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ABSTRACT

Inorganic Electrocatalysts for Innovative Water Splitting and Organic Upgrading
by
Nan Jiang, Ph.D. of Science
Utah State University, 2018

Major Professor: Dr. Yujie Sun
Department: Chemistry and Biochemistry

The rapid growth of global energy demand and green-house gas emission
resulting from fossil fuel utilization have urged the development of sustainable and clean
energy storage and conversion technologies. Electrochemical or photoelectrochemical
water splitting to produce clean H2 as a green energy carrier has been considered as a
promising approach for future energy needs. However, there remain several challenges
for the wide application of water splitting to produce H2. (i) Both half reactions of water
splitting involve multi-electron/proton movements and thus are kinetically sluggish. In
order to accelerate the reaction rates for practical application, low-cost and efficient
catalysts are needed. (ii) The overall rate of water splitting is often limited by the anodic
O2 evolution reaction (OER) while the product of OER, O2, is not of significant value.
(iii) For conventional water splitting electrolyzers, H2 and O2 are generated
simultaneously, posing the risk of H2/O2 mixing.
My dissertation will include my research efforts in tackling the aforementioned
challenges from three perspectives. (1) I developed bifunctional electrocatalysts for
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overall water splitting under strongly alkaline conditions. Owing to the thermodynamic
convenience of each half reaction of water splitting, conventional efforts centered on
developing the H2 evolution reaction (HER) catalysts under strongly acidic conditions
while the O2 evolution reaction (OER) catalysts under strongly alkaline conditions. In
order to accomplish overall water splitting, the coupling of HER and OER catalysts in the
same electrolyte is mandatory. It remains a grand challenge to achieve bifunctional and
low-cost electrocatalysts simultaneously active for both HER and OER. (2) I developed a
novel aquatic electrolyzer to integrate H2 production with oxidative biomass upgrading
which replaced OER and resulted in more valuable products on anode, maximizing the
return of energy input. In addition, since H2 was the only gas product, the possibility of
generating explosive H2/O2 gas mixture was eliminated. (3) In order to further reduce the
voltage input for water splitting, the last portion of my graduate work employed electron
reservoirs (ER) to split water electrolysis into two separate steps. In other words, H2 and
O2 are generated at different time and space. In a two-compartment H-cell, when proton
reduction occurs with the HER catalyst in the working chamber, the ER is oxidized to
ER+ on a carbon electrode in the counter chamber, whereas no O2 is formed.
Subsequently, water oxidation takes place with the assistance of an OER catalyst in the
working chamber and simultaneously ER+ is reduced back to the original ER on the same
carbon electrode to complete the water electrolysis process. This strategy not only
prevents H2/O2 mixing but also reduces the voltage input as the redox potential of ER+/0
is positioned within the catalytic onset potentials of HER and OER, which enables water
splitting to be driven by much smaller voltage input than that of direct one-step water
electrolysis.
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PUBLIC ABSTRACT

