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Photovoltaic-driven decoupled
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sunlight irradiation

Decoupled H2 evolution

integrated with valorization of

biomass-derived intermediates
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 than 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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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 a new

electrolyzer design for decoupled

water splitting in an eco-friendly

neutral solution with small voltage
SUMMARY

Conventional water-splitting electrolysis drives the H2 and O2 evolution reac-

tions (HER and OER, respectively) simultaneously with large voltage inputs.

Herein, two inexpensive iron complexes as proton-independent electron reser-

voirs (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+ is then paired with OER. Both steps

require much smaller voltage than that of direct water splitting. Nearly 100%

Faradic efficiency and remarkable cycling stability were obtained for both

ERs. Such decoupled water splitting could 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] was demonstrated under alkaline conditions, producing H2 and

2,5-furandicarboxylic acid. This work presents a decoupled water electrolyzer

design with great flexibility and safety advantages.
inputs to enable separated H2 and

O2 evolution. Herein, we report

(ferrocenylmethyl)

trimethylammonium chloride and

Na4[Fe(CN)6] as proton-

independent electron reservoirs

for achieving 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.
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 Because of

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 with proton exchange membrane (PEM) electro-

lyzers 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 because of the coexis-

tence 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 for an alternative electro-

lyzer design, not only circumventing these drawbacks but also enabling more

flexibility in electrolyzer manufacture for a wide range of applications.
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Scheme 1. Schematic Illustration of Electrolyzer Designs

(A) Conventional electrolyzer for one-step full water splitting.

(B) An 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,

and a carbon electrode is used in the counter compartment containing an electron reservoir of

either FcNCl or Na4[Fe(CN)6].

(C) An 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]
4�) and oxidized (i.e.,

FcNCl+ or [Fe(CN)6]
3�) forms of the adopted electron reservoir, respectively.
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Recent years have witnessed the emergence of a decoupling strategy for water

splitting, wherein redox mediators are used to decouple HER from OER. Represen-

tative 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 used 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

conditions, and it requires a long pre-activation time before operation. Reversing

current polarity or physically swapping two saturated NiOOH/Ni(OH)2 electrodes

is needed to regenerate the redox replays for electrolysis cycling.21 Furthermore,

the O2 produced through the sluggish OER under alkaline conditions is not of signif-

icant value.9,22 These limitations motivated us to develop alternative inexpensive

electrolyzers of great convenience, flexibility, and durability for decoupled water
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electrolysis under benign conditions and preferably generating high-value products

instead of O2.

Herein, we demonstrate that a ferrocene-derived complex, (ferrocenylmethyl)trime-

thylammonium 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). In addition, Na4[Fe(CN)6] is used as a robust and low-cost proton-indepen-

dent electron reservoir with a wider stable pH range from neutral to alkaline condi-

tions not only for decoupled water splitting but also for H2 production integrated

with organic upgrading. By taking 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 than direct water splitting. The sepa-

ration 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 en-

ables us to utilize nonprecious-metal phosphide and Ni foam as 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-wave-

length sunlight for solar-driven water electrolysis without the need for many solar

cells in series.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 a biomass-derived intermediate compound (e.g., 5-hydroxymethylfur-

fural). A two-step electrolysis of decoupled HER and organic oxidation is also

successfully demonstrated. Overall, the use of proton-independent electron reser-

voirs 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 an environmentally benign neutral electrolyte further ex-

pands the pool of electrocatalyst candidates encompassing those inexpensive

first-row transition-metal-based electrocatalysts and allows for potential integration

with biocatalysts for the production of biofuels, bioproducts,24–27 and seawater

electrolysis.
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 is adopted with an ion exchange mem-

brane. 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, and a carbon counter electrode is positioned in the counter chamber con-

taining 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 takes place on it, and simultaneously oxidation of the electron reservoir

occurs on the carbon counter electrode. In this case, the voltage input is smaller than
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that required for full water splitting, given that the oxidation potential of the electron

reservoir is less positive than the OER onset potential. After a certain amount of

