is 5789 C). The produced H2 amount quantified by gas 
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chromatography (GC) well matched the theoretically calculated quantity assuming that all the passed 
charge was utilized to form H2 on Co-P, implying a Faradaic efficiency of nearly 100%. No O2 was detected 
in headspace of the electrolyzer (Figure S19), indicating that the H2 product has high purity without the 
requirement of downstream-purification (e.g., catalytic de-oxygenation). In this step, the voltage input of 

1.5 V between Co-P and carbon electrodes cannot drive the full water splitting (HER on Co-P and OER 
on carbon). The HER current on Co-P electrode gradually decreases, as the [Fe(CN)6]4  is oxidized to 
[Fe(CN)6]3  over the carbon electrode, leading to the decrease in the concentration of [Fe(CN)6]4  in the 
counter chamber. 
 
After a large portion of [Fe(CN)6]4  (ca. 86.4%) had been oxidized to [Fe(CN)6] , we switched the working 
lead from Co-P to a Ni foam electrode and applied a positive voltage bias to drive OER. As shown in Figure 
S18C, the Ni foam electrode delivered an OER current density of 10 mA cm 2 at a small voltage of 1.06 V. 
In contrast, a much larger voltage input (2.74 V) was required to achieve the same OER current density in 
the absence of [Fe(CN)6]3  in the counter compartment. A similar long-term chronocoulometry electrolysis 
for OER was also conducted and 100% Faradic efficiency for OER was also obtained (Figure S18D). In 
the meantime, no H2 was detected during the whole process (Figure S19). In this step, the voltage input 
of 1.5 V between Ni foam and carbon electrodes cannot drive the full water splitting (OER on Ni and HER 
on carbon). The OER current on Ni foam electrode gradually decreases, as the [Fe(CN)6]3  is reduced to 
[Fe(CN)6]4  over the carbon electrode, leading to the decrease in the concentration of [Fe(CN)6]3  in the 
counter chamber. 
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Figure S19. The representative gas chromatograph (GC) trace showing N2 bubbling in the cell headspace 
(black line) and a typical GC trace showing that only H2 was produced during HER electrolysis in the 
working compartment headspace (red line) and a GC trace showing that only O2 was produced in the 
working cell headspace during OER electrolysis (blue line). The produced H2 and O2 in the cycling 
experiment were analyzed by GC in cycle 1 (A), 10  and 20 (C) to confirm that the H2/O2 crossover for 
the overall cycling operation was minimized. The electrochemical chambers were thoroughly purged by N2 
when switching the electrocatalytic reaction in the working chamber between HER and OER. 
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Figure S20. Multiple sequential bulk electrolysis cycles of the two-electrode systems (Co-P || carbon, or Ni 
foam || carbon) f ) chronocoulometry curves of 
the Co-P working electrode for HER and the Ni foam working electrode for OER alternately. The two working 
electrodes were placed in the working compartment charged with 0.5 M Na2SO4 and 0.5 M NaPi buffer (pH 
= 7) while a carbon rod electrode was positioned in the counter compartment which was not only filled with 
the same electrolyte but also 10 mM Na4[Fe(CN)6

Co-P working electrode for HER and 1.5 V on the Ni foam working electrode for OER. For each half cycle, 
the passed charge was equal to the theoretical charge capacity (14.472 C) of 10 mM Na4[Fe(CN)6] (15 
mL). 
 