Inorganic Electrocatalysts for Innovative Water Splitting and Organic Upgrading
Nan Jiang
The booming worldwide demand for energy and the increasing concerns about
global warming due to fossil fuel consumption have urged the development of techniques
for storing and converting renewable and clean energy resources. Electrocatlytic or
photoelectrocatalytic water splitting to generate green energy carrier H2 with sustainable
energy input, like solar, has been regarded as an attractive strategy for carbon-neutral
energy needs. However, the sluggish kinetics for both half reactions (HER and OER),
high overpotentials and thermodynamic requirements, and H2 and O2 gas crossover have
been regarded as the major challenges, which limit its widespread application.
On account of high efficiency and fast reaction rate, proton exchange membrane
electrolyzer (PEME) has been developed as a mature technology for water splitting under
acidic conditions. Nonetheless, it requires noble metals as robust and competent catalysts
(like Pt for HER and IrO2 for OER), which is economically unfavorable. Owing to the
thermodynamic convenience for OER and the integration of HER and OER in the same
electrolyte, anion exchange membrane electrolyzer (AEME) has also been explored
under alkaline conditions, utilizing first-row transition metals as bifunctional catalysts.
However, for both PEME and AEME, H2 and O2 are generated simultaneously. Even
though “gas impermeable” membranes are employed, the formation of H2/O2 mixture is
inevitable. So one part of my research introduced a new strategy to couple HER with
more thermodynamically favorable biomass-derived upgrading in alkaline solution,
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which requires lower energy input than overall water splitting and produces more
valuable and non-gas products. However, the solubility of biomass-derived organic
compounds as well as the competing reaction of water oxidation limits the catalytic
current density.
Therefore, we further introduce the concept of redox mediator (RM) to divide
conventional water splitting into two separate steps. This allows H2 and O2 to be
produced at different times as well as in different spaces and reduces the energy input
required to conduct a productive step. This strategy not only prevents H2/O2 mixing but
also reduces the voltage input as the redox potential of RM+/0 will be within the HER and
OER thermodynamic potentials, hence allowing water splitting to be driven by
photovoltaic cells with small photovoltage.
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CHAPTER I
INTRODUCTIONa
1-1. Background
The rapid growth of global energy demand and green-house gas emission
resulting from fossil fuel utilization have urged the development of sustainable and clean
energy storage and conversion technologies. Solar energy is a promising candidate owing
to its gigantic capacity.1 However, its diurnal and intermittent nature requires efficient
capture and storage. In this respect, solar-driven water splitting to produce hydrogen and
oxygen is an attractive means to store solar energy in chemical forms.2 Hydrogen, when
generated from water with renewable energy input, is an ideal energy carrier with a
minimal climate impact since water is the sole product of its combustion.2 In addition,
hydrogen is also an important chemical feedstock, playing a crucial role in petroleum
refining and NH3 synthesis for fertilizers.3 So far, the majority of H2 come from steam
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reforming of hydrocarbons (like nature gas and fossil fuels), a method which leads to
global warming as well as unsustainable. Based on the aforementioned factors, electroand photo-driven water splitting for H2 production utilized renewable energy (solar or
wind) are widely considered as an appealing approach to meet this goal, in which
hydrogen acts as a green energy carrier.
Electrochemical or photoelectrochemical water splitting to produce clean H2 as a
green energy carrier has been considered as a promising approach for future energy
needs. However, there remain several challenges for the wide deployment of water
splitting to produce H2: (i) Water splitting consists of two redox half reactions: H2
evolution reaction (HER) and O2 evolution reaction (OER). Both half reactions involve
the transfer of multiple electrons and protons and possess high energy barriers to proceed
at appreciable rates, thus are kinetically sluggish. In order to accelerate the reaction rates
for practical application, low-cost and efficient catalysts are needed. (ii) The overall rate
of water splitting is often limited by the anodic O2 evolution reaction (OER) while the
product of OER, O2, is not of significant value. (iii) For conventional water splitting
electrolyzers, H2 and O2 are generated simultaneously, posing the risk of H2/O2 mixing.
My dissertation projects will address the aforementioned problems in three stages:
Stage 1 explores electrocatalysts for overall water splitting under strongly alkaline
conditions (Figure 1-1a). Owing to the thermodynamic convenience and potential
application in proton exchange membrane and alkaline electrolyzers, traditionally, most
H2 evolution reaction (HER) catalysts were developed under strongly acidic conditions
while O2 evolution reaction (OER) catalysts under strongly alkaline conditions. In order
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Figure 1-1. Electrolyzer illustration of (a) Stage 1, (b) Stage 2, and (c) Stage 3 of my PhD
research.
to accomplish overall water splitting, the coupling of HER and OER catalysts in the same
electrolyte is mandatory. It remains a grand challenge to develop bifunctional and lowcost electrocatalysts simultaneously active for both HER and OER. Stage 2 develops
novel aquatic electrolyzers to integrate H2 production with oxidative biomass upgrading
which will replace OER and resulting in more valuable products on anode, maximizing
the return of energy input (Figure 1-1b). In addition, since H2 will be the only gas
product, the possibility of generating explosive H2/O2 gas mixture will be eliminated. In
order to further reduce the voltage input for water splitting, the Stage 3 of my graduate
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work will employ redox mediators (RM) to split water electrolysis into two separate
steps. In other words, H2 and O2 will be generated in different time and space. As shown
in Figure 1-1c, when proton reduction occurs with the HER catalyst, the RM is oxidized
to RM+ at a carbon electrode (Figure 1-1c, step 1), whereas no O2 is formed.
Subsequently, water oxidation takes place with the assistance of an OER catalyst and
simultaneously RM+ is reduced back to the original RM on the same carbon electrode to
complete the water electrolysis process (Figure 1-1c, step 2). This strategy not only
prevents H2/O2 mixing but also reduces the voltage input as the redox potential of RM+/0
will be within the HER and OER thermodynamic potentials, hence allowing water
splitting to be driven by photovoltaic cells with small photovoltage.
1-2. Background of Stage 1
Due to the sluggish kinetics of HER, electrocatalysts are needed to decrease the
overpotential for higher energy efficiency and accelerate the reaction rate. Billion years
of evolution provided nature with hydrogenases to perform the H+/H2 inter-conversion
with a remarkably high efficiency under ambient conditions. Hydrogenases are able to
catalyze H2 evolution near the thermodynamic potential and a turnover frequency (TOF)
of ~ 9000 s1 can be achieved at room temperature.5 In order to mimic the catalytic
fashion of hydrogenases, a large number of bioinspired molecular complexes containing
the core structures of hydrogenase cofactors, including [Fe-Fe], [Ni-Fe], and [Fe], have
been explored extensively.6 Many delicate models have been synthesized and
investigated. Those studies led to our deeper understanding in the catalytic mechanisms
of hydrogenases, paving the way for designing improved biomimetic HER catalysts.
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Because of well-defined active sites and tunable properties of molecular HER
catalysts via structural/electronic substituents, molecular complexes have attracted much
attention in developing catalytic systems for water splitting. Traditionally, molecular
HER catalysts were studied in organic solvents with the addition of an organic or
inorganic proton source, owing to the limited solubility and/or stability of those catalysts
in aqueous media.7 In order to develop a catalytic system for water splitting at an
industrial scale, it is more desirable to directly utilize water as the reaction medium.
Although molecular catalysts might possess high intrinsic activity, their stability is
usually inferior compared to solid-state heterogeneous catalysts, potentially due to
undesirable inter-molecular collision of high-energy catalytic intermediates.8
Along with the rapid development of nanomaterials science over the last three
decades, an ever increasing research focus has been shifted towards developing solidstate heterogeneous HER catalysts, which tend to possess better stability in aqueous
media. Solid-state catalysts employing noble metals, such as Pt, have long been
recognized as competent HER catalysts with low overpotential and great stability.9
Unfortunately, the associated scarce and high cost limit their application on a large scale.
It remains a great challenge to develop inexpensive HER catalysts exhibiting both high
efficiency and strong robustness.10 Recent years have witnessed the emergence of several
promising solid-state HER catalysts composed of earth-abundant elements. For example,
metal alloys,11 metal oxides/hydroxides,12 chalcogenides,13 carbides,14 phosphides,15 and
even metal-free nanomaterials16 have been reported as potential HER catalysts. During
the last decade, transition metal chalcogenides has rapidly emerged as a popular groups
of HER catalysts, largely owing to their similarity to the active sites of hydrogenases,
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earth abundance, low cost, rich redox chemistry, promising activity, and stability under a
variety of conditions.17
It is known that all the cofactors in hydrogenases ubiquitously involve metalsulfur interactions.6 Inspired by the blueprints of hydrogenase active sites, increasing
efforts have been devoted to exploring 1st-row transition metal chalcogenides, such as
CoSx,18 CoSe2,19 FeS,20 FeSe2,21 MoSx22 and NiSx,23 as potential HER catalysts. Due to its
terrestrial abundance and involvement in [Ni-Fe] hydrogenases,6 nickel has long been
sought as a promising candidate for HER catalysis. Indeed, a variety of nickel-based
catalysts have emerged for electrocatalytic H2 production recently. Typical examples
include nickel alloys,24 sulfides,25 selenides,26 oxides/hydroxides,27 and phosphides,28
among which nickel sulfides are one of the most investigated because of their low cost,
facile preparation, and high catalytic activity. In fact, many nickel sulfide-based HER
catalysts of different crystal structures have been reported for H2 evolution. For instance,
metal–organic framework-derived NiS nanoframes have been demonstrated as HER
catalysts in 1.0 M KOH.25 Similarly, NiS2 of various nanostructures was reported to
exhibit remarkable HER catalytic performance in strongly acidic electrolytes.29 Recently,
we reported an electrodeposited Ni-S film with active and robust HER activity not only in
neutral buffer but also in natural water.23 A suite of characterization techniques, including
X-ray absorption spectroscopy, were conducted to probe the catalyst and the main
composition of the Ni-S film was revealed to be Ni3S2. This was the first time that Ni3S2
was found to be a competent HER catalyst. Although the three main crystalline forms of
nickel sulfides, NiS, NiS2, and Ni3S2, have all been separately studied as HER catalysts, a
fair comparison of their performance on an equal footing has been challenging because of
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the diverse conditions employed in the aforementioned and other related studies. In order
to gain a deeper understanding of their intrinsic HER activities, it is necessary to examine
them under the same conditions in order to build a composition-structure-performance
relationship of nickel sulfides for the development of improved HER catalysts. Herein,
we report a facile and novel microwave-assisted preparation of three crystalline nickel
sulfides, NiS, NiS2, and Ni3S2. Various physical characterization techniques were
conducted to confirm that their crystal sizes and specific surface areas are within the
same magnitude. Detailed electrochemical studies of the HER catalytic performance of
the three nickel sulfides under strongly alkaline conditions are revealed in Chapter II.
As aforementioned, one of the challenges to realize large-scale water splitting is
the lack of active and low-cost electrocatalysts for its two half reactions: two half
reactions:H2 and O2 evolution reactions (HER and OER). As a four-electron/four-proton
process, O2 evolution from water bears a high activation barrier and has to go through
multiple intermediate states. Owing to thermodynamic convenience and potential
application in proton-exchange membrane, most HER catalysts were developed under
strongly acidic conditions. Transition metal sulfides,25 selenides,26 phosphides,28
carbides,14 borides,30 and even non-metal materials16 have shown catalytic performance
for HER in strong acidic electrolyte, such as MoS2,31 M-MoS2 (M = Fe, Co, Ni, Cu,
etc.),32 Co/Ni-WSx,33 MS2 and MSe2 (M = Fe, Co, Ni, etc.),34 FeS,20 CoS,35 Ni3S2,23 MoC
and MoB,36 MoP,37 WP and WP2,38 CoP and Co2P,39 Ni2P,40 FeP,41 and Cu3P.42 The
catalytic activities of these HER catalysts diminished significantly in alkaline media or
have not been reported. On the other hand, many innovative noble-metal-free OER
catalysts based on the oxides/hydroxides of cobalt,43 nickel,44 manganese,45 iron,46 and
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copper have also been reported with mediocre to excellent OER catalytic activities
under basic condition. Some of those OER catalysts can even rival the state-of-the-art
OER catalysts, like IrO2 and RuO2. Porous carbon materials with high surface area and
superior conductivity, such as graphene derivatives,48 carbon nanotube,49 and mesoporous
carbon,50 were frequently employed as catalyst supports to enhance the overall
performance.
Despite those advances, problems plaguing large-scale water splitting catalysis
still exist. For instance, most OER catalysts are vulnerable in acidic media, such a
prevailing approach in the development of HER and OER catalysts often result in their
incompatible integration to accomplish overall water splitting in the same electrolyte. In
order to accomplish overall water splitting, the coupling of HER and OER catalysts in the
same electrolyte is mandatory. It remains a grand challenge to develop bifunctional and
low-cost electrocatalysts simultaneously active for both HER and OER. Since ionic
conductivity is higher at extreme pHs and the overpotential loss of OER is usually much
larger than that of HER, it’s more economically viable to explore bifunctional
electrocatalysts active for both HER and OER in strongly alkaline electrolytes. Such a
new type bifunctional electrocatalyst will not only avoid the incompatibility issue of the
HER and OER catalysts working in the same electrolyte, but also offer time-saving
preparation and hence reduce the total cost of water electrolyzers. Recently, transition
metal oxides/hydroxides and phosphides have been reported as bifunctional catalysts.51
For example, H2–CoCat, metallic cobalt coated with a cobalt-oxo/hydroxo-phosphate
layer can be prepared via electrodeposition in a phosphate buffer containing cobalt
salts.51 It is able to mediate H2 evolution in aqueous solution. Remarkably, it can be
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converted via anodic equilibration into the amorphous cobalt oxide film (O2-CoCat or
CoPi) catalyzing O2 evolution. The switch between the two catalytic forms is fully
reversible and corresponds to a local interconversion between two morphologies and
compositions at the surface of the electrode. Based on the above factors, H2-CoCat
functions as a robust, bifunctional, and switchable catalyst for overall water splitting
albeit with mediocre performance. Last year, we reported that an electrodeposited Co-P
film (10% phosphorous doped in metallic cobalt) could act as a bifunctional and
competent electrocatalyst for both HER and OER under strongly alkaline condition (1.0
M KOH).52 Analogous to the case of Co-P film, Ni-P has long been used for HER
catalysis. In 2005, Rodriguez et al. reported density functional theory (DFT) calculation
results suggesting promising HER activities of Ni2P (001) as the dilution effect of
phosphorous would make Ni2P (001) behave more like hydrogenases rather than pure
metal.53 It was suggested that the negatively charged phosphorous atoms and isolated
nickel atoms could function as proton and hydride acceptor sites, respectively. Currently,
nickel phosphides are among the most active category of HER catalysts, whose catalytic
performance are quickly approaching those of benchmark platinum groups. Parallel to the
rapid development of cobalt phosphides for electrocatalytic overall water splitting, we
report that a facile potentiodynamic electrodeposition using common nickel and
phosphorous reagents (NiCl2 and NaH2PO2) is able to prepare a nickel-phosphide-derived
(Ni-P) film on copper. The as-prepared Ni-P films can be directly utilized as
electrocatalysts for both HER and OER simultaneously in strong alkaline electrolyte (1 M
KOH). Details of preparation, characterization, and catalytic performance of Ni-P film
are presented in Chapter III.
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1-3. Background of Stage 2
Rapid growth of global energy demands, declining fossil fuel reserves, and
climate change resulting from the utilization of fossil fuels collectively drive the
academic interest to explore renewable and clean energy resources.54 As such,
electrochemical or photo-electrochemical water splitting with renewable energy input,
such as solar and wind, to produce H2 and O2 has been widely recognized as a promising
approach to meet future energy needs with minimal environmental impact.55 However,
the oxidative half reaction of water splitting, the O2 evolution reaction (OER), is always
the bottleneck of the overall water splitting process because of its more sluggish
kinetics;1 while the product of OER, O2, is not a chemical of high market value. On the
other hand, even though H2 is a great energy carrier (and fuel) produced from water
splitting, there are no carbon-based organic compounds that could be derived from water
splitting electrocatalysis. In fact, fossil materials still play the dominant role in producing
organic chemicals. Therefore, it will be highly desirable to replace OER with alternative
organic oxidation reactions which are not only more thermodynamically favorable than
OER but also produce carbon-based products of significant value. Under this scenario,
two types of value-added products (i.e., H2 and upgraded organic compound) will be
yielded at both the cathode and anode of an electrolyzer, maximizing the return of
voltage input.
In order to replace the fossil-based energy sector, a sustainable energy strategy
should not only produce clean fuels but also provide sustainable carbon-based feedstocks
for the production of chemicals and materials.56 Biomass refining has attracted increasing
attention these years, as biomass is the largest natural source of carbon whose utilization
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will not alter the carbon balance of the current ecosystem because biomass stores
contemporary carbon.57 One class of the major dehydration products of raw biomass, the
furan compounds, is considered to hold excellent potential for the production of valueadded chemicals.58 For instance, 5-hydroxymethylfurfural (HMF), one of those furan
compounds, is considered as a platform chemical,59 which can serve as a starting material
for the production of various compounds with important industrial applications, such as
plastics, polymers, and fuels.60 One of the HMF oxidation products, 2,5 furandicarboxylic
acid (FDCA) can serve as a monomer to produce important polymeric materials,61 such
as polyethylene terephthalate and poly(ethylene 2,5-furandicarbocylate).62 In addition,
FDCA has a large potential as a replacement for terephthalic acid, a widely used
component in various polyesters, such as polyethylene terephthalate and
polybutyleneterephthalate.63
Although HMF oxidation has been studied, most reported strategies require harsh
conditions (toxic chemical oxidants, high O2 or air pressure, and elevated temperature)
and expensive catalysts (Pt, Au, and Pd).64 These energy-demanding and high-cost
upgrading strategies prompt us to develop alternative methods which ideally only utilize
inexpensive catalysts and work under ambient conditions. We reason that electrocatalysis
represents an advantageous route, since it is solely driven by electrochemical potential
and no chemical oxidants are required. However, very few reports of electrocatalytic
HMF oxidation have been published, mainly due to the lack of effective
electrocatalysts.65 Most reported systems relied on noble metal electrodes.62 In some
cases, redox mediators, like 2,2,6,6-tetramethylpiperidine 1-oxyl, were needed to achieve
appreciable conversion of HMF to FDCA.65
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On the other hand, electrocatalytic water splitting with renewable energy input
has been recognized as a promising approach to produce clean H2 fuel.66 However, its
widespread deployment is hindered by costly catalysts and low overall energy conversion
efficiency.67 In fact, the kinetic bottleneck of water splitting is the O2 evolution reaction
(OER) whose product, O2, is not a compound of high value. Consequently, it is attractive
to replace OER with alternative oxidation reactions which are not only more
thermodynamically and kinetically facile but are also able to produce highly valuable
products, such as bio-products from biomass valorization.
Therefore, we reason that it is highly desirable to develop competent and low-cost
electrocatalysts to integrate oxidative biomass upgrading with H2 production in a single
electrolyzer. In the present study, we report that electrodeposited Co-P can be directly
utilized as the electrocatalyst for the conversion of HMF to FDCA in alkaline solution. A
nearly complete HMF conversion and 90% yield of FDCA were obtained in 1.0 M KOH
under ambient condition (1 atm and room temperature). Simultaneously, Co-P was able
to catalyze H2 evolution as the cathode reaction with 100% Faradaic efficiency as well.
Details of preparation, characterization, and catalytic performance of Co-P film are
presented in Chapter IV as well as distribution of products.
1-4. Background of Stage 3
Hydrogen (H2) is commodity chemical with many industrial applications (e.g.,
ammonium synthesis and hydrogenation in petrochemical refining).3 In addition, H2 is a
clean fuel (i.e., H2 fuel cell) and also viewed as a green energy carrier in a future
“hydrogen economy”.2 Currently, the majority of global H2 supply is from the
reformation of fossil sources,4 which is an energy-intense and unsustainable approach,
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also increasing the atmospheric CO2 level. Hence, H2 generated from water electrolysis
with renewable energy inputs is a promising alternative approach. However, due to the
thermodynamic requirements and slow kinetics of water splitting, a large voltage input is
typically required in conventional water electrolyzers (1.8 to 2.2 V) to achieve
appreciable current densities (> 200 mA/cm2).1 The diffusive and intermittent nature of
renewable energy sources often result in mediocre power density. For instance, 10
mA/cm2 has been widely adopted as a benchmark current density for solar-driven water
electrolysis. Such a small current density limits the rates of H2 and O2 evolution reactions
(HER and OER) of water splitting. Even if an ostensibly gas impermeable membrane is
utilized in water electrolyzers, gas cross over could not be avoided completely, which is
even more severe if the H2 and O2 evolution rates are comparable to their migration rates
across the membrane.68 Therefore, it is imperative to develop novel water splitting
strategies to decouple HER from OER. More preferably, the voltage input could be
substantially reduced, thus a wider solar spectrum could be utilized in the case of lightdriven water electrolysis.
Indeed, decoupled water splitting has been reported with the application of
electron-coupled-proton buffers (ECPBs).69 Cronin and coworkers demonstrated that
polymolybdenate acids and qunione derivatives could act as ECPBs to decouple water
splitting. The redox potentials of these water-soluble ECPBs are positioned between the
HER and OER onsets. When a three-chamber two-membrane electrochemical cell was
employed, these ECPBs will be charged in the middle chamber while HER and OER
occur in the two side-chambers, respectively. Initially, the reduction of ECPB will be
coupled with OER in the anodic chamber with a smaller voltage input relative to two-
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electrode water splitting. Subsequently, the reduced ECPB will be reoxidized and this
process is coupled with HER in the cathodic chamber. Such a HER/OER decoupling
strategy generates H2 and O2 at different time in different chambers. Not only the H2/O2
mixing issue can be solved but also the rates of HER and OER are not dependent on each
other, paving the way to produce H2 at elevated pressure. However, the required strongly
acidic electrolyte (pH < 1) largely limits the scope of available electrocatalysts,
particularly for OER, as most of the earth-abundant OER electrocatalysts cannot survive
strongly acidic conditions. The required proton migration between three chambers also
result in a great pH gradient and hence a large ohmic resistance. Finally, the threechamber two-membrane configuration is rather sophisticated and also renders large
transmembrane resistance. With these considerations in mind, we sought to explore a new
decoupling strategy with proton-independent redox mediator. Given the preference for
long-term operation and the corrosive nature of strongly acidic electrolytes, we prefer to
develop this new decoupling approach under neutral conditions.
Herein, we introduce (ferrocenylmethyl) trimethylammonium chloride and
Na4[Fe(CN)6] as protonindependent 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. Experimental
details for this project are presented in Chapter V.
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CHAPTER II
NICKEL SULFIDES FOR ELECTROCATALYTIC HYDROGEN EVOLUTION
UNDER ALKALINE CONDITIONS: A CASE STUDY OF CRYSTALLINE NiS, NiS2,
AND Ni3S2 NANOPARTICLESb
2-1. Abstract
Electrocatalytic water splitting to produce H2 plays an important role in the
capture, conversion, and storage of renewable energy sources, such as solar energy and
wind power. As the reductive half reaction of water splitting, H2 evolution reaction
(HER) suffers from sluggish kinetics, and hence competent HER catalysts are needed.
Despite being excellent HER catalysts, noble metal-based catalysts (i.e. Pt) are too
expensive to be economically competitive. Therefore, low-cost catalysts composed of
solely earth-abundant elements have attracted increasing attention these years, among
which nickel-based HER catalysts, particularly nickel chalcogenides, are considered as
promising candidates. Although many nickel chalcogenides, including NiS, NiS2, and
Ni3S2, have been reported for hydrogen evolution, their intrinsic catalytic activities have
never been investigated and compared in detail under the same conditions. Most of the
previous investigations were limited to only one species of nickel chalcogenides under
very unique conditions, rendering a fair comparison of their HER activities impossible.
Herein, we report the preparation and characterization of three crystalline nickel sulfides,
NiS, NiS2, and Ni3S2, with comparable crystal sizes and specific surface areas. Detailed
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electrochemical studies under strongly alkaline conditions coupled with theoretical
computations were performed to probe their intrinsic HER activities, resulting in the
order of Ni3S2 > NiS2 > NiS. The superior HER performance of Ni3S2 mainly stems from
the combined effect of large electrochemically active surface area and high conductivity
(metallic conductor vs. semiconductor).
2-2. Introduction
Water splitting with renewable energy input to produce H2 and O2 has been
widely considered as a promising approach to alleviate our reliance on fossil fuels, match
growing energy demands, and simultaneously satisfy increasingly stringent
environmental regulations because of the clean nature of H2 as a fuel.1–3 Water splitting
consists of two half reactions: H2 evolution reaction (HER) and O2 evolution reaction
(OER), both of which are multi-electron/multi-proton transfer processes and require
catalysts to proceed at appreciable rates.4 State-of-the-art HER catalysts are usually
composed of noble metals, such as Pt, whose limited reserve and thus high cost limit their
large-scale applications. Hence, there remains an urgent need to develop competent and
earth-abundant HER catalysts prepared by low-cost methods.
Recent years have witnessed the emergence of a wide library of solid-state
catalysts composed of earth-abundant elements, such as metal chalcogenides,5–7
carbides,8–13 borides,8 and alloys.14 First-row transition metals are also frequently
reported with competent HER activities; noteworthy examples include metal sulfides,15,16
selenides,17,18 and phosphides.19,20 Due to their thermodynamic convenience and potential
application in proton exchange membrane electrolyzers, most of the reported HER
catalysts were developed and investigated under strongly acidic conditions. The
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preparation of these catalysts typically requires toxic gas treatment at elevated
temperature. To eventually realize overall water splitting catalysis, the integration of
HER and OER catalysts in the same electrolyte is mandatory. Because the
overpotential loss of OER in acidic electrolytes is much larger than that of HER in basic
media and most OER catalysts are vulnerable in acidic electrolytes, our group is
particularly interested in developing and understanding high performance HER catalysts
under alkaline conditions.21 Due to its terrestrial abundance and involvement in [NiFe]
hydrogenases,22 nickel has long been sought as a promising candidate for HER catalysis.
Indeed, a variety of nickel-based catalysts have emerged for electrocatalytic H2
production recently. Typical examples include nickel alloys,14, 23 sulfides,24–26 selenides,27
oxides/hydroxides,28 and phosphides,29 among which nickel sulfides are one of the most
investigated because of their low cost, facile preparation, and high catalytic activity. In
fact, many nickel sulfide-based HER catalysts of different crystal structures have been
reported for H2 evolution under acidic, neutral, or alkaline conditions. For instance,
metal-organic framework-derived NiS nanoframes have been demonstrated as HER
catalysts in 1.0 M KOH.25 Similarly, NiS2 of various nanostructures was reported to
exhibit remarkable HER catalytic performance in strongly acidic electrolytes.30,31 Last
year, our group reported an electrodeposited Ni-S film with active and robust HER
activity not only in neutral buffer but also in natural water.32
A suite of characterization techniques, including X-ray absorption spectroscopy,
were conducted and the main composition of the Ni-S film was revealed to be Ni3S2.32
This was the first time that Ni3S2 was found to be a competent HER catalyst. Although
the three main crystalline forms of nickel sulfides, NiS, NiS2, and Ni3S2, have all been
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separately studied as HER catalysts, a fair comparison of their performance on an equal
footing has been challenging because of the diverse conditions employed in the
aforementioned and other related studies. In order to gain a deeper understanding of their
intrinsic HER activities, it is necessary to examine them under the same conditions in
order to build a composition-structure-performance relationship of nickel sulfides for the
development of improved HER catalysts. Herein, we report a facile and novel
microwave-assisted preparation of three crystalline nickel sulfides, NiS, NiS2, and Ni3S2.
Various physical characterization techniques were conducted to confirm that their crystal
sizes and specific surface areas are within the same magnitude. Detailed electrochemical
studies under strongly alkaline conditions revealed that the HER catalytic performance of
the three nickel sulfides followed this order: Ni3S2 > NiS2 > NiS. The highest HER
activity of Ni3S2 is attributed to the combined effect of large electrochemically active
surface area, high conductivity, and unique surface chemistry beneficial for water
dissociation, which is a critical step for H2 evolution under strongly alkaline conditions.
To the best of our knowledge, this is the first comparative study of the electrocatalytic
HER performance of three crystalline nickel sulfides under strongly alkaline conditions.
2-3. Materials and physical methods
Materials
Nickel acetate tetrahydrate, sulfur, oleylamine, Nafion solution (5 wt% in
alcohols), and ethanol were all purchased from commercial vendors and used directly
without any further purification. Water was deionized (18 MΩ) with a Barnstead E-Pure
system.
Catalyst characterization
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Powder X-ray diffraction patterns were recorded on a Rigaku Miniflex II desktop
X-ray diffractometer. Scanning electron microscopy (SEM) images were collected using
a FEI QUANTA FEG 650 (FEI, USA). Elemental analysis of nickel and sulfur was
performed on a Thermo Electron iCAP inductively coupled plasma spectrophotometer.
Surface area results were obtained by nitrogen sorption on an Autosorb iQ automated gas
sorption analyzer (Quantachrome Instruments, USA). Before measurements, the samples
were degassed under vacuum at 200 °C for 6 h. The Brunauer–Emmett–Teller (BET)
method was utilized to calculate the specific surface area. X-ray photoelectron
spectroscopy analyses were conducted on a Kratos Axis Ultra instrument (Chestnut
Ridge, NY). The samples were affixed on a stainless steel Kratos sample bar, loaded into
the instrument's load lock chamber, and evacuated to 5 × 10−8 Torr before being
transferred into the sample analysis chamber under ultrahigh vacuum conditions (~10−10
Torr). X-ray photoelectron spectra were taken using a monochromatic Al Kα source
(1486.7 eV) at a 300 × 700 μm spot size. Low-resolution survey and high-resolution
region scans at the binding energies of interest were performed for each sample. To
minimize charging, the samples were flooded with low-energy electrons and ions from
the instrument's built-in charge neutralizer. The samples were first sputter cleaned inside
the analysis chamber with 1 keV Ar+ ions for 30 seconds to remove adventitious
contaminants and surface oxides. Data were analyzed using CasaXPS software, and
energy corrections on the high-resolution scans were calibrated by referencing the C 1s
peak of adventitious carbon to 284.5 eV.
Electrochemical measurements
For the electrochemical measurements of each catalyst, 4 mg of the catalyst was
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mixed with 1.16 mL of ethanol, 0.8 mL of water, and 0.04 mL of 5% Nafion solution.
The mixture was sonicated for at least 30 min until a black homogeneous catalyst ink was
obtained. 2.5 μL of the catalyst ink was deposited on the surface of a rotating disk glassy
carbon electrode or a carbon paste electrode 4 times in order to obtain an electrode
surface with even distribution of the catalyst. The catalyst loaded electrode was dried and
stored under vacuum at room temperature. Electrochemical experiments were performed
on a Gamry Interface 1000 potentiostat workstation with a three-electrode cell system. A
rotating disk glassy carbon electrode (d = 3 mm, S = 0.07065 cm2) coated with the nickel
sulfide catalyst ink was used as the working electrode, a Ag/AgCl (sat. KCl) electrode
(CH Instruments) as the reference electrode, and a Pt wire as the counter electrode. The
reference electrode in aqueous media was calibrated with ferrocenecarboxylic acid whose
Fe3+/2+ couple is +0.284 V vs. SCE. All potentials reported in the paper were converted to
vs. RHE (reversible hydrogen electrode). iR (current times internal resistance) correction
was applied for linear sweep voltammetry and controlled potential electrolysis
experiments to account for the voltage drop between the reference and working
electrodes using Gamry Framework™ Data Acquisition Software 6.11. The linear sweep
voltammetry experiments were conducted in a N2-saturated 1.0 M KOH electrolyte at a
scan rate of 2 mV/s and a rotating speed of 2000 rpm. Electric impedance spectroscopy
measurements in deaerated 1.0 M KOH were carried out in the same configuration at
multiple potentials from 105 to 0.1 Hz with an AC potential amplitude of 30 mV. The
durability of each catalyst for electrocatalytic H2 evolution in deaerated 1.0 M KOH was
assessed via long-term controlled potential electrolysis at -0.377 V vs. RHE for 20 h. The
working electrode used in long-term electrolysis was a home-made carbon paste
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electrode. 1 g of graphite powder and 0.25 g of white paraffin wax were loaded into a 25
mL round-bottom flask, followed by the addition of 5 mL of hot toluene and sonication
for 5 min. The final conductive graphite powder was obtained by solvent removal under
vacuum. The carbon paste electrode was made via pressing the carbon paste powder into
the void cavity of a home-made electrode linked to a copper wire for alligator connection.
Theoretical computation methods
The theoretical computations of the three nickel sulfides were performed by using
the Vienna ab initio simulation package (VASP) code.33 The ion-electron interaction is
described with the projector augmented wave (PAW) method.34 Electron exchange
correlation is represented by the Perdew-Burke-Ernzerh of (PBE) functional of
generalized gradient approximation (GGA).35 A cutoff energy of 450 eV was used for the
plane-wave basis set. The convergence threshold for structural optimization was set to be
0.02 eVÅ−1 in force. For geometry optimization, the Brillouin zone was sampled by a 7 ×
7 × 7 Monkhorst-Pack k-point mesh, while a larger 19 × 19 × 19 k-point mesh was used
for computing the density of states. To take into account the electronic correlation of Ni
3d electrons, a simple rotationally invariant DFT+U version was used,36 which has been
successfully applied to many strongly correlated systems, including nickel oxides and
transition metal sulfides with accurate prediction on the structural, magnetic, and surface
properties. In this method, parameters U and J represent the on-site Coulomb interaction
energy and exchange energy, respectively. For the calculations herein, U and J were fixed
at 4.5 and 0.9 eV, respectively.
2-4. Preparation of Catalysts
All three nickel sulfides were synthesized via a convenient microwave-assisted
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solvothermal method. In a typical synthesis of NiS, 1 mmol of nickel acetate and 10 mL
of oleylamine were placed into a 35 mL microwave reactor tube, followed by sonication
for at least 30 min until a clear blue solution was obtained. Subsequently, 1.5 mmol of
sulfur powder was added to the solution and the resulting mixture was stirred until sulfur
was dissolved completely. The mixture was microwave-heated at 260 °C for 10 min,
followed by cooling down to room temperature gradually. The reaction mixture was
centrifuged and the solid product was washed with a copious amount of ethanol to
remove residual sulfur and solvents. The final product was dried and stored under
vacuum. NiS2 and Ni3S2 were synthesized in a similar fashion, except that the added
amounts of sulfur were adjusted to 10 and 0.7 mmol, respectively.
2-5. Results and discussion
Characterization of NiS, NiS2 and Ni3S2
There are two common forms of NiS: α-NiS and β-NiS. α-NiS adopts a hexagonal
nickel arsenide structure (Figure 2-1a), wherein each nickel atom is not only surrounded
octahedrally by six sulfur atoms, but also approached fairly closely by two other nickel
atoms, in which the Ni-Ni distance is ~2.68 Å, implying a considerable degree of metalmetal bonding. The second common nickel sulfide is cubic NiS2 of the pyrite structure
(Figure 2-1b), which contains discrete S2 units. The S-S distance of these S2 units is very
close to that of a single S-S bond. This structure can be visualized as a distorted NaCl
structure, where nickel atoms occupy the Na positions while S2 groups are positioned
with their centers at the Cl positions. The heazlewoodite Ni3S2 crystallizes in a
rhombohedral structure (Figure 2-1c), in which each nickel atom sits at a
pseudotetrahedral site in an approximately body centered cubic sulfur lattice. The Ni3S2
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units were interconnected by short Ni-S (2.29 Å) and Ni-Ni (2.53 Å) distances, leading to
appreciable metal-metal bonding interaction between nickel atoms. The trigonal
bipyramidal core of Ni3S2 is also highlighted in Figure 2-1c. Despite the distinctive
stoichiometry and structure, all these three nickel sulfides were reported to be active
catalysts for electrocatalytic hydrogen production under various conditions.