charge is passed (determined by the capacity of electron reservoir), step 2 switches

the connection from the HER electrode to the OER electrode. When sufficient pos-

itive voltage bias is applied to the OER working electrode, O2 evolution takes place,

and meanwhile reduction of the oxidized electron reservoir (ER+) back to its original

state (ER) occurs on the carbon counter electrode. Such a positive voltage bias is also

smaller than that for full water splitting, because the reduction potential of the

oxidized electron reservoir is less negative than the HER onset potential. Under

alkaline conditions, OER in step 2 can be replaced by electrochemical organic oxida-

tion (Scheme 1C), such as the oxidation of 5-hydroxymethylfurfural (HMF) to 2,5-fur-

andicarboxylic acid (FDCA), in that its required oxidation potential is less positive

than that of OER. Under this scenario, a large voltage input for one-step water split-

ting 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 to in the above discussion, an ideal electron reservoir for decoupledwater

electrolysis should satisfy the following criteria: (1) high solubility in water, (2) fast and

reversible proton-independent redox feature positioned between the HER and OER

onset potentials, (3) strong robustness for repeated redox cycling, and (4) low-cost

composition and synthesis from abundant materials. The (ferrocenylmethyl)trime-

thylammonium chloride, FcNCl, exhibits high water solubility and excellent electro-

chemical stability in a long cycling neural aqueous redox flow battery28 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 yield of nearly unity.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-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 with 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 versus Ag/AgCl (saturated 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 versus Ag/AgCl, respectively, on carbon electrodes in

0.5 M Na2SO4. In near-neutral electrolyte, a large group of earth-abundant electro-

catalysts can be used to reduce the voltage inputs for HER and OER.29–36 Therefore,

when a Ni 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 versus 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
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Figure 1. Comparison of the Cyclic Voltammograms of FcNCl, HER, and OER under Near-Neutral

Conditions

All cyclic voltammetry curves were collected in a three-electrode configuration in 0.5 M Na2SO4

(pH 6.5) with 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 Ni foam (blue) were collected at a scan

rate of 5 mV s�1 with a carbon counter electrode.
anodic and cathodic peak currents along the square root of the 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 a linear sweep

voltammogram (LSV) using a rotating disk electrode (Figure S4). Calculations based

on the derived Levich pot resulted in a diffusion constant of 0.713 10�6 cm2 s�1 and

an electron-transfer rate constant of 1.33 3 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 analo-

gous complexes in aqueous media.28
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 de-

coupled water electrolysis. As an initial attempt to evaluate the feasibility of our

strategy, we utilized a two-electrode compartment H cell with an anion exchange

membrane to collect the LSV 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 in comparison with 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 amount of H2 produced in an air-tight H cell

was quantified by gas chromatography (GC) and compared with the theoretically

calculated amount, under the assumption that all the passed charge was utilized to

form H2. Figure 2B plots the GC-measured and theoretically calculated amounts

of H2, and the near overlap of these two H2 evolution traces rendered a Faradic effi-

ciency 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
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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 a 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 amounts of H2 during electrolysis

at �1.8 V under the same conditions as in (A) with FcNCl.

(C) Linear sweep voltammograms of NF as the working electrode and a 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 amounts of H2 during electrolysis

at 1.7 V under the same conditions as in (C) with FcNCl+.
FcNCl+ on the carbon counter electrode.NoO2was detected in the headspace of the

working 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 cur-

rent took off at merely 0.6 V. This is because the redox potential of FcNCl+/0 (0.4 V

versus Ag/AgCl) was relatively closer to the OER onset (�1.0 V versus 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 for conducting OER with the same

electrodes. The GC-measured amount of O2 also matched the theoretically calcu-

lated value very well (Figure 2D), confirming a Faradic efficiency of near unity for

this decoupled O2 evolution electrolysis at an applied bias of 1.7 V. In the meantime,

no H2 was detected in the working 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 �1.478 V to

drive a current density of �10 mA cm�2 for HER in the presence of 50 mM FcNCl
642 Chem 4, 637–649, March 8, 2018