The robustness of Na4[Fe(CN)6] as an electron reservoir for decoupled water splitting was evaluated by 
alternating HER and OER in a two-compartment electrolyzer for 20 consecutive cycles as shown in Figure 
S20. The applied voltage alternated between 1.6 V on the Co-P working electrode for HER and 1.5 V on 
the Ni foam working electrode for OER; while in the counter compartment 10 mM Na4[Fe(CN)6] was 
oxidized and reduced periodically on a carbon electrode to couple the corresponding HER and OER in the 
working chamber (Figure S20A). In the step of HER coupled with oxidation of Na4[Fe(CN)6], the HER 
current on Co-P electrode gradually decreases, as the Na4[Fe(CN)6] is oxidized to Na3[Fe(CN)6] over the 
carbon electrode, leading to the decrease in the concentration of [Fe(CN)6]4  in the counter chamber. When 
the Na4[Fe(CN)6] is completely oxidized to Na3[Fe(CN)6], the HER current is reduced to nearly 0 mA, as 
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the voltage input of 1.6 V between Co-P and carbon electrodes cannot drive the water splitting (HER on 
Co-P and OER on carbon). Then the working lead is switched to Ni foam electrode and connected to the 
same carbon electrode by the external electrochemical workstation for the next step of OER coupled with 
reduction of Na3[Fe(CN)6]. The OER current on Ni foam electrode gradually decreases, as the 
Na3[Fe(CN)6] is reduced to Na4[Fe(CN)6], leading to the decrease in the concentration of [Fe(CN)6]3  over 
the carbon electrode in the counter chamber. When the Na3[Fe(CN)6] is completely reduced to 
Na4[Fe(CN)6], the OER current is reduced to the minimum value, as the voltage input of 1.5 V between Ni 
foam and carbon electrodes cannot drive the water splitting (OER on Ni foam and HER on carbon). To 
achieve the cycling, the applied voltage alternates between 1.6 V on the Co-P working electrode for HER 
and 1.5 V on the Ni foam working electrode for OER; while in the counter compartment 10 mM Na4[Fe(CN)6] 
is oxidized and reduced periodically on a carbon electrode to couple the corresponding HER and OER in 
the working chamber. The period for each cycle (one HER on Co-P and one OER on Ni foam) is around 2 
h when using 10 mM Na4[Fe(CN)6] electron reservoir for demonstrating the multiple sequential bulk 
electrolysis cycles here. Each half cycle was performed by passing 14.472 C charge, equivalent to the 
theoretical charge capacity of the electron reservoir (Figure S20B). Such a decoupled water electrolysis 
was conducted for 20 successive cycles over 41 h with no degradation, proving the great robustness of 
Na4[Fe(CN)6 ides, the remarkable stability of Na4[Fe(CN)6] was also 
demonstrated by the negligible degradation during 1000 redox cycles (Figure S21). 
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Figure S21. CV curves of 0.3 M of Na4[Fe(CN)6] over a glassy carbon electrode at 100 mV s 1 for 1000 
cycles. The electrolyte was 0.5 M Na2SO4 and 0.5 M sodium phosphate buffer (NaPi) solution (pH = 7.0) 
and the measurement was conducted in a three-electrode configuration. All curves were not iR-corrected. 
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Figure S22. Current-voltage curves of the PV cells of 1.1 and 1.6 V used for driving decoupled water 
splitting in 0.5 M Na2SO4 and 0.5 M sodium phosphate buffer (NaPi) with 0.3 M Na4[Fe(CN)6] electron 
reservoir under the natural sunlight irradiation (92  5 mW cm 2). 
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Figure S23. (A) Linear sweep voltammograms of a Co-P working electrode for HER coupled with the 
oxidation of 0.3 M Na4[Fe(CN)6] on a carbon counter electrode with a 1.1 V (red) or 1.6 V (blue) photovoltaic 
(PV) cell or without (black) a PV cell under ) PV-driven HER electrolysis on a Co-P 
working electrode coupled with Na4[Fe(CN)6] oxidation on a carbon counter electrode, or paired with OER 
on a Ni foam counter electrode without Na4[Fe(CN)6] under chopped sunlight irradiation with no external 
voltage bias. (C) Chronoamperometry curves of PV-driven HER electrolysis on a Co-P working electrode 
coupled with Na4[Fe(CN)6] oxidation on a carbon counter electrode with no external voltage bias. (D) Linear 
sweep voltammograms of a Ni foam working electrode for OER coupled with the reduction of 0.26 M 
Na3[Fe(CN)6] on a carbon counter electrode with 1.1 V (red) or 1.6 V (blue) PV or without (black) a PV 
under sunlight irradiation. (E) PV-driven OER electrolysis on a Ni foam working electrode coupled with 
Na3[Fe(CN)6] reduction on a carbon counter electrode, or paired with HER on a Co-P counter electrode 
without Na3[Fe(CN)6] under chopped sunlight irradiation with no external voltage bias. (F) 
Chronoamperometry curves of PV-driven OER electrolysis on a Ni foam working electrode coupled with 
Na3[Fe(CN)6] reduction on a carbon counter electrode with no external voltage bias. The electrolyte in both 
compartments was 0.5 M Na2SO4 and 0.5 M NaPi buffer (pH = 7.0). The areas of Co-P and Ni foam 
electrodes were 2 cm2. All results were not iR-corrected. 
 
Since the utilization of an electron reservoir has been proved to split a large voltage input of one-step water 
splitting to two smaller voltage inputs for separate HER and OER processes, we envision that photovoltaic 
(PV) cells with small photovoltage (< 1.23 V) would be able to drive decoupled water splitting without the 
need of tandem or multi-junction PVs.[S12,S14] Therefore, two commercial PV cells were used and their 
photovoltages were measured to be 1.1 and 1.6 V (Figure S22), respectively, under natural sunlight 
irradiation. Figure S23A compares the linear sweep voltammograms (LSV) of a Co-P working electrode for 

24 mA cm 2 for H2 evolution was achieved at zero external bias. Figure S23B plots the cathodic current 
evolution with PV cells under chopped sunlight irradiation at zero external bias. The instantaneous on/off 
change of the current density responding to periodic sunlight irradiation suggests that the obtained HER 
current was solely determined by sunlight illumination. A control experiment with a Co || Ni electrode couple 
without Na4[Fe(CN)6] showed negligible cathodic current with 1.6 V PV cell, highlighting the important role 
of the electron reservoir in lowering the required voltage input. The stability of such a PV-electrolysis system 
was confirmed by measuring the HER current density change over 2 h with the assistance of the above two 
PV cells under natural sunlight irradiation (Figure S23C