Figure 2-1. Unit cell structures, scanning electron microscopy images, and XRD patterns
of (a) NiS, (b) NiS2, and (c) Ni3S2. The red vertical lines in each XRD plot indicate the
theoretical pattern. Purple: Ni; yellow: S. The scale bars in these electron microscopy
images are 500 nm.
By simply adjusting the molar ratios of the starting nickel and sulfur precursors in
oleylamine via a microwave-assisted solvothermal method, we were able to obtain highly
crystalline nickel sulfides of the three crystal structures, hexagonal NiS, cubic NiS2, and
trigonal Ni3S2. The purity and crystallinity of these nickel sulfides were first confirmed
by X-ray diffraction (XRD) measurements. Figure 2-1 shows the XRD pattern of each
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nickel sulfide, NiS (JCPDS no. 02-1280), NiS2 (JCPDS no. 11-0099), and Ni3S2 (JCPDS
no. 44-1418). No impurity peaks were observed in all the three XRD patterns. The sharp
and narrow XRD peaks demonstrated the high crystallinity of each nickel sulfide. Based
on the Scherrer equation and the most prominent XRD peak of each sample, the
calculated crystal sizes of NiS, NiS2, and Ni3S2 are 28.6, 25.7, and 55.2 nm, respectively.
The morphology of each sample was revealed by scanning electron microscopy (SEM).
As included in Figure 2-1, the SEM images of all the three samples present globular-like
nanoparticles with the particle size ranging from 20 to 60 nm, in good agreement with the
XRD derived crystal sizes. The specific surface area of each sample was measured by
nitrogen sorption (Figure 2-2). The calculated specific surface areas based on the BET
method are 47.6, 21.1, and 37.8 m2/g for NiS, NiS2, and Ni3S2, respectively. Elemental
analysis was also performed to obtain the molar ratios of Ni : S as 0.51, 1.03, and 1.51
for NiS, NiS2, and Ni3S2, respectively, which are highly consistent with the
corresponding stoichiometric ratios of 0.5, 1.0, and 1.5. Finally, X-ray photoelectron
spectroscopy (XPS) was carried out to probe the valence states of nickel and sulfur in
each sample (Figure 2-3). Figure 2-3a compares the survey spectra of NiS, NiS2, and
Ni3S2. All the observed peaks can be assigned to anticipated elements, including Ni, S,
and adventitious C. The O signal is likely to be due to the partial oxidation of nickel
sulfides during sample preparation for XPS measurements. No other metal impurities
were detected. The high-resolution Ni 2p spectra display peaks at 852.9 and 870.1 eV,
corresponding to Ni 2p3/2 and 2p1/2 features, respectively.37 The essentially similar
binding energies of the Ni 2p3/2 peaks of NiS, NiS2, and Ni3S2 were well anticipated,
since it is known that the process giving rise to the Ni 2p3/2 peak is mainly of metal
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character bearing little contribution from the sulfur atoms. Therefore, the nickel 2p3/2
peaks of nickel sulfides are very close in position to that of metallic nickel (852.5 ± 0.2
eV). The high resolution S 2p region is shown in Figure 2-3c. The analogous broad
feature between 162 and 164 eV for all the three samples is essentially an overlap of the
S 2p1/2 and 2p3/2 peaks, consistent with the reported spectra of nickel sulfides.32 In
summary, the aforementioned experimental results, including those of XRD, SEM, BET,
ICP, and XPS, unambiguously demonstrate that the three crystalline nanoparticles, NiS,
NiS2, and Ni3S2, have been synthesized successfully. The nanoparticle sizes and specific
surface areas are within the same magnitude for all the three nickel sulfides which also
bear similar globular morphologies.

Figure 2-2. N2 sorption isotherms of NiS (black), NiS2 (blue), and Ni3S2 (red).
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Figure 2-3. XPS spectra of NiS (black), NiS2 (blue), and Ni3S2 (red): (a) survey, (b) Ni
2p region, and (c) S 2p region.
Catalytic activity of NiS, NiS2 and Ni3S2
The electrocatalytic HER performance of the three nickel sulfides was first
evaluated via linear sweep voltammetry (LSV) in an alkaline electrolyte (1 M KOH). A
typical three electrode configuration was utilized, where the working electrode was
prepared by drop casting each catalyst ink onto the surface of a rotating disk glassy
carbon electrode with a loading amount of 0.283 mg/cm2. Figure 2-4 compares the LSV
curves of NiS, NiS2 and Ni3S2 at a scan rate of 2 mV/s and a rotation speed of 2000 rpm.
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It's worth noting that the rotation rate varied between 1200 and 2400 rpm for each sample
and a negligible difference was obtained (Figure 2-5). As shown in Figure 2-4a, all three
samples enabled electrocatalytic H2 evolution under negative bias, but there was a
marked difference in performance. It is apparent that Ni3S2 exhibited the smallest onset
potential and was able to reach a current density of 10 mA/cm2 at an overpotential (η) of -335 mV. The activities of NiS2 and NiS followed that of Ni3S2, achieving 10 mA/cm2 at
overpotentials of -454 and -474 mV, respectively. The corresponding Tafel plots of these
three catalysts are shown in Figure 2-4 b–d. Linear fitting of all the Tafel plots brought
about the Tafel slopes of 124, 128, and 97 mV per decade for NiS, NiS2 and Ni3S2,
respectively.

Figure 2-4. (a) Linear sweep voltammograms of NiS (black), NiS2 (blue), and Ni3S2 (red)
collected in 1 M KOH at a scan rate of 2 mV/s and arotating speed of 2000 rpm and the
Tafel plots of NiS (b), NiS2 (c), and Ni3S2 (d) derived from the corresponding linear
sweep voltammograms. The green dashed lines are the linear fittings.
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Figure 2-5. Rotation rate dependence of linear sweep voltammograms of (a) NiS, (b)
NiS2, and (c) Ni3S2 in 1.0 M KOH.

42
Besides the catalytic onset and Tafel slope, another crucial factor in the evaluation
of an electrocatalyst is its stability under long-term working conditions. Thus, controlled
potential electrolysis was subsequently conducted to assess the robustness of NiS, NiS2,
and Ni3S2 for HER catalysis in 1 M KOH (Figure 2-6). At an applied potential of -0.377
V vs. RHE, all the three nickel sulfides exhibited a stable cathodic current over 20 h
(Figure 2-6a), resulting in nearly linear charge accumulation versus time (Figure 2-6b).

Figure 2-4. Long-term controlled potential electrolysis of the three nickel sulfides in 1.0
M KOH at -0.377 V vs. RHE showing the current (a) and accumulated charge (b) over
time.
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As expected, Ni3S2 possessed the highest current density and hence produced the largest
amount of H2, followed by NiS2 and then NiS. The induction period shown in the
chronoamperometric curve of Ni3S2 is likely due to its surface arrangement and the
dissolution of nickel oxides on the catalyst surface under cathodic potentials. These
results demonstrate that all these nickel sulfides can catalyze H2 evolution continuously
for an extended period of time albeit with different efficiency.
To better understand their HER performance trend and intrinsic activities, we
should also consider the electrochemically active surface area (ECSA) of each catalyst,
which is well known to significantly impact the electrocatalytic performance of a
catalyst. Since it is very challenging to directly measure the absolute ECSA, a widely
adopted method is to derive the relative ECSA based on the measurement of double-layer
capacitance in the non-faradaic potential region.38 It is generally accepted that the doublelayer capacitance is linearly proportional to ECSA.38 The double-layer capacitance of a
catalyst can be conveniently deduced from cyclic voltammetry measurements at various
scan rates. For instance, the cyclic voltammograms of Ni3S2 in -0.11 to -0.23 V vs. RHE
at different scan rates are displayed in Figure 2-7a. Similar cyclic voltammograms could
be obtained for NiS and NiS2 (Figure 2-8). Plotting the difference in current densities of
each anodic and cathodic scan versus the scan rate resulted in a linear relationship for
each catalyst (Figure 2-7b). Linear fitting of these plots produced capacitance values of
310, 445, and 741 μF/cm2 for NiS, NiS2, and Ni3S2, respectively. Assuming a doublelayer capacitance of 40 μF/cm2 for a smooth working electrode,39 the roughness factors of
these nickel sulfides were calculated to be 7.75 (NiS), 11.13 (NiS2), and 18.53 (Ni3S2).
Accordingly, the electrochemically active surface areas of NiS, NiS2, and Ni3S2 are 0.55,
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Figure 2-5. (a) Cyclic voltammograms of Ni3S2 in 0.11-0.21 V vs. RHE at scan rates
from 1 to 10 mV/s in 1.0 M KOH. (b) Scan rate dependence of the current densities of
NiS, NiS2, and Ni3S2 (dotted lines) at 0.16 V vs. RHE and their corresponding linear
fittings (solid lines). (c) Comparison of the physical surface area (red) and
electrochemically active surface area (ECSA, blue) of NiS, NiS2, and Ni3S2.
0.79, and 1.31 cm2, respectively. On the other hand, based on the loading amount of each
catalyst on the working electrode, their physical surface areas were estimated to be 9.51,
4.21, and 7.56 cm2 for NiS, NiS2, and Ni3S2, respectively. Fig. 2-7c compares the
physical surface areas and ECSA of the three nickel sulfides. Although NiS possessed the
largest physical surface area, its ECSA was the smallest. On the other hand, NiS2 with the
smallest physical surface area in fact had a larger ECSA than NiS. In agreement with its
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highest HER activity, Ni3S2 showed the largest ECSA, nearly two times that of NiS2 and
three times that of NiS. It is interesting to note that all the measured ECSAs are smaller
than the physical surface areas, which is well anticipated since not all surface sites are
active for HER electrocatalysis. In fact, taking Ni3S2 as an example, only about 17% of
its physical surface area functions towards H2 production.