(Figure 2A). In the second step for OER and FcNCl+ reduction, a small voltage of

0.954 V was required for achieving the current density of 10 mA cm�2 (Figure 2C).

If a Ni2P/Ni/NF jjNF electrode couple was used for one-step water splitting without

any electron reservoir, a much larger voltage input of 2.338 V was required for

producing 10 mA cm�2 in 0.5 M Na2SO4 (Figure S6). This demonstrates a high

efficiency of 96% for two-step decoupled water splitting in relation to one-step

direct water splitting. This efficiency is higher than that of the reported phosphomo-

lybdic-acid-mediated (79%) and potassium hydroquinone-sulfonate-mediated

(80%) decoupled water electrolyzers and comparable with that (93%) of a silico-

tungstic-acid-mediated system in acidic solution and a Ni(OH)2-mediated de-

coupled water electrolysis system (92%) without considering resistive factors.8,9,16,37

The practical energy efficiency of our decoupled water electrolyzer could be calcu-

lated by dividing the thermoneutral potential (i.e., 1.48 V, see details in Supple-

mental Information) of water electrolysis by the total applied voltage at room

temperature,38,39 when the Faradic efficiencies of HER and OER are both 100%.

The calculated energy efficiency was 61% at 10 mA cm�2, which is comparable

with that of the silicotungstic-acid-mediated (63%), the potassium-hydroquinone-

sulfonate-mediated (61%), or the phosphomolybdic-acid-mediated (59%)

decoupled water electrolyzers, the Pt-based PEM electrolyzer (67%) in acidic

electrolyte and the efficiency of a Ni(OH)2-mediated Ir jj 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 LSVs 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.

In order to evaluate the robustness of FcNCl as an electron reservoir for repeated

HER and OER electrolysis, we conducted long-term decoupled water electrolysis

by alternating the applied voltage bias to the Ni2P/Ni/NF and NF electrodes in

0.5 M Na2SO4, and the counter compartment was charged with a carbon electrode

immersed in 10 mM FcNCl and 0.5 M Na2SO4. 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 produc-

tion, we carried out the decoupled water electrolysis such that each half cycle passed

�7 C charge before we switched 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 completion of the HER step, the pH value in the

working compartment increased to 9, which decreased back to 6.5 once the OER

step was finished. The similarity of these 20 charge-versus-time cycles indicates

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

with that of FcNCl in Figure S11.

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. On the basis of the aforementioned results, we reasoned that the
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Figure 3. Electrolysis Cycles of HER and OER for Assessing 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 was used as the counter electrode in the counter chamber. Voltage bias

between the working and counter electrodes was alternated at �1.6 V for HER and 1.8 V for OER

periodically. No iR correction was applied.
combination of a PV cell (photovoltage >1.4 V) and FcNCl would be able to drive

HER without any external bias. Hence, we connected a two-electrode H-type cell

with the same configuration to a commercial PV cell (�1.6 V; Figure S12) to assess

our hypothesis. Figure 4A shows the LSVs of HER collected on Ni2P/Ni/NF in

0.5 M Na2SO4, where 10 mM FcNCl and 0.5 M Na2SO4 were loaded in the counter

compartment 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 G 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 increase in cathodic current

was observed, accompanied by vigorous H2 bubble formation and release on the

Ni2P/NF working electrode. The periodic on and off catalytic HER current depen-

dent on the sunlight exposure strongly supports the conclusion that the H2 evolution

detected was solely driven by sunlight irradiation. Control experiments under iden-

tical conditions but without FcNCl in the counter compartment demonstrated that

FcNCl was crucial for this solar-driven decoupled H2 evolution.
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 electrolyzer designs to other applications,

we also introduced Na4[Fe(CN)6], which is stable in a wider pH range from neutral

to alkaline (1.0 M NaOH) conditions, as a proton-independent electron reservoir.