2 powered by PV of 1.1 and 1.6 V, respectively. After the Na4[Fe(CN)6] in the counter 
compartment had been mostly oxidized to Na3[Fe(CN)6], the LSV curves of a Ni form working electrode for 
OER were collected (Figure S23D). Analogous to the above HER situation, much lower voltage inputs were 
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required to achieve appreciable anodic current density with PV cells. In the absence of any external bias, 
the obtained OER current density is highly dependent on the sunlight illumination upon PV cells, as 
demonstrated by the chopped-sunlight experiment (Figure S23E). No apparent current was observed using 
a Ni || Co-P couple powered by a 1.6 V PV cell under sunlight irradiation without Na3[Fe(CN)6] in the counter 
compartment. The OER currents were stabilized at 16.7 and 27.5 mA cm 2 for a 2-hour electrolysis driven 
by PV cells of 1.1 and 1.6 V, respectively, under natural sunlight illumination (Figure S23F). It should be 
noted that the aforementioned solar-driven experiments for were performed without iR compensation and 
the internal resistance of our PV-electrolysis systems was measured as ca.  (Figure S24). 
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Figure S24. Electrochemical impedance spectroscopy (EIS) Nyquist plots of the Co- ) 
working electrodes in 0.5 M Na2SO4 and 0.5 M NaPi buffer. The counter chamber contained either 0.3 M 
Na4[Fe(CN)6] (coupled with the Co-P working electrode) or Na3[Fe(CN)6] (coupled with Ni foam working 
electrode) in 0.5 M Na2SO4 and 0.5 M NaPi buffer with a carbon counter electrode. 
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Figure S25. Polarization curves of carbon electrode, Ni foam and Co-P electrode, and CV curve of 0.3 M 
Na4[Fe(CN)6] over a glassy carbon electrode measured in 1 M NaOH at a scan rate of 5 mV s 1. All 
polarization curves were iR-corrected. 
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Figure S26. (A) Cyclic voltammetry (CV) curves of 10 mM Na4[Fe(CN)6] over a glassy carbon electrode at 
varying scan rates from 10 to 4000 mV s 1 ) Plots of oxidation and reduction peak currents vs. square 
root of scan rate for 10 mM of Na4[Fe(CN)6]. (C) Linear sweep voltammetry (LSV) curves of 10 mM of 
Na4[Fe(CN)6] over a rotating disk glassy carbon electrode scanned at 5 mV s 1 at different rotation speeds 
ranging from 400 to 4000 rpm. (D) Levich plot of the limiting current vs. the square root of rotation rates for 
10 mM of Na4[Fe(CN)6]. (E 0.5 0.5 for calculating the electron transfer rate 
constant of Na4[Fe(CN)6]. (F) CV curves of 10 mM of Na4[Fe(CN)6] over a glassy carbon electrode at 100 
mV s 1 for 1000 cycles. The electrolyte was 1.0 M NaOH. The area of either the glassy carbon electrode or 
rotating disk glassy carbon electrode was 0.07065 cm2. All plots were not iR-corrected. 
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Figure S27. (A) Concentration of HMF and its oxidation ) Two possible 
pathways of HMF oxidation to FDCA. 
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III. Supplemental Table 
 
Table S1. Comparison of our electron reservoir-mediated decoupled water electrolyzers with reported 
decoupled water splitting systems with redox mediators. 
 
Electron reservoirs / 
Redox mediators 

Electrocatalysts Electrolyte Total 
voltage for 
both HER 
and OER 
(V) 

Energy 
efficiency 
(%) 

Reference 

Na4[Fe(CN)6] Co-P for HER 
Ni for OER 

0.5 M 
Na2SO4 and 
0.5 M NaPi 
buffer (pH = 
7.0) 

2.29 64.6 This work 

FcNCl Ni2P/Ni for HER 
Ni for OER 

0.5 M 
Na2SO4 (pH 
= 6.5) 

2.43 61 This work 

(H3O+)[H2PMo12O40]  Pt for HER and 
OER 

1 M H3PO4 
(pH = 1.0) 2.5 59.2 [S7] 

H4[SiW12O40] Pt/C for HER 
Pt for OER 

1 M H3PO4 
(pH = 1.0) 2.37 63 

[S6] No redox mediator Pt/C for HER 
Pt for OER 

1 M H3PO4 
(pH = 1.0) 2.21 67 

Potassium 
hydroquinone 
sulfonate 

Pt/C for HER 
Pt for OER 

1.8 M H3PO4 
(pH = 0.7) 2.4 61.6 [S9] 

V(II)/V(III) and 
Ce(III)/Ce(IV) 

Mo2C for HER 
RuO2 for OER 

1 M H2SO4 N/A 48 [S18] 

Ni(OH)2/NiOOH Pt for HER 
RuO2/IrO2 for 
OER 

1 M KOH (pH 
= 14) 2.1 70 

[S8] 
Ni(OH)2/NiOOH Ni for HER 

Co3O4 for OER 
1 M KOH (pH 
= 14) 2.25 65.7 

Ni(OH)2/NiOOH Pt for HER 
Ir for OER 

1 M NaOH 
(pH = 14) 2.21 67 

[S15] Ni(OH)2/NiOOH Ni for HER 
Ni for OER 

1 M NaOH 
(pH = 14) 2.3 64.3 
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