Figure 2-8. Cyclic voltammograms of (a) NiS and (b) NiS2 in 0.11-0.21 V vs. RHE at
scan rates from 1 to 10 mV/s in 1.0 M KOH.
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The conductivity of a catalyst is another important factor that affects its overall
electrocatalytic performance. Electrochemical impedance spectroscopy (EIS) was
conducted to reveal the conductivity of these three nickel sulfides. Figure 2-9 presents the
EIS results of the three samples measured at η = -257 mV. Each Nyquist plot starts at a
resistance of 10-20 Ω, which is ascribed to the internal resistance of the strongly alkaline
electrolyte. The fitted intrinsic resistance of Ni3S2 was 118 Ω, much smaller than those of
NiS2 (264 Ω) and NiS (378 Ω) and in line with the best HER activity of Ni3S2. The Bode
plots and corresponding fitting curves are included in Figure 2-10 As shown in Figure 29, at a low-frequency region, a diagonal line with a slope of ~45° appears at the end of
the EIS spectra of NiS2 and NiS, implying substrate diffusion controlled kinetics, which
further suggests that the relatively slow water dissociation plays an important role in the
HER mechanism of NiS2 and NiS.

Figure 2-9. Nyquist plots of NiS (black), NiS2 (blue), and Ni3S2 (red) at -0.257 V vs.
RHE.
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Figure 2-10. Bode plots (circles) and corresponding fitting curves (solid) of (a) NiS, (b)
NiS2, and (c) Ni3S2.
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Theoretical computations
Finally, we conducted theoretical computations to gain more understanding of the
electronic structures of NiS, NiS2, and Ni3S2. Due to their rich electronic properties and
diverse applications, nickel sulfides have been a subject of considerable theoretical
investigations.40,41 However, due to the use of different calculation methods in previous
studies, it is difficult to allow a fair comparison of the electronic properties of nickel
sulfides with different crystal structures. Herein, density functional theory (DFT)
computations of the three nickel sulfides were performed. It should be noted that all the
calculations were based on the DFT+U method, in order to obtain more accurate
predictions as demonstrated previously.36 Figure 2-11 shows the total and sitedecomposed density of states for the three nickel sulfides. These plots reveal that the
dominant interactions and contributions (in conduction bands and valence bands or at the
Fermi level) are Ni 3d-S 3p in character for all the nickel sulfides, whereas the S 3s
orbitals have little contribution. The most apparent difference in the computed electronic
structures among the three nickel sulfides is that Ni3S2 was found to be metallic with its
Fermi level crossing the Ni 3d orbitals, while both NiS and NiS2 were semiconductors
with band gaps of ~1.1 and ~0.4 eV, respectively. These results are consistent with the
EIS measurements. Since a larger band gap leads to higher resistance and hence lower
conductivity, the theoretical computation results further corroborate the HER activities of
the three metal sulfides in the order of Ni3S2 > NiS2 > NiS.

49

Figure 2-11. The calculated total (per cell) and site-decomposed (per atom) density of
states for (a) NiS, (b) NiS2, and (c) Ni3S2. The Fermi level is denoted by the dashed lines
at energy = 0 eV.
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2-6. Conclusion
In summary, the crystalline nanoparticles of three nickel sulfides, NiS, NiS2, and
Ni3S2, were prepared via a facile microwave-assisted solvothermal method. Under the
optimized synthetic conditions, the nanoparticle sizes and specific surface areas of these
nickel sulfides could be controlled within the same magnitude. A detailed
electrochemical study of the H2 evolution activities of these nickel sulfides was
conducted under strongly alkaline conditions. Theoretical computations were also
performed to aid in the understanding of the electronic structures of NiS, NiS2, and Ni3S2.
It was found that Ni3S2 exhibited the best performance for electrocatalytic HER, which
could be rationalized by its large electrochemically active surface area and high intrinsic
conductivity.
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CHAPTER III
NICKEL PHOSPHIDES AS COMPETENT ELECTROCATALYSTS FOR OVERALL
WATER SPLITTINGc
3-1. Abstract
Efficient, stable, and low-cost electrocatalysts are crucial for realizing large-scale
water splitting. Herein, we report that electrodeposited nickel-phosphorous (Ni-P) films
can act as efficient bifunctional electrocatalysts for overall water splitting. The asprepared Ni-P films exhibit remarkable catalytic performance for both H2 and
O2 evolution reactions (HER and OER) in alkaline media, achieving a current density of
10 mA/cm2 at overpotentials of -93 mV for HER and 344 mV for OER with Tafel slopes
of 43 and 49 mV/dec, respectively, rivaling the performance of Pt and IrO2. Various
techniques were employed to probe the composition and morphology of the Ni-P films
prior to and post catalysis, revealing the major composition of the as-prepared and postHER films as metallic nickel and nickel phosphide, which partially transform to nickel
oxides during OER. It was also found that the catalytic rate of OER catalyzed by Ni-P
was first order in the activity of the hydroxide anion.
3-2. Introduction
Electrocatalytic water splitting, which consists of H2 and O2 evolution reactions
(HER and OER), has attracted increasing interest in the last few years because of its

c

Adapted with permission from [Nan Jiang, Bo You, Meili Sheng, Yujie Sun,
ChemCatChem, 2016, 8, 106-112.]. Copyright 2015. WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. Reproduced by permission of WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim., http://onlinelibrary.wiley.com/wol1/doi/10.1002/cctc.201501150/abst
ract
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critical importance in the context of renewable energy research.

1-3

Most efforts in this

field are devoted to developing HER catalysts under strongly acidic conditions for
proton-exchange membrane electrolyzers, whereas OER catalysts operate under strongly
basic conditions for alkaline electrolyzers. Transition-metal chalcogenides,4-9 pnictides,1017

carbides, borides,18 and even metal-free materials19 have been reported for HER

catalysis in strongly acidic electrolytes. On the other hand, many innovative noble-metalfree OER catalysts based on the oxides/hydroxides of cobalt,20 nickel,21 manganese,22
iron,23 and copper24 have also been reported with mediocre to excellent OER catalytic
activities under basic conditions. Despite these advances, challenges for large-scale water
splitting catalysis still exist. For instance, to accomplish overall water splitting, it is
necessary to integrate both HER and OER catalysts in the same electrolyte.
Unfortunately, the current prevailing approaches often lead to inferior overall
performance because of the incompatibility of the two types of catalysts functioning
under the same conditions. Therefore, it is highly desirable to develop bifunctional and
low-cost electrocatalysts that are simultaneously active for both HER and OER in the
same electrolyte. As ionic conductivity is usually higher at extreme pH values than under
neutral conditions and the overpotential loss of OER is much larger than that of HER,
plus most OER catalysts are vulnerable in strongly acidic media, we are particularly
interested in developing competent bifunctional water splitting catalysts under strongly
alkaline conditions.
To increase the portfolio of bifunctional electrocatalysts for overall water
splitting, we report an electrodeposited nickel-phosphorous (Ni-P) film that can be
directly utilized as an electrocatalyst for both HER and OER under strongly alkaline
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conditions (1.0 M KOH). Although a few examples of nanostructured nickel phosphides
for overall water splitting have been reported very recently, most of them required harsh
synthetic conditions (e.g., high temperature, anaerobic) and/or toxic reagents (e.g., red
phosphorous, trioctylphosphine).11 We reason that electrodeposition represents a facile
and low-cost synthetic method under ambient conditions, which can significantly reduce
the preparation cost of water splitting catalysts for large-scale applications. Our Ni-P film
can be readily prepared by potentiodynamic deposition from NiCl2 and NaH2PO2 in the
presence of glycine (Figure 3-1). It is noted that glycine plays an important role in
controlling the deposition potential and rate of the Ni-P film. The Ni-P films are able to
reach a current density of 10 mA/cm2 with overpotentials of -93 mV for HER and 344
mV for OER with very small Tafel slopes of 43 and 49 mV/dec, respectively, rivalling
the performance of the state-of-the-art HER and OER catalysts, Pt and IrO2, respectively.
Mechanistic studies revealed that the catalytic rate of OER was first order in the activity
of the hydroxide anion. Even more appealing is that when the Ni-P films are deposited on
the anode and cathode for overall water splitting, excellent activity and stability for
overall water splitting can be achieved. Overall, the low-cost, efficient, robust, and
bifunctional nature of the Ni-P film renders it a competent catalyst for overall water
splitting.
3-3. Materials and physical method
Materials
Nickel chloride hexahydrate (NiCl26H2O), glycine, sodium hypophosphite
monohydrate (NaH2PO2H2O), sodium acetate (NaOAc), and potassium hydroxide
(KOH) were all purchased from commercial vendors and used directly without any
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further purification. Nafion 117 solution (5% in a mixture of lower aliphatic alcohols and
water) was purchased from Sigma-Aldrich. Copper foils (3MTM copper conductive
tapes, single adhesive surface) were purchased from Ted Pella, Inc. Water was deionized
(18 M) using a Barnstead E-Pure system.
Catalyst Characterization
Powder X-ray diffractions were recorded on a Rigaku MiniflexII Desktop X-ray
diffractometer. Scanning electron microscopy (SEM) images were collected on a FEI
QUANTA FEG 650 (FEI, USA). Elemental analysis of nickel and sulfur was obtained on
a Thermo Electron iCAP inductively coupled plasma spectrophotometer. Fourier
transform infrared (FTIR) spectroscopy was conducted on an IR100 Spectrometer
(Thermo Nicolet). The Raman spectra were recorded with a confocal Raman
microspectrometer (Renishaw, U.K.) under a 785 nm diode laser excitation. The
detection of the Raman signal was carried out with a Peltiercooled charge-coupled device
(CCD) camera. The software package WIRE 3.0 (Renishaw) was employed for spectral
acquisition and analysis. X-ray photoelectron spectroscopy analyses were conducted on a
Kratos Axis Ultra instrument (Chestnut Ridge, NY). The samples were affixed on a
stainless steel Kratos sample bar, loaded into the instrument’s load lock chamber, and
evacuated to 5  10-8 torr before it was transferred into the sample analysis chamber
under ultrahigh vacuum conditions (~10-10 torr). X-ray photoelectron spectra were taken
using the monochromatic Al Kα source (1486.7 eV) at a 300  700 μm spot size. High
resolution region scans at the binding energies of interest were taken for each sample. To
minimize charging, samples were flooded with low-energy electrons and ions from the
instrument’s builtin charge neutralizer. The samples were first sputter cleaned inside the
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analysis chamber with 1 keV Ar ions for 30 seconds to remove adventitious
contaminants and surface oxides. Data were analyzed using CasaXPS software, and
energy corrections on high resolution scans were calibrated by referencing the C 1s peak
of adventitious carbon to 284.5 eV
Electrochemical Measurements
Electrochemical experiments were performed on a Gamry Interface 1000
potentiostat workstation with a three-electrode cell system. The as-prepared Ni-P (d = 3
mm, S = 0.07065 cm2) was used as the working electrode, a Ag/AgCl (sat. KCl) electrode
(CH Instruments) as the reference electrode, and a platinum wire as the counter electrode.
All potentials reported in the paper were converted to vs RHE (reversible hydrogen
electrode) by RHE calibration using Pt as the working electrode for HER in a N2saturated electrolytes. iR (current times internal resistance) correction was applied for
linear sweep voltammetry and controlled potential electrolysis experiments to account for
the voltage drop between the reference and working electrodes using Gamry
Framework™ Data Acquisition Software 6.11. The linear sweep voltammetry
experiments were conducted in N2 saturated 1.0 M KOH electrolyte at a scan rate of 2
mV/s and a rotating speed of 2000 rpm. Electric impedance spectroscopy measurements
in deaerated 1.0 M KOH were carried out in the same configuration at multiple potentials
from 105 to 0.1 Hz with an AC potential amplitude of 30 mV. The produced H2 and O2
ratio during electrolysis was confirmed to be 2:1 via gas chromatography. The generated
H2 and O2 volumes were quantified with a SRI gas chromatography system 8610C
equipped with a Molecular Sieve 13 × packed column, a HayesSep D packed column,
and a thermal conductivity detector. The oven temperature was maintained at 60 ℃ and

61
argon was used as the carrier gas.
3-4. Preparation of catalyst films
Ni-P film
Prior to electrodeposition, copper foils were rinsed with water and ethanol
thoroughly to remove residual organic species. For linear sweep voltammetry
experiments, a circular copper foil with a 3 mm diameter was prepared and pasted on the
rotating disk glassy carbon electrode, then the assembled electrode was exposed to the
optimized deposition solution (50 mM NiCl2, 1 M NaH2PO2, 0.16 M glycine, and 0.1 M
NaOAc in water). A platinum wire was used as the counter electrode and a Ag/AgCl (sat.
KCl) electrode as the reference electrode. Nitrogen was bubbled through the electrolyte
solution for at least 20 min prior to deposition and maintained during the entire
deposition process. The potential of consecutive linear scans was cycled between 0.1 and
-1.1 V vs Ag/AgCl at a scan rate of 5 mV/s and a rotation rate of 500 rpm (Figure 3-1).
After deposition, the working electrode was rinsed with water and acetone gently and
dried under vacuum at room temperature, followed by direct use for electrocatalysis.
The HER and OER polarization curves of Ni-P films prepared via
potentiodynamic deposition cycles of 5, 10, 15, and 20 are compared in Figure 3-2. It is
apparent that the cycle number of 15 produced a Ni-P film with the best HER and OER
electrocatalytic activities. Hence, all the electrochemical experiments discussed in the
main text were conducted using the Ni-P films prepared via 15 cycles.
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Figure 3-1. A typical potentiodynamic deposition for the preparation of Ni-P film on a
copper foil (scan rate: 5 mV/s).
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Figure 3-2. HER (top) and OER (bottom) polarizations (1.0 M KOH; scan rate = 2 mV/s)
of Ni-P films prepared via different potentiodynamic deposition cycles.
NiOx film
The control NiOx catalyst films were prepared according to a reported method.27
Briefly, a copper foil with an exposed area of 0.3 cm2 was used as the working electrode
with platinum wire and Ag/AgCl (sat. KCl) as the counter and reference electrodes,
respectively. 10 mL 0.1 M NaBi with 1.0 mM Ni(NO3)2 was used as the electrolyte. Prior
to electrodeposition, the copper foil was rinsed with acetone and deionized water
thoroughly. Electrolysis was carried out at -1.2 V vs Ag/AgCl for three hours under
deaerated condition.
3-5. Results and discussion
Characterization of the Ni-P film
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The scanning electron microscopy (SEM) image of an as-prepared Ni-P film is
shown in Figure 3-3; it exhibits nearly complete coverage of the rough film on a copper
foil. The black holes in the film are potentially due to the formation of H2 bubbles during
the deposition of the film under negative potentials. The cross-section SEM image
(Figure 3-3b) reveals that the thickness of the film is around 3 μm. The elemental
mapping results of Ni-P confirm the presence of nickel and phosphorous, which are
homogeneously distributed over the entire film (Figure 3-4). The powder X-ray
diffraction (XRD) pattern is almost identical to that of a blank copper foil with no unique

Figure 3-3. Representative SEM overview (a) and cross-section (b) images of asprepared Ni-P films. High-resolution XPS spectra of Ni 2p (c) and P 2p (d) regions for
the as-prepared, post-HER, and post-OER Ni-P films.
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feature that can be attributed to the Ni-P film (Figure 3-5). Therefore, the Ni-P film is
amorphous in nature. We further conducted X-ray photoelectron spectroscopy (XPS) to
probe the valence states of nickel and phosphorous in the film. As shown in Figure 3-3c,
the high-resolution Ni 2p XPS spectrum displays two peaks at 853.0 and 870.3 eV,
corresponding to the Ni 2p3/2 and 2p1/2 binding energies, respectively. These value are
quite close to those of metallic nickel.25 The high-resolution P 2p spectrum (Figure 3-3d)
exhibits a dominant feature in the region 129-131 eV, which can be assigned to the
anticipated phosphide signal.26 Elemental analysis by inductively coupled plasma optical
emission spectrometry of the as-prepared Ni-P samples implied the deposited amounts of
nickel and phosphorous are 1.30 and 0.35 mg/cm2, resulting in a Ni/P atomic ratio close
to 2.
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Figure 3-4. SEM of an as-prepared Ni-P film and its corresponding elemental mapping of
Ni and P.