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 NF working electrodes, respec-

tively (Figures S13–S16), with a large diffusion coefficient of 3.53 3 10�6 cm2 s�1
644 Chem 4, 637–649, March 8, 2018



Figure 4. Electrocatalytic 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) HER current density on Ni2P/Ni/NF produced 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.
and an electron-transfer rate constant of 2.20 3 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) elec-

trolyte (Figure S17). The utilization of Na4[Fe(CN)6] as an electron reservoir was

shown 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 stabil-

ity and a Faradic efficiency of 100% under neutral conditions (Figures S18–S21). The

energy efficiency was calculated to be 64.6%, comparable with that of other de-

coupled water-splitting systems in acidic or alkaline electrolytes (Table S1). In addi-

tion, 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 used 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, concen-

trations of the electron reservoir, and power densities of PV and electrolyzer will be

pursued for achieving high solar-to-H2 efficiency.

Given that 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, 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 can be readily oxidized to more valuable

FDCA by Ni-based electrocatalysts under alkaline conditions.43,44 The electrochem-

ical experiments of Na4[Fe(CN)6] conducted in 1.0 M NaOH proved that its redox

feature (1.3 V versus RHE) was still positioned between the HER and OER onset

potentials and less positive than the HMF oxidation on NF under alkaline conditions

(Figure S25) with a diffusion coefficient of 4.70310�6 cm2 s�1 and an electron-trans-

fer rate constant of 8.45310�2 cm s�1 (Figure S26), which were comparable with

the reported values.45 The negligible degradation during 1,000 redox cycles of

Na4[Fe(CN)6] in 1.0 M NaOH further demonstrated its excellent stability.

Therefore, similar todecoupledwater splitting, a two-compartmentelectrochemical cell

with a cation exchange membrane was utilized for HER and HMF oxidation in 1.0 M

NaOH (Scheme 1C). Figure 5A compares the LSV curves of a Co-P working electrode
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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); 0.3 M ER+ in the counter compartment (red); or 10 mM

HMF in the working compartment and 0.3 M ER+ in the counter compartment (green). The common

electrolyte for all of the above experiments was 1.0 M NaOH. No results were iR corrected.
for HER with andwithout 0.3MNa4[Fe(CN)6] in the counter compartment. The addition

of the electron reservoir substantially shifted the LSV curve of HER toward the positive

direction. After the 0.3 M Na4[Fe(CN)6] in the counter chamber had been oxidized in a

chronocoulometry experiment, an LSV curvewas collectedon theNFworking electrode

for OER (Figure 5B), which delivered 10 mA cm�2 at a voltage bias of 0.66 V. However,

upon theaddition of 10mMHMF in theworking chamber, a less positive onset potential

was observed for HMFoxidation, achieving 10mA cm�2 at a voltage bias of only 0.37 V.

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

an FDCA yield of 83% (Figure S27) without the need for noble-metal catalysts, which

were widely used in previous reports.46–48 It is anticipated that HER coupled with

electron reservoir oxidation can be driven by PV under diurnal sunlight irradiation,

and electrocatalytic HMF oxidation is carried out at a small voltage (e.g., 0.2 V) coupled

with electron reservoir regeneration at nightwith this novel electrolyzer design.49 Explo-

ration of new electron reservoirs with higher solubility is preferred for increasing the ca-

pacity of the electron reservoir solutions.
Conclusions

In summary, we have reported that a ferrocene-derived complex FcNCl can act as a

robust and low-cost electron reservoir for decoupled water electrolysis under near-

neutral conditions. Such a decoupling strategy enables H2 and O2 to be produced at

different times and the production rate of one gas to be independent of the other,

allowing fast H2 production at elevated pressure without the concern of H2/O2 mix-

ing. The reversible redox couple, high solubility, 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 neutral to alkaline conditions. The low

cost, high solubility, remarkable robustness, and excellent redox properties of
646 Chem 4, 637–649, March 8, 2018



Na4[Fe(CN)6] render it an ideal electron reservoir not only for decoupled water split-

ting 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.

EXPERIMENTAL PROCEDURES

Full experimental procedures are provided in the Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures, 27 fig-

ures, and 1 table and can be found with this article online at https://doi.org/10.1016/
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