Figure 3-5. XRD patterns of an as-prepared Ni-P film and a blank copper foil.
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HER Catalytic activity of the Ni-P film
The electrocatalytic activity of Ni-P was first evaluated for H2 evolution in a
strongly alkaline electrolyte (1.0 M KOH), as shown in Figure 3-6. A blank copper foil,
commercially available 20 wt% Pt-C (Pt-C), and nickel oxide (NiOx) electrodeposited on
copper foil following a reported method27 were also included as comparisons. The blank
copper foil did not exhibit appreciable HER activity, with nearly no catalytic current prior

Figure 3-6. (a) HER polarization curves of Ni-P film (red), Pt-C (blue), NiOx (green), and
blank (black) in 1.0 M KOH at a scan rate of 2 mV/s and rotating rate of 2000 rpm (the
inset shows the amplified region around the catalytic onsets). (b) Tafel plots of Ni-P film
(red) and NiOx (green) with their associated linear fittings (dashed lines). (c) HER
polarization curves for Ni-P film before (solid line) and after (dashed line) 1000
continuous cyclic voltammetric sweeps from 0 to -0.15 V versus RHE in 1.0 M KOH. (d)
A representative SEM image of the Ni-P film after 2 h controlled potential electrolysis at
η= -110 mV in 1.0 M KOH.
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to -0.3 V versus RHE (reversible hydrogen electrode). On the other hand, it was
anticipated that Pt-C is very active for HER. Indeed, the Pt-C catalyst exhibited a
catalytic onset at nearly zero overpotential with a quick catalytic current increase along
the cathodic potential scanning. It was pleasant to see that a catalytic current rapidly rose
for Ni-P when the potential was scanned at more negative potentials than -50 mV vs RHE
(Figure 3-6, inset). Vibrant H2 bubble growth and release from the Ni-P film surface were
observed upon further cathodic sweeping. An overpotential of merely -93 mV was
required for Ni-P to achieve a current density of 10 mA/cm2, which compares favorably
with many other reported HER catalysts under strongly alkaline conditions. A detailed
comparison is listed in Table 3-1. Even more remarkably, the Ni-P film was able to
produce a catalytic current density of 500 mA/cm2 with an overpotential of -219 mV. The
derived Tafel plot (Figure 3-6b) clearly presents two kinetic regions. Linear fittings at the
low and high overpotentials rendered Tafel slopes of 43 and 81 mV/dec, respectively. It
is known that water dissociation might play a critical role under strongly alkaline
conditions for H2 evolution, especially when the proton supply is insufficient at high
overpotentials.28 Therefore, the Tafel slope obtained at the low overpotential region (43
mV/dec) more likely represents the intrinsic HER catalytic activity of Ni-P. Such a small
Tafel slope is among the smallest of the reported HER catalysts in alkaline media (Table
3-1). Even though the onset potential of Ni-P is more negative than that of Pt-C, its Tafel
slope is smaller than that of Pt-C (108 mV/dec);17 therefore, it is anticipated that the
catalytic current of Ni-P would surpass that of Pt-C at high overpotentials. In contrast, the
HER activity of NiOx is negligible under these conditions, slowly showing catalytic
current beyond -0.2 V versus RHE. In addition to high efficiency for HER, the Ni-P film
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also exhibited excellent long-term stability. Figure 3-6c shows the polarization curves of
a Ni-P film prior to and post 1000 continuous cyclic voltammetric sweeps between 0 and
-0.25 V versus RHE, the perfect overlap of which confirmed the robustness of Ni-P for
extended HER catalysis.
Table 3-1. Comparison of selected nonprecious HER electrocatalysts in alkaline media
η (mV)

Tafel slop
(mV/dec)

Reference

93
110
160

43

This work

20

205

N/A

J. Am. Chem. Soc. 2013, 135,
9267.

10

>300

128

Angew. Chem. Int. Ed. 2012, 51,
12495.

10
20
100
10
100

94
115
158
209
>500

42

Angew. Chem. Int. Ed. 2015, 54,
6251.

129

J. Am. Chem. Soc. 2014, 136,
7587.

1 M KOH

1

480

N/A

J. Am. Chem. Soc. 2013, 135,
17699.

CoNRCNTs

1 M KOH

10
20

370
>450

N/A

Angew. Chem. Int. Ed. 2014, 53,
4372.

MoB

0.1 M
KOH

10

225

59

Angew. Chem. Int. Ed. 2012, 51,
12703.

MoS2+x/FTO

1 M KOH

10

310

N/A

Angew. Chem. Int. Ed. 2015, 54,
667.

Amorphous
MoSx

0.1 M
KOH

10

540

N/A

Chem. Sci. 2011, 2, 1262.

FeP
NAs/CC

1 M KOH

10

218

146

ACS Catal. 2014, 4, 4065.

Catalysts

Electrolyte

Ni-P film

1 M KOH

Ni2P

1 M KOH

Ni/Ni(OH)2

0.1 M
KOH

Co-P film

1 M KOH

CoP/CC

1 M KOH

Co-S/FTO

j
(mA/cm2)
10
20
100

We next collected SEM and XPS results of a post-HER Ni-P sample to determine
possible morphology and composition change after a 2 h HER electrocatalysis at -110
mV versus RHE when a stable catalytic current was achieved (Figure 3-7). The SEM
image shown in Figure 3-6d demonstrates that the post-HER film still maintained a

70

Figure 3-7. Controlled potential electrolysis of Ni-P in 1.0 M KOH at an overpotential of
-110 mV. Inset shows the corresponding current change over time.
uniform coverage on the copper foil and no apparent clusters or aggregates were
observed. It is interesting to find that most of the original black holes disappeared,
implying some catalyst rearrangement took place during HER electrocatalysis. Elemental
mapping analysis further confirmed the even distribution of nickel and phosphorous in
the post-HER film (Figure 3-8). Figure 3-3c also includes the high-resolution Ni 2p XPS
spectrum of the post-HER film, which exhibits two peaks at 853.1 and 870.3 eV,
corresponding to Ni 2p3/2 and 2p1/2 binding energies, respectively. Similarly, Figure 3-3d
displays the high-resolution P 2p spectrum post-HER, showing a broad peak at 128-132
eV. In fact, these XPS features are very similar to those of the as-prepared Ni-P film,
indicating the overall valence states of nickel and phosphorous did not evolve
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substantially during HER electrocatalysis. Moreover, the as-prepared and post-HER films
exhibited similar capacitance as shown in Figure 3-9, suggesting their comparable
electrochemically active surface areas. Nevertheless, elemental analysis of the post-HER
film resulted in nickel and phosphorous amounts of 1.06 and 0.21 mg/cm2 with a Ni/P
atomic ratio of 2.65. These values are smaller than the original mass of the as-prepared
Ni-P, indicating some catalyst dissolution occurred during HER electrocatalysis.

Figure 3-8. SEM of a post-HER Ni-P film and its corresponding elemental mapping of
Ni and P.
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Figure 3-9. Cyclic voltammograms of Ni-P films with different scan rates in a nonFaradaic region before(a) and after (b) a 2-h HER electrolysis at η= -110 mV in 1 M
KOH, and (c) scan rate dependence of the current densities of the as-prepared and postHER Ni-P films at -0.85 V vs Ag/AgCl.
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OER Catalytic activity of the Ni-P film
The OER electrocatalytic performance of Ni-P was next assessed in the same
electrolyte, 1.0 M KOH. Figure 3-10a compares the polarization curves of Ni-P,
commercially available IrO2, electrodeposited NiOx, and a blank copper foil. As
expected, the blank copper foil is not an active OER catalyst, producing negligible anodic
current before 1.7 V versus RHE. In contrast, the OER catalytic current of the Ni-P film
increased dramatically beyond 1.50 V versus RHE (Figure 3-10a, inset), which was

Figure 3-10. (a) OER polarization curves of Ni-P film (red), IrO2 (blue), NiOx (green),
and blank (black) in 1.0 M KOH at a scan rate of 2 mV/s and rotating rate of 2000 rpm
(the inset shows the amplified region around the catalytic onsets). (b) Tafel plots of Ni-P
film (red), IrO2 (blue), and NiOx (green) with their associated linear fittings (dashed
lines). (c) OER polarization curves for Ni-P film before (solid line) and after (dashed
line) 1000 continuous cyclic voltammetric sweeps from 1.50 to 1.65 V versus RHE in 1.0
M KOH. (d) A representative SEM image of the Ni-P film after 2 h controlled potential
electrolysis at η = 350 mV in 1.0 M KOH.
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comparable to the onset of IrO2. The Ni-P film was able to produce catalytic current
densities of 10, 100, and 500 mA/cm2 at η = 344, 399, and 460 mV, respectively, lower
than those of IrO2 and many other reported OER catalysts (Table 3-2). The quick surpass
of Ni-P over IrO2 in OER activity was well rationalized by their different Tafel slopes. As
shown in Figure 3-10b, the linear fitting of their corresponding Tafel plots resulted in
Tafel slopes of 49 mV/dec for Ni-P and 55 mV/dec for IrO2, indicating a more favorable
OER kinetic rate for the former. Although NiOx was reported as a decent OER catalyst,27
its catalytic current did not take off until 1.6 V versus RHE and its Tafel slope was 65
mV/dec, inferior to those of Ni-P and IrO2. In addition to great OER activity, our Ni-P
film also featured excellent stability, as revealed by the overlap of its polarization curves
before and after 1000 continuous cyclic voltammetric sweeps within the potential ranges
1.50-1.65 V (Figure 3-10c) and 1.0-1.7 V (Figure 3-11) versus RHE. A redox feature of
NiIII/II was observed around 1.3-1.4 V versus RHE in the latter, which is consistent with
those reported for other nickel-based OER electrocatalysts.29
Table 3-2. Comparison of selected nonprecious OER electrocatalysts in alkaline media.
Catalysts

Electrolyte

η (mV) at
10 mA/cm2

Tafel slop
(mV/dec)

Reference

Ni-P film

1.0 M KOH

344

49

This work

Ni2P nanowires

1.0 M KOH

400

60

Chem. Commun. 2015, 51, 11626.

Ni2P

1.0 M KOH

290-330

47-59

Energy Environ. Sci., 2015, 8, 2347.

Co-P film

1.0 M KOH

345

47

Angew. Chem. Int. Ed. 2015, 54,
6251.

NiCo LDH

1.0 M KOH

367

40

Nano Lett. 2015, 15, 1421.

Cu-N-C/graphene

0.1 M KOH

>770

N/A

Nat. Commun. 2014, 5, 5285.

CoCo LDH

1.0 M KOH

393

59

Nat. Commun. 2014, 5, 4477.

Co3O4/rm-GO

1.0 M KOH

310

67

Nat. Mater. 2011, 10, 780.

75
MnOx/Au

0.1 M KOH

>480

N/A

J. Am. Chem. Soc. 2014, 136, 4920.

Ca2Mn2O5/C

0.1 M KOH

>470

149

J. Am. Chem. Soc. 2014, 136, 14646.

CoxOy/NC

0.1 M KOH

430

N/A

Angew. Chem. Int. Ed. 2014, 53,
8508.

De-LiCoO2

0.1 M KOH

>400

50

Nat. Commun. 2014, 5, 4345.

CoMn LDH

1.0 M KOH

324

43

J. Am. Chem. Soc. 2014, 136, 16481.

NiFeOx film

1.0 M NaOH

>350

N/A

J. Am. Chem. Soc. 2013, 135, 16977.

CoO/NG

1.0 M KOH

340

71

Energy Environ. Sci. 2014, 7, 609.

CoOx film

1.0 M KOH

403

42

J. Am. Chem. Soc. 2012, 134, 17253.

α-MnO2-SF

0.1 M KOH

490

77.5

J. Am. Chem. Soc. 2014, 136, 11452

MnOx film

1.0 M KOH

563

49

J. Am. Chem. Soc. 2012, 134, 17253.

NiFeOx film

1.0 M NaOH

>350

N/A

J. Am. Chem. Soc. 2013, 135, 16977.

Fe-Ni oxides

1.0 M KOH

>375

51

ACS Catal. 2012, 2, 1793.

1.0 M KOH

330

51

Chem. Mater. 2014, 26, 1889.

1.0 M KOH

~370

59-64

Adv. Mater. 2010, 22, 1926.

ZnxCo3-xO4
nanowire
NixCo3-xO4
nanowire

Figure 3-11. OER polarization curves for Ni-P film before (solid line) and after (dashed
line) 1000 continuous cyclic voltammetric sweeps from 1.0 to 1.7 V vs RHE in 1.0 M
KOH.
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The SEM image of the Ni-P film after a 2h OER electrolysis at η = 350 mV in 1.0
M KOH (Figure 3-12) is shown in Figure 3-10d. No apparent aggregates or particles
were observed; instead, the film still maintained an overall morphology analogous to
those of the parent and post-HER Ni-P films. Despite no significant morphology change
during OER, elemental analysis of the post-OER film demonstrates that a large amount of
oxygen species were involved, at least on the surface of the film (Figure3-13); however,
the nickel and phosphorous atoms were still evenly distributed over the entire film. It is
anticipated that nickel and phosphorous would be oxidized under the anodic conditions of
OER. Indeed, the high-resolution Ni 2p XPS spectrum of the post-OER Ni-P film clearly
presents the rise of a shoulder peak at approximately 856.5 eV (Figure 3-3c), which can
be attributed to nickel oxides/hydroxides. However, the dominant peaks are still located
at 852.9 and 870.1 eV, close to those of the as-prepared and post-HER films. Similarly, a
peak at 133.8 eV, ascribed to oxidized phosphorous species (e.g., phosphate), is observed
in the high-resolution P 2p XPS spectrum (Figure 3-3d). Nevertheless, another P 2p peak
at a lower binding energy region of 129-131 eV is still present. In addition, Raman
spectra of the three Ni-P samples (as-prepared, post-HER, and post-OER) were collected
and are compared in Figure 3-14. The Raman spectra of the as-prepared and post-HER
samples are quite similar to each other, implying no substantial change in composition of
the Ni-P film prior to and post HER. However, a prominent absorption peak was
observed at 500-600 cm-1 for the post-OER Ni-P film, indicating the formation of
oxidized nickel species (e.g., nickel oxides and/or oxyhydroxides) on the catalyst
surface.30 Fourier transform infrared spectroscopy (FTIR) of the post-OER electrolyte
solution did not show any apparent oxidized phosphorous species (e.g., phosphate),
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implying a very small amount of oxidized phosphorous would be dissolved in the
electrolyte solution (Figure 3-15).

Figure 3-12. Controlled potential electrolysis of Ni-P in 1.0 M KOH at an overpotential
of 350 mV. Inset shows the corresponding current change over time.
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Figure 3-13. SEM of a post-OER Ni-P film and the corresponding elemental mapping of
Ni, P, and O.

Figure 3-14. Raman spectra of the as-prepared (black), post-HER (red), and post-OER
(blue) samples of Ni-P.
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Figure 3-15. FTIR spectra of the electrolyte solution (1.0 M KOH) prior to (top) and post
(bottom) OER.
Given the aforementioned results, it is concluded that the Ni-P film was partially
oxidized to nickel oxides/hydroxides during OER (most likely on the film surface), while
the bulk composition of the post-OER film was retained as the original Ni-P. It should be
noted that core-shell structures have been reported for Ni2P nanowires as OER
electrocatalysts, wherein the shell was mainly composed of nickel oxides/hydroxides
while the core remained as Ni2P.31 Elemental analysis of the post-OER film determined
the remaining amounts of nickel and phosphorous as being 1.24 and 0.29 mg/cm2 with a
Ni/P atomic ratio of 2.25. It is interesting to note that the control sample NiOx, which
might also possess a metallic nickel core and a nickel oxide shell,27 was unable to
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compete with our Ni-P in terms of both HER and OER activities, which undoubtedly
proves the beneficial role that phosphorous plays in water splitting electrocatalysis.
As the aforementioned polarization-derived Tafel slopes might overlook the
impact of electron transport in the catalyst material on HER and OER performance, we
carried out detailed electrochemical impedance spectroscopy (EIS) studies to probe the
intrinsic kinetics of our Ni-P films. The EIS data for both HER and OER electrocatalysis
can be simulated by a semi-empirical electrical equivalent circuit model shown in Figure
3-16, where Ri and Rp represent the uncompensated solution resistance and kinetics of
interfacial charge transfer, respectively. Cdl models the double layer capacitance. Cs and
Rs in a parallel circuit simulate the relaxation of charges associated with adsorbed
intermediates on catalyst surface. The Nyquist plots of Ni-P for HER at overpotentials of
-40 to -130 mV are displayed in Figure 3-17a, together with solid fitting curves. The
corresponding Bode plots are shown in Figure 3-18. The EIS derived Tafel plot of log Rp
versus overpotential (η) is included as an inset in Figure 3-17a. Analogous to the pattern
of the polarization-derived Tafel plots (Figure 3-6b), two kinetic regions were observed,
resulting in Tafel slopes of 33 and 98 mV/dec at low and high overpotentials,
respectively. This is again consistent with insufficient proton supply when the HER rate
is very fast at high overpotentials. For OER electrocatalysis, the EIS data were collected
at overpotentials of 270 to 360 mV and the Nyquist and Bode plots are displayed in
Figure 3-17b and 3-19, respectively. The OER EIS results were also simulated by the
same equivalent electrical circuit successfully and the solid fitting curves are included in
Figure 3-17b as well. The inset in Figure 3-17b shows the EIS-derived Tafel plot of OER
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catalyzed by our Ni-P film, rendering a slope of 52 mV/dec, which is in a good
agreement with the value resulting from the polarization-derived Tafel slope, 49 mV/dec
(Figure 3-10b).

Figure 3-16. An electrical equivalent circuit used to model the Ni-P catalysis system for
both HER and OER.

Figure 3-17. Nyquist plots of Ni–P films for HER (a) and OER (b) under various
overpotentials. Black solid lines are the corresponding fitting curves. Insets show the
plots of logarithm Rp versus overpotential and their corresponding fitting curves.
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Figure 3-18. Bode plots of Ni-P for HER.

Figure 3-19. Bode plots of Ni-P for OER.
Mechanism of OER
The OER mechanism of the transformed Ni-P film was furthered studied by an
investigation conducted in KOH at various concentrations. The polarization curves were
collected in 1.0-5.0 M KOH (Figure 3-20). The derived Tafel plots in Figure 3-21 are
nearly parallel to each other, indicating no kinetic change as the KOH concentration
increased from 1.0 to 5.0 M. When plotting the potential requirements at current densities
of 5 and 10 mA/cm2 versus the logarithm of the hydroxide activity ([OH]α),33 two linear
plots were obtained (Figure 3-21b). Fitting of these two plots led to slopes of 51.92 (for 5
mA/cm2) and 51.88 mV/dec (for 10mA/cm2), respectively. These slopes match the
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polarization- derived (49 mV/dec, Figure 3-10b) and resistance-derived (52 mV/dec,
Figure 3-17b) Tafel slopes very well. According to Equation 3-1,
𝜕𝐸

𝜕𝑙𝑜𝑔𝑖

𝜕𝐸

(𝜕log[𝑂𝐻] ) = (𝜕log[𝑂𝐻] ) (𝜕log𝑖)

Equation 3-1:

𝑎

𝜕𝐸

𝜕𝐸

𝑎

log[𝑂𝐻]𝑎
𝜕𝑙𝑜𝑔𝑖

the close match of 𝜕log[𝑂𝐻] and 𝜕log𝑖 results in the unity of 𝜕log[𝑂𝐻] .34 In other words, the
𝑎

𝑎

OER reaction rate catalyzed by the Ni-P film is first order in the activity of the hydroxide
anion; therefore, the limiting step is likely hydroxide transfer, similar to the reported
mechanism of “CoPi”.34

Figure 3-20. OER polarization curves (scan rate: 2 mV/s) of Ni-P in KOH of different
concentrations.
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Figure 3-21. (a) Tafel plots of the Ni-P film for OER in 1.0 to 5.0 M KOH. (b) Potentials
at current density of 5 (red) and 10 mA/cm2 (blue) versus the logarithm hydroxide anion
activity. Dash lines are the corresponding fitting curves.
From the above results, it is natural to anticipate that the Ni-P film can be
employed as a bifunctional electrocatalyst for overall water splitting. Indeed, when the
as-prepared Ni-P films were used as electrocatalysts for both the anode and cathode (a
Ni-P/Ni-P catalyst couple), a catalytic current was observed when the applied potential
was larger than 1.55 V (Figure 3-22). The catalytic current density rapidly exceeded 10
mA/cm2 at 1.67 V. In addition, the Ni-P/Ni-P catalyst couple also maintained excellent
stability, as revealed by the nearly perfect overlap of the polarization curves before and
after 1000 continuous potential cycles between 1.5 and 1.65 V (Figure 3-22).
Chronopotentiometry with a catalytic current of 10 mA/cm2 was conducted for 24 h
(Figure 3-23); this showed the fairly stable performance of the Ni-P/Ni-P catalyst couple.
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Figure 3-22. Polarization curves (scan rate: 2 mV/s) of a Ni-P/Ni-P catalyst couple for
overall water splitting before (solid line) and after (dashed line) 1000 continuous cyclic
voltammetry cycles from 1.5 V to 1.65 V vs RHE in 1.0 M KOH.

Figure 3-23. 24 h chronopotentiometry of the Ni-P/Ni-P catalyst couple for overall water
splitting in 1.0 M KOH: (a) current density at 10 mA/cm2 and (b) potential evolution over
time.
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3-6. Conclusion
In summary, potentiodynamically deposited Ni-P films have been demonstrated to
act as competent and bifunctional electrocatalysts for overall water splitting. The Ni-P
film is unique because of the following reasons: (i) it is prepared by facile
electrodeposition with low-cost regents under ambient conditions and it can be directly
employed as an electrocatalyst for both HER and OER without any post treatment; (ii)
the catalytic activity of the Ni-P film can rival the state-of-the-art catalysts (i.e., Pt and
IrO2), requiring an η = -93 mV for HER and η = 344 mV for OER to reach a current
density of 10 mA/cm2 with corresponding small Tafel slopes of 43 and 49 mV/dec,
respectively; (iii) it can be utilized as a catalyst for both the anode and cathode of overall
water splitting catalysis under strongly alkaline conditions with superior efficiency and
strong robustness. Various characterization and analytical techniques were applied to
study the morphology and composition of the Ni-P film prior to and post electrocatalysis.
It was concluded that the major component of the film is metallic nickel and nickel
phosphide for the as-prepared and post-HER samples, whereas it was partially oxidized
to nickel oxides/hydroxides/phosphates on the surface during OER. Kinetic analysis of its
OER catalysis implied the limiting step is the transfer of one hydroxide group. Different
from many reported hybrid systems, no conductive supports of high surface area, such as
graphenes, carbon nanotubes, and nickel foams, were involved in the current system. The
introduction of catalyst supports of high conductivity and large surface area will
undoubtedly further boost the catalytic performance of the Ni-P film, which is our current
pursuit.
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CHAPTER IV
INTEGRSTING ELECTROCATALYTIC 5-HYDROXYMETHYLFURFURAL
OXIDATION AND HYDROGEN PRODUCTION VIA Co-P-DERIVED
ELECTROCATALYSTSd
4-1. Abstract
Electrocatalytic biomass valorization with renewable energy input represents a
promising way to produce sustainable and non-fossil-based carbon products. Even more
desirable is that the oxidative biomass upgrading can be integrated with H2 production in
a single electrolyzer. Herein, we report that electrodeposited Co-P can act as competent
electrocatalysts for 5-hydroxymethylfurfural (HMF) oxidation to 2,5-furandicarboxylic
acid (FDCA) at the anode and H2 production at the cathode simultaneously in alkaline
media. When serving as a catalyst precursor on the anode, Co-P was able to achieve a
current density of 20 mA/cm2 for HMF oxidation in 1.0 M KOH with 50 mM HMF at
1.38 V vs RHE, prior to the takeoff of the competing reaction, O2 evolution. Long-term
chronoamperometry demonstrated a nearly 100% conversation of HMF and a ∼90%
yield of FDCA. When HMF oxidation and H2 evolution were integrated in one
electrolyzer with a Co-P/Co-P catalyst couple, the potential required to achieve a current
density of 20 mA/cm2 was 1.44 V, 150 mV lower than that of overall water splitting.
Nearly unity Faradaic efficiency was obtained for H2 evolution. Overall, our results
indicate that it is feasible to employ earth-abundant electrocatalyts to integrate H2

d

Adapted with permission from [Nan Jiang, Bo You, Raquel Boonstra, Irina M. Terrero
Rodriguez, and Yujie Sun, ACS Energy Lett., 2016, 1, 386-390.]. Copyright 2016. ACS
Publications. Reproduced by permission of ACS Publications, https://pubs.acs.org/doi
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production and oxidative biomass upgrading with higher energy conversion efficiency
than water splitting as well as to produce valuable products at both cathode and anode in
a single electrolyzer.
4-2. Introduction
To replace the fossil-based energy sector, a sustainable energy strategy should not
only produce clean fuels but also provide carbon-based feedstocks for the production of
chemicals and materials.1 Biomass is the only accessible and renewable non-fossil-based
carbon source whose utilization will not alter the current carbon balance of the ecosystem
as biomass stores contemporary carbon.2 One class of the major dehydration products of
raw biomass, the furan compounds, is considered to hold excellent potential for the
production of value-added chemicals.3 For instance, 5-hydroxymethylfurfural (HMF),
one of those furan compounds, is considered as a platform chemical,4,5 which can serve
as a starting material for the production of various compounds with important industrial
applications, such as plastics, polymers, and fuels.6 One of the HMF oxidation products,
2,5-furandicarboxylic acid (FDCA), can act as a monomer to produce important
polymeric materials,7 such as polyethylene terephthalate and poly-(ethylene 2,5furandicarbocylate).8 In addition, FDCA has a large potential as a replacement for
terephthalic acid, a widely used component in various polyesters, such as polyethylene
terephthalate and polybutyleneterephthalate.9-11
Although HMF oxidation has been studied, most reported strategies require harsh
conditions (toxic chemical oxidants, high O2 or air pressure, and elevated temperature)
and expensive catalysts (Pt, Au, and Pd).12-16 These energy demanding and high-cost
upgrading strategies prompt us to develop alternative methods which ideally utilize only
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inexpensive catalysts and work under ambient conditions. We reason that electrocatalysis
represents an advantageous route, because it is solely driven by electrochemical potential
and no chemical oxidants are required. However, very few reports of electrocatalytic
HMF oxidation have been published, mainly because of the lack of effective
electrocatalysts.17-20 Most reported systems relied on noble metal electrodes.8,20 In some
cases, redox mediators, like 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO), were needed
to achieve appreciable conversion of HMF to FDCA.21
On the other hand, electrocatalytic water splitting with renewable energy input
has been recognized as a promising approach to produce clean H2 fuel.22-28 However, its
widespread deployment is hindered by costly catalysts and low overall energy conversion
efficiency.29-33 In fact, the kinetic bottleneck of water splitting is the O2 evolution
reaction (OER) whose product, O2, is not a compound of high value. Consequently, it is
attractive to replace OER with alternative oxidation reactions which are not only more
thermodynamically and kinetically facile but are also able to produce highly valuable
products, such as bioproducts from biomass valorization.
Therefore, we reason that it is highly desirable to develop competent and low-cost
electrocatalysts to integrate oxidative biomass upgrading with H2 production in a single
electrolyzer. In the present study, we report that electrodeposited Co-P can be directly
utilized as the electrocatalyst for the conversion of HMF to FDCA in alkaline solution. A
nearly complete HMF conversion and 90% yield of FDCA were obtained in 1.0 M KOH
under ambient conditions (1 atm and room temperature). Simultaneously, Co-P was able
to catalyze H2 evolution as the cathode reaction with 100% Faradaic efficiency as well.
4-3. Materials and physical method
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Materials
Cobalt sulfate, sodium hypophosphite monohydrate, potassium hydroxide were
purchased from commercial vendors and used as received. 5-hydroxymethylfurfural
(HMF) and 2,5- furandicarboxylic acid (FDCA) were purchased from Alfa Aesa and
Chem-Impex, respectively, and used as received. 2,5-Diformylfuran (DFF) and 2-formyl5-furancarboxylic acid (FFCA) were purchased from Ark Pharm. 5-Hydroxymethyl-2furan-carboxylic acid (HMFCA) was purchased from Asta Tech. Copper foams were
purchased from MTI Corporation. Water was deionized (18 MΩ·cm) with a Barnstead EPure system and used in all the electrochemical studies.
Catalyst Characterization
Scanning electron microscopy images and elemental mapping analysis were
collected on a FEI QUANTA FEG 650 (FEI, USA) at the Microscopy Core Facility of
USU. X-ray photoelectron spectroscopy analyses were done using a Kratos Axis Ultra
instrument (Chestnut Ridge, NY). The samples were affixed on a stainless steel Kratos
sample bar, loaded into the instrument’s load lock chamber, and evacuated to 5 × 10-8 torr
before it was transferred into the sample analysis chamber under ultrahigh vacuum
conditions (~10-10 torr). X-ray photoelectron spectra were taken using the monochromatic
Al Kα source (1486.7 eV) at a 300 × 700 μm spot size. Low resolution survey and high
resolution region scans at the binding energy of interest were taken for each sample. To
minimize charging, samples were flooded with low-energy electrons and ions from the
instrument’s built-in charge neutralizer. The samples were also sputter cleaned inside the
analysis chamber with 1 keV Ar+ ions for 30 seconds to remove adventitious
contaminants and surface oxides. Data were analyzed using CASA XPS software, and

97
energy corrections on high resolution scans were done by referencing the C 1s peak of
adventitious carbon to 284.5 eV. The generated hydrogen volume during electrolysis was
quantified with a SRI gas chromatography system 8610C equipped with a Molecular
Sieve 13 × packed column, a HayesSep D packed column, and a thermal conductivity
detector. The oven temperature was maintained at 60 ℃ and argon was used as the carrier
gas.
Electrochemical Measurements
Electrochemical experiments were performed with Gamry Interface 1000
potentiostats. Aqueous Ag/AgCl reference electrodes (saturated KCl) were purchased
from CH Instruments. The reference electrode in pH 7 phosphate buffer was calibrated
with ferrocenecarboxylic acid (Fc-COOH) whose EFe3+/2+ couple is 0.284 V vs SCE. All
potentials reported in this paper were converted from vs Ag/AgCl to vs RHE by adding a
value of 0.197 + 0.059 × pH. iR (current times internal resistance) compensation was
applied in all experiments to account for the voltage drop between the reference and
working electrodes using the Gamary FrameworkTM Data Acquisition Software 6.11.
All the electrochemical experiments were conducted in a two-compartment cell in which
the anode and cathode compartments were separated by an anion exchange membrane.
The anion exchange membrane (Fumasep FAA-3-PK-130) was purchased from Fuel Cell
Store.
HPLC analysis of oxidation products
10 μL aliquot was periodically collected from the electrolyte solution during
chronoamperometry and diluted with 490 μL water. The sample solutions were then
analysed via HPLC (Shimadzu Prominence LC-2030C system) at room temperature to
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calculate the HMF conversion and yields of oxidation products. The HPLC instrument
was equipped with an ultraviolet-visible detector set at 265 nm and a 4.6 mm × 150 mm
Shim-pack GWS 5 μm C18 column. The eluent solvent is a mixture of 5 mM ammonium
formate aqueous solution and methanol. Separation was accomplished using a gradient
elution by varying the volume percentage of methanol from 30% to 25% during 0 to 10
min and the flow rate was set at 0.5 mL/min. The quantification of HMF and its oxidation
products were calculated based on the calibration curves of those standard compounds
purchased from commercial vendors.
4-4. Preparation of catalyst film
Co-P/CF film
The preparation of Co-P on copper foam (Co-P/CF) was conducted via a revised
method according to our reported potentiodynamic deposition (Figure 4-1).36 Prior to
electrodeposition, copper foams were rinsed with water and ethanol thoroughly to remove
residual organic species. For the preparation of Co-P/CF, copper foam with a geometric
area of 0.25 cm2 (4 cm2 for samples of electrolysis experiments) was exposed to the
deposition solution (50 mM CoSO4 and 0.5 M NaH2PO2 in water). A platinum wire was
used as the counter electrode and a Ag/AgCl (sat. KCl) electrode as the reference
electrode. Nitrogen was bubbled through the electrolyte solution for at least 20 min prior
to deposition and maintained during the entire deposition process. The potential of
consecutive linear scans was cycled 15 times between -0.3 and -1.0 V vs Ag/AgCl at a
scan rate of 5 mV/s under stirring. After deposition, the copper foam was removed from
the deposition bath and rinsed with copious water gently. The as-prepared Co-P/CF could
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be directly used for electrochemical experiments or stored under vacuum at room
temperature for future use.

Figure 4-1. A typical potentiodynamic deposition for the preparation of Co-P on copper
foams (scan rate: 5 mV/s).
4-5. Results and discussion
Characterization of the catalyst film
Figures 4-2a displays the scanning electron microscopy (SEM) images of the asprepared Co-P/CF, showing a nearly complete coverage of the copper foam by Co-P
particles (Figure 4-2a inset). The elemental mapping images confirmed the presence of
cobalt and phosphorus and their even distribution in Co-P (Figure 4-3). X-ray
photoelectron spectroscopy (XPS) was carried out to probe the identity and valence state
of each element in the electrodeposited catalyst. Figure 4-4a plots the XPS survey
spectrum of the as-prepared Co-P/CF, showing all the anticipated elements, including
cobalt, phosphorus, and copper (from the substrate). The high-resolution Co 2p XPS
spectrum (Figure 4-2c top) displayed two peaks at 778.3 and 793.4 eV, corresponding to
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the Co 2p3/2 and 2p1/2 binding energies, respectively. These values are quite close to
those of metallic cobalt and consistent with reported results.34 The high resolution P 2p
spectrum (Figure 4-2d top) exhibited a dominant feature at 133.9 eV, which could be
attributed to oxidized phosphorus species due to the oxidation in air.36 The other peak at
129.4 eV was assigned to the anticipated phosphide signal.35 The X-ray diffraction
(XRD) pattern (Figure 4-5) of Co-P/CF exhibited only the crystalline peaks of the copper
foam plus Cu2O, implying the amorphous nature or very small crystal size of the
deposited Co-P, which was in agreement with published results.36

Figure 4-2. SEM images of Co-P/CF before (a) and after (b) electrocatalytic HMF
oxidation. (The inset in panel a shows the SEM image of an as-prepared Co-P film at a
higher magnification.) XPS spectra in the (c) Co 2p and (d) P 2p regions for Co−P/CF
before (top) and after (bottom) electrocatalytic HMF oxidation.
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Figure 4-3. Elemental mapping images of the as-prepared Co-P.
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Figure 4-4. XPS survey spectra of (a) as-prepared Co-P/CF and (b) Co-P/CF after a 6 h
controlled potential electrolysis of HMF oxidation at 1.423 V vs RHE in 1.0 M KOH.
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Figure 4-5. XRD patterns of Cu foam, as-prepared Co-P/CF, Co-P/CF post HER, and
Co-P/CF post HMF oxidation.
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Catalytic activity of the Co-P/CF film
Because it was known that Co-P was quite active for H2 evolution under strongly
alkaline conditions,36 herein we first sought to evaluate its catalytic performance for
HMF oxidation in 1.0 M KOH. All the following electrochemistry experiments were
conducted in a three-electrode configuration with a two compartment cell unless
otherwise noted. As well expected, the most common competing reaction for HMF
oxidation in aqueous media is water oxidation to O2.18-20 As shown in Figure 4-6, the
linear sweep voltammetry (LSV) of Co-P/CF in the absence of HMF exhibited an anodic
catalytic current beyond 1.5 V vs RHE (reversible hydrogen electrode) accompanied by
vigorous bubble release upon further positive scan. This catalytic current was confirmed
as water oxidation to O2. When 50 mM HMF was added, the catalytic current onset
shifted cathodically to 1.30 V vs RHE, which implied that Co-P/CF was able to
preferably catalyze HMF oxidation at potentials less positive than those required for
water oxidation in alkaline media. The catalytic current increased dramatically beyond
1.35 V and reached a catalytic current density of 20 mA/cm2 at 1.38 V vs RHE, 150 mV
smaller than that of water oxidation (1.53 V vs RHE to reach 20 mA/cm2). It should be
noted that the blank copper foam was less active than Co-P/CF for HMF oxidation
(Figure 4-7).
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Figure 4-6. Linear sweep voltammograms of Co-P/CF in 1.0 M KOH in the absence
(black) and presence of 50 mM HMF (red) at a scan rate of 2 mV/s.

Figure 4-7. Linear sweep voltammograms of Co-P/CF (red) and blank copper foam
(black) in 1.0 M KOH in the presence of 50 mM HMF at a scan rate of 2 mV/s.
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Distribution of Products
Scheme 4-1 presents the two possible pathways for the oxidation of HMF to
FDCA: (i) The hydroxymethyl group of HMF is first oxidized to form 2,5-diformylfuran
(DFF), and subsequently its two aldehyde groups are oxidized consecutively to yield 5formyl-2-furancarboxylic acid (FFCA) and then FDCA. (ii) The aldehyde group of HMF
is first oxidized to form 5-hydroxymethyl-2-furancarboxylic acid (HMFCA), followed by
the oxidation of the hydroxymethyl group to form FFCA and later FDCA.37 Both
pathways converge at the same intermediate FFCA prior to the final product FDCA.

Scheme 4-1. Two Possible Pathways of HMF Oxidation to FDCA
To investigate the conversion of HMF and the yields of oxidation products over
time, a 6 h controlled potential electrolysis was conducted for 50 mM HMF in 1.0 M
KOH with an applied potential of 1.423 V vs RHE (Figure 4-8). As shown in Figure 4-6,
water oxidation could not occur at this potential. Because the oxidation of HMF into
FDCA is a six-electron process, it was calculated that ∼560 C was required to completely
convert 50 mM HMF if the FDCA yield was 100%. The concentration change of HMF
and its corresponding oxidation products were quantified with high-performance liquid
chromatography (HPLC) via analyzing aliquots periodically collected from the
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electrolyte (Figure 4-9). Figure 4-10 presents the concentration change of HMF and its
oxidation intermediates and products over the 6 h electrolysis. The conversion rate of
HMF was quite fast during the first hour of electrolysis and slowed later on, which was
consistent with the decreased concentration of HMF over time. Different from the
TEMPO-mediated electrocatalytic HMF oxidation, wherein the intermediate FFCA was
accumulated during the first half of electrolysis and the subsequent FDCA formation
started after the concentration of FFCA reached its maximum,21 in our system FDCA was
yielded right after the commencement of electrolysis. Figure 4-9 presents the HPLC
traces of those electrolyte aliquots which were collected when the consumed charge was
0, 100, 200, 300, 400, and 560 C. All three intermediates DFF, HMFCA, and FFCA
remained at low concentration throughout the entire electrolysis. In fact, FDCA was
shown to be the only primary product of HMF oxidation catalyzed by Co-P/CF in 1.0 M
KOH. As shown in Figure 4-10, after 560 C charge was consumed, nearly 90% yield of
FDCA was obtained. The carbon balance of HMF oxidation is displayed in Figure 4-11.
After electrolysis, acidification of the resulting electrolyte solution with H2SO4 to pH ∼ 0
enabled us to isolate the final product as a white precipitate. As shown in Figure 4-12, the
proton nuclear magnetic resonance spectrum of the precipitate in D2O further confirmed
the identity of the final product as FDCA; while the initial electrolyte contained only
HMF.
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Figure 4-8. Controlled potential electrolysis of Co-P/CF in 1.0 M KOH containing 50
mM HMF at a potential of 1.423 V vs RHE. (Inset: the corresponding current change
over time).
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Figure 4-9. HPLC traces of the electrocatalytic oxidation of HMF catalyzed by Co-P/CF
at 1.423 V vs RHE.
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Figure 4-10. Conversion of HMF and yields of those oxidation products over passed
charge during the chronoamperometry experiment conducted at 1.423 V vs RHE in 1.0 M
KOH containing 50 mM HMF.

Figure 4-11. Carbon balance of HMF oxidation catalyzed by Co-P/CF in 1.0 M KOH
with 50 mM HMF.
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Figure 4-12. 1H-NMR spectra of (a) commercial HMF, (b) an aliquot collected from the
electrolyte before HMF oxidation, (c) commercial FDCA, and (d) the precipitate isolated
from the acidified electrolyte of HMF oxidation after a controlled potential electrolysis at
1.423 V vs RHE for 6 h. All the NMR spectra were measured in D2O.
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Because negligible HMFCA was detected during the HMF oxidation catalyzed by
Co-P/CF (Figure 4-10), we tentatively determined that the Co-P-catalyzed HMF
oxidation followed the DFF pathway. It should be noted that the DFF pathway was
proposed for the TEMPO-mediated electrocatalytic HMF oxidation;21 however, most
aerobic oxidation reactions were reported to proceed through HMFCA as the dominant
pathway.12-15 Because the FFCA concentration remained low during the conversion
process, it was anticipated that the oxidation rate of FFCA must be faster than or
comparable to its formation rate (i.e., the conversion rate of DFF). Figure 4-13a plots the
LSV curves of Co-P/CF in the presence of 30 mM DFF, HMFCA, or FFCA. The LSV
curve collected in the absence of any organic substrates is also included for comparison.
Even though these three substrates could be preferentially oxidized by Co-P/CF relative
to water oxidation, it was apparent that Co-P exhibited different activities toward their
oxidation. Based on the catalytic onset and current density, the activity order was FFCA
> DFF > HMFCA. Therefore, as FFCA could be oxidized at a rate faster than that of
DFF, it was well understood that the concentration of FFCA remained low during the
entire HMF oxidation process.
Stability of catalyst
To evaluate the robustness of Co-P/CF for HMF oxidation, a three-cycle
electrolysis experiment was performed at 1.423 V vs RHE starting with 10 mM HMF
(Figure 4-13b). After half an hour, the catalytic current decreased to background
capacitance current because of the nearly complete consumption of HMF (Figure 4-13b
inset). However, upon addition of another 10 mM HMF, the catalytic current resumed,
implying the excellent stability of Co-P/CF for electrocatalytic HMF oxidation. Such a
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catalytic activity resumption could be further confirmed from the third addition of 10 mM
HMF (Figure 4-13b).

Figure 4-13. Controlled potential electrolysis of Ni-P in 1.0 M KOH at an overpotential
of 350 mV. Inset shows the corresponding current change over time. (a) Linear sweep
voltammograms of a Co-P film obtained in 1.0 M KOH with the addition of 30 mM DFF
(purple),30 mM HMFCA (green), 30 mM FFCA (blue), or no organic substrates (black).
(b) The accumulated charge over time of the chronoamperometry experiment at 1.423 V
vs RHE for Co-P in 1.0 M KOH containing 10 mM HMF and with the continuous
addition of 10 mM HMF twice. Inset shows the corresponding current change over time.
Post-electrolysis analysis was also conducted on the Co-P/CF after the
chronoamperometry experiment at 1.423 V for 6 h. In contrast to the as-prepared sample
(Figure 4-2a), post-electrolysis Co-P/CF contained large aggregates and nanoparticles on
the copper foam (Figures 4-2b). Nevertheless, elemental mapping analysis indicated the
even distribution of cobalt, although the phosphorus amount was largely diminished
(Figure 4-14). Similar to the reported Co-P after a long-term electrolysis for O2 evolution,
it was anticipated that both cobalt and phosphorus would be oxidized on the catalyst
surface and a large amount of oxygen would be observed (Figures 4-4b and 4-14).36
Indeed, the high-resolution Co 2p XPS spectrum of the post-HMF-oxidation Co-P/CF
displayed two peaks at 780.7 and 796.3 eV (Figure 3-2c bottom), which could be
attributed to cobalt oxides/hydroxides.34,36 Similarly, a peak at 133.9 eV in the high-
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resolution P 2p XPS spectrum could be assigned to oxidized phosphorus species (Figure
4-2d bottom).34 No apparent crystalline peaks of CoOx were detected in its XRD pattern
(Figure 4-5), suggesting an amorphous nature.

Figure 4-14. Elemental mapping images of Co-P/CF after the 6-h controlled potential
electrolysis of HMF oxidation at 1.423 V vs RHE in 1.0 M KOH.
Coupled HER and HMF oxidation
Based on the HMF oxidation results aforementioned, an electrochemical cell in
two-electrode configuration was constructed with HMF oxidation as the anode reaction
and H2 production as the cathode reaction. In this electrolyzer, Co-P/CF was utilized as
the catalysts for both anode and cathode (Co-P/Co-P catalyst couple). The linear sweep
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voltammogram of the integrated HMF oxidation and H2 evolution catalyzed by Co-P/CoP is shown in Figure 4-15a,which required only 1.44 V to reach a current density of 20
mA/cm2 in 1.0 M KOH with 50 mM HMF. In contrast, in the absence of HMF, the CoP/Co-P couple was able to catalyze overall water splitting to produce H2 and O2 but
required a 150 mV higher potential (1.59 V) to arrive at 20 mA/cm2. The generated H2
accompanying HMF oxidation was quantified by gas chromatography (GC). Figure 415b plots the GC-measured H2 quantification overlying with the calculated H2 amount
assuming that all the passed charge was used to produce H2.The near overlap of these H2
amounts demonstrated a 100% Faradaic efficiency for H2 evolution. Characterization of
the cathode Co-P/CF post H2 production revealed its similarity to the as-prepared sample
(Figures 4-5, 4-16, and 4-17), consistent with our previous report.36 Taken together, these
results unambiguously proved that Co-P/CF was competent for both HMF oxidation and
H2 evolution and the integration of these two reactions in one electrolyzer was more
energetically efficient and kinetically favorable than overall water splitting.

Figure 4-15. (a) Linear sweep voltammograms of a Co-P/Co-P catalyst couple obtained
in the absence (black) and presence (red) of 50 mM HMF and 1.0 M KOH (scan rate: 2
mV/s). (b) GC measured H2 quantity (red) compared with theoretically calculated H2
quantity (black) assuming a 100% Faradaic efficiency for the H2 evolution of the CoP/Co-P catalyst couple in 1.0 M KOH solution with 50 mM HMF.
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Figure 4-16. SEM images of Co-P/CF after the two-electrode electrolysis for HER in 1.0
M KOH.
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Figure 4-17. Elemental mapping images of Co-P/CF after the two-electrode electrolysis
for HER in 1.0 M KOH.
4-6. Conclusion
In summary, we have demonstrated that electrodeposited Co-P on copper foam
was an excellent electrocatalyst for the oxidative upgrading of HMF to FDCA with
∼90% yield in alkaline media. In addition, Co-P was able to catalyze H2 evolution as the
cathode reaction. By employing a Co-P/Co-P catalyst couple for the simultaneous
production of FDCA and H2, an integrated biorefinery electrolyzer was able to reach 20
mA/cm2 at 1.44 V, which was 150 mV smaller than that of overall water splitting. It
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should be noted that HMF is only one of many attractive biomass intermediates. We
believe that the strategy of integrating electrocatalytic biomass upgrading with
H2 evolution will inspire scientists to develop advanced catalysts for the production of a
wide variety of valuable bioproducts, boosting energy conversion efficiencies of
electrolyzers and producing sustainable and non-fossil-based carbon containing
compounds. Our current efforts focus on elucidating the detailed mechanism of HMF
oxidation on Co-P/CF and developing competent electrocatalysts for neutral conditions.
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CHAPTER V
ELECTROLYZER DESING FOR FLEXIBLE DECOUPLED WATER SPLITTING
AND ORGANIC UPPGRADING WITH ELECTRON RESERVOIRSe
5-1. Abstract
Conventional water-splitting electrolysis drives the H2 and O2 evolution
reactions (HER and OER, respectively) simultaneously with large voltage inputs.
Herein, two inexpensive iron complexes as proton-independent electron reservoirs
trimethylammonium chloride (FcNCl) 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.

e

Adapted with permission from [Wei Li, Nan Jiang, Bo Hu, Xuan Liu, Fuzhan Song,
Guanqun Han, Taylor J. Jordan, Tanner B. Hanson, T. Leo Liu, and Yujie Sun,
Chem., 2018, 4, 637-649]. Copyright 2018 Elsevier Inc. Reproduced by permission of
Elsevier Inc., https://www.cell.com/chem/fulltext/S2451-9294(17)30521-1?code=cell
-site
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5-2. Introduction
H2 production from water electrolysis with renewable energy inputs is a
promising approach to the storage of renewable electricity in chemical forms.1
Because of the thermodynamic requirements and slow kinetics of water splitting,
conventional water electrolysis is usually conducted with a large voltage input (1.82.5 V) under either acidic or alkaline conditions with proton exchange membrane
(PEM) electrolyzers or alkaline electrolyzers at elevated temperatures, respectively.2
Regardless of the electrolyzer type, conventional water electrolysis always produces
H2 and O2 simultaneously (Scheme 5-1a), and thus the rate of the H2 evolution
reaction (HER) is strictly dependent on the rate of the O2 evolution reaction (OER).3
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/cm2, a
benchmark current density for solar-driven water splitting) and/or under high gas
pressure, even if an ostensibly gas-impermeable membrane is utilized.4 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 coexistence of H2, O2, and catalysts under electrocatalytic conditions, which
would degrade the electrolyzer and shorten its operation lifetime.5 Overall, these
limitations of conventional water-splitting electrolysis call for an alternative
electrolyzer 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 5-1. 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.
Recent years have witnessed the emergence of a decoupling strategy for water
splitting, wherein redox mediators are used to decouple HER from OER.
Representative proton-dependent redox mediators include phosphomolybdic acid and
hydroquinone sulfonate.6 The combination of V(III)/V(II) and Ce(IV)/Ce(III) redox
mediators have also been used for indirect water electrolysis.7 However, all of these
redox mediators only function well in strongly acidic media, which are corrosive
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environments for the device and severely limit the scope of suitable electrocatalysts,
particularly for OER,8 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.9 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).10
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 replay for electrolysis cycling.10 Furthermore, the O2 produced
through the sluggish OER under alkaline conditions is not of significant value.11
These limitations motivated 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). In addition, Na4[Fe(CN)6] is used as a robust and low-cost protonindependent 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 advantage of these two electron reservoirs, HER
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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
separation of HER from OER also eliminates the further downstream purification of
H2, reducing the cost and increasing the purity of H2 fuel.3 The neutral electrolyte
enables 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-wavelength
sunlight for solar-driven water electrolysis without the need for many solar cells in
series.12 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-hydroxymethylfurfural). A twostep 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 an
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environmentally benign neutral electrolyte further expands 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,13 and seawater electrolysis.
5-3. Materials and physical methods
Materials
Deionized water (18 MΩ∙cm) was produced by a Barnstead E-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]∙10H2O 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 perinch) 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 µm) 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.
Characterization
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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 Xray 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. Highperformance 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-pack GWS 5 μm C 18 column and an ultraviolet-visible detector set at 265 nm.
A mixture of eluting solvents (A and B) was used. Solvents A and B were 5 mM
ammonium acetate aqueous solution and methanol, respectively. Separation and
quantification were conducted using an isocratic elution of 70 % A and 30 % B for 10
min at a flow rate of 0.5 mL/min. 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.
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
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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 Microscopy Sciences) and a calibrated Ag/AgCl
(3 M NaCl, BASi) 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

Equation 5-1

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. The steady-state LSV curve of the Co-P electrode was then obtained by scanning
from negative to positive potential at 5 mV/s. For OER studies, the Ni foam electrode
was conditioned by repetitive CV scans at 5 mV/s 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. 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
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was made according to the following equation:
Ecorrected = Emeasured − iRs

Equation 5-2

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 GCE were collected within 0 ‒ 0.6 V vs. Ag/AgCl (3 M
NaCl) at varying scan rates from 10 to 4000 mV/s 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 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). The data were fitted to a linear Levich plot, resulting
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in the Levich plot slope.14 The diffusion coefficient of Na4[Fe(CN)6] was calculated
based on the following equation:
Levich plot slope = 0.62nFAC0D2/3υ1/6

Equation 5-3

where n = 1 for a one-electron process, Faraday constant F = 96485 C/mol, electrode
area A = 0.07065 cm2, Na4[Fe(CN)6] concentration C0 = 10 mM, D is the diffusion
coefficient, and υ is the kinematic viscosity of 0.5 M Na2SO4 and 0.5 M NaPi
(1.16222 ×10−6 m2/s) or 1 M NaOH (1.05303 ×10−6 m2/s). The diffusion coefficients
(D) of Na4[Fe(CN)6] were calculated as 3.53×10−6 cm2/s in 0.5 M Na2SO4 and 0.5 M
NaPi and 4.70 × 10−6 cm2/s in 1 M NaOH. The electron transfer rate constant k0 was
estimated by the Nicholson method and calculated through the equation as follows,15
Ψ = (−0.6288 + 0.0021 × ΔE × n)/(1−0.017 × ΔE × n)

Equation 5-4

where ΔE (expressed in mV) is the potential difference between anodic and cathodic
peaks, n = 1 for a one-electron process and Ψ is a kinetic parameter accounting for the
electron transfer rate constant k0 through the following equation:
Ψ = k0 × [π × D × n × ν × F/(R × T)]−0.5

Equation 5-5

where 𝜈 is the scan rate (mV/s), T is the temperature (298.15 K), and 𝑅 is the ideal gas
constant (8.3145 J/K·mol).
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
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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-P electrode was firstly conditioned by CV scans from -0.7 to -4 V at 5 mV/ s.
Then the steady-state LSV curve of Co-P electrode was obtained by scanning from
negative to positive potential at 5 mV/s. For OER studies, the Ni foam electrode was
firstly conditioned by CV scans from 0 to 4 V at 5 mV/s. Then the steady-state LSV
curve of Ni foam electrode was obtained by scanning from positive to negative
potential at 5 mV/s. 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
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Made). The I-V curves of PV cells were collected using both forward and backward
voltage sweeps at 5 mV/s under the sunlight irradiation (92 ± 5 mW/cm2), 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 CoP 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 was added to the working compartment. The LSV
curves were collected at 5 mV/s. Chronocoulometry was performed at 0.2 V applied
to the Ni foam working electrode for HMF oxidation.
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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 threeelectrode 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 5 mV/s with iR correction according to Equation 5-2.
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 over GCE were collected within 0 - 0.8 V
vs. Ag/AgCl (sat. KCl) at varying scan rates from 5 to 800 mV/s 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/
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s with the rotation rate varying from 400 to 2800 rpm within the potential window of
0 - 0.8 V vs. Ag/AgCl (sat. KCl). The limiting currents (i.e., the mass transportlimited 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 5-3, where n = 1 for a one-electron process, Faraday’s
constant F = 96485 C/mol, electrode area A = 0.07065 cm2, FcNCl concentration C0 =
10 mM, while D is the diffusion coefficient, and the kinematic viscosity ʋ is 0.0107
cm2/s in 0.5 M Na2SO4 aqueous solution. The calculated diffusion coefficient (D) of
FcNCl is 0.71 × 10−6 cm2/ s.
The reciprocals of the current intensities at selected potentials were plotted
against the reciprocals of the square root of the rotation rate (Figure 5-1). 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 5-2).
The x-intercept gives the logarithm of the exchange current density i0, which is equal
to FAC0k0 based on Equation 5-6, and gives an electron transfer rate constant k0 as
1.33 × 10−6 cm/s for FcNCl.
i0 = FAC0K0

Equation 5-6

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

136
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 µm). Both chambers were bubbled with N2, 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. 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. 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 5-2.
5-4. Preparation electron reservoirs and catalyst
Synthesis of (ferrocenylmethyl)trimethylammonium chloride (FcNCl)
FcNCl was prepared according to a reported method.14 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.
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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 of −1.0 A/cm2 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 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
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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-electrode
configuration at a constant current density of -0.5 A/cm2 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
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 CoP electrode was washed with water and ethanol, dried under N2 and stored in a
vacuum desiccator for further 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.
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5-5. 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 5-1b. 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 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, and 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
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 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 positive 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
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electron reservoir is less negative than the HER onset potential. Under alkaline
conditions, OER in step 2 can be replaced by electrochemical organic oxidation
(Scheme 5-1c), such as the oxidation of 5-hydroxymethylfurfural (HMF) to 2,5furandicarboxylic 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
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 to in the above discussion, an ideal electron reservoir for decoupled
water 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) lowcost 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 battery14 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.14 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
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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.3,4
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 5-1, 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 electrocatalysts can be used
to reduce the voltage inputs for HER and OER.16 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 (Figure 5-2 and Figure 5-3), respectively, the overpotentials for the
two half reactions of water splitting were dramatically reduced (Figure 5-1).
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 5-4a). The linear trend obtained from the variation of its anodic and
cathodic peak currents along the square root of the scan rate indicated that this redox
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process involved a molecular species in solution under diffusion control (Figure 54b). The diffusion constant of FcNCl was further probed via a linear sweep
voltammogram (LSV) using a rotating disk electrode (Figure 5-5). Calculations based
on the derived Levich pot resulted in a diffusion constant of 0.71 × 10-6 cm2/ s and an
electron-transfer rate constant of 1.33 × 10-5 cm/s 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.14

Figure 5-1. 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 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 (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 with a carbon counter electrode.
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Figure 5-2. SEM images of (a) the pristine Ni foam (NF) and (b) the prepared
Ni2P/Ni/NF electrocatalyst.
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Figure 5-3. XRD patterns of Ni foam and Ni2P/Ni/NF as well as the standard XRD
patterns of metallic nickel and Ni2P.

145

Figure 5-4. (a) Cyclic voltammograms of 10 mM FcNCl in 0.5 M Na2SO4 at different
scant rates. (b) 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 5-5. (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. (b)
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).
Decoupled water electrolysis using FcNCl
According to the aforementioned experimental results obtained in threeelectrode 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, 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
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was applied to Ni2P/Ni/NF, and no catalytic HER current was observed until scanning
beyond -2.4 V (Figure 5-6a). 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 5-1b). With an external bias of -1.8 V continuously applied to the

Figure 5-6. 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, 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, 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+.
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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 5-6b plots the GC-measured and theoretically calculated amounts of
H2, and the near overlap of these two H2 evolution traces rendered a Faradic
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 5-7), 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 5-1b). Subsequently, a positive voltage bias was
applied to NF to drive O2 evolution. As displayed in Figure 5-6c, the catalytic OER
current 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 5-1). 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 calculated value very well (Figure 5-6d), 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 counter chamber (Figure 5-7). In fact, the
cathodic reaction occurring in the counter compartment was the reduction of FcNCl+
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back to the FcNCl, thus accomplishing its regeneration cycle as an electron reservoir.

Figure 5-7. Representative gas chromatograms collected from the headspace of the
working compartment of a two-electrode H cell before (a), during H2 evolution (b),
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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The voltage between Ni2P/Ni/NF and carbon counter electrodes was -1.478 V
to drive a current density of -10 mA/cm2 for HER in the presence of 50 mM FcNCl
(Figure 5-6a). 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/cm2 (Figure 5-6c). 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 for producing
10 mA/cm2 in 0.5 M Na2SO4 (Figure 5-8). This demonstrates a high efficiency of

Figure 5-8. 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 (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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96% for two-step decoupled water splitting in relation to one-step direct water
splitting. This efficiency is higher than that of the reported phosphomolybdic-acidmediated (79%) and potassium hydroquinone-sulfonate-mediated (80%) decoupled
water electrolyzers and comparable with that (93%) of a silicotungstic-acid-mediated
system in acidic solution and a Ni(OH)2-mediated decoupled water electrolysis
system (92%) without considering resistive factors.13,17 The practical energy
efficiency of our decoupled water electrolyzer could be calculated by dividing the
thermoneutral potential of water electrolysis by the total applied voltage at room
temperature,18 when the Faradic efficiencies of HER and OER are both 100%. The
calculated energy efficiency was 61% at 10 mA/cm2, which is comparable with that of
the silicotungstic-acid-mediated (63%), the potassium-hydroquinonesulfonatemediated (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 || Pt electrolyzer (67%) in 1 M NaOH solution at
room temperature (Table 5-1).3,13,17 When proton buffers were added in the
electrolyte, we were able to collect the HER and OER LSVs at pH 5, 7, and 9.Within
the pH range from 5 to 9, our FcNCl functioned well as an electron reservoir for
decoupled water splitting.
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Table 5-1. Comparison of our electron reservoir-mediated decoupled water
electrolyzers with reported decoupled water splitting systems with redox mediators.
Electron reservoirs /
Redox mediators

Electrocatalysts

Electrolyte

Na4[Fe(CN)6]

Co-P for HER
Ni for OER

0.5 M
Na2SO4
and 0.5 M
NaPi buffer
(pH = 7.0)
0.5 M
Na2SO4
(pH = 6.5)
1 M H3PO4
(pH = 1.0)
1 M H3PO4
(pH = 1.0)
1 M H3PO4
(pH = 1.0)
1.8 M H3PO4
(pH = 0.7)

FcNCl

(H3O+)[H2PMo12O40]−
H4[SiW12O40]
No redox mediator
Potassium
hydroquinone
sulfonate
V(II)/V(III) and
Ce(III)/Ce(IV)
Ni(OH)2/NiOOH

Ni(OH)2/NiOOH
Ni(OH)2/NiOOH
Ni(OH)2/NiOOH

Ni2P/Ni for
HER
Ni for OER
Pt for HER and
OER
Pt/C for HER
Pt for OER
Pt/C for HER
Pt for OER
Pt/C for HER
Pt for OER
Mo2C for HER
RuO2 for OER
Pt for HER
RuO2/IrO2 for
OER
Ni for HER
Co3O4 for OER
Pt for HER
Ir for OER
Ni for HER
Ni for OER

1 M H2SO4
1 M KOH
(pH = 14)

Total
voltage
for
both
HER
and
OER
(V)

Energy
efficiency
(%)

Reference

2.29

64.6

This
work

2.43

61

This
work

2.5

59.2

3b

2.37

63
17

2.21

67

2.4

61.6

6

N/A

48

7a

2.1

70
3a

1 M KOH
(pH = 14)
1 M NaOH
(pH = 14)
1 M NaOH
(pH = 14)

2.25

65.7

2.21

67
10

2.3

64.3
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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
production, we carried out the decoupled water electrolysis such that each half cycle
passed ~7 C charge before we switched the applied bias. Figure 5-9 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 5-10). The performance
of FcN(NO3) as an electron reservoir for decoupled water electrolysis was comparable
with that of FcNCl in Figure 5-11.
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Figure 5-9. 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 Na2SO4 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.

Figure 5-10. Cyclic voltammogram of 30 mM FcN(NO3) in 0.5 M Na2SO4 at a scan
rate of 100 mV/s with glassy carbon and carbon rod as the working and counter
electrodes, respectively. No iR correction was applied.
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Figure 5-11. Electrochemical investigation of decoupled HER and OER with the
assistance of FcN(NO3) as an electron reservoir in 0.5 M Na2SO4. (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) 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, iR-corrected). (b) 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, iR-corrected).
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).3,4,12 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 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) to assess our hypothesis. Figure 5-12a shows the LSVs
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Figure 5-12. 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.
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 -30mA/cm2 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/cm2), the same current density could be achieved at zero external bias. Figure 512b 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 dependent on the sunlight exposure strongly supports the
conclusion that the H2 evolution detected was solely driven by sunlight irradiation.
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Control experiments under identical 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.19 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,
respectively. As displayed in Figure 5-13, 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/cm2 for HER at -0.87 V 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. Consequently, the current
density of 10 mA/cm2 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
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Na4[Fe(CN)6] is still well located between the onset potentials of HER and OER. 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 5-14a and
b), indicating this redox process involves a molecular species under diffusion control.
The diffusion coefficient of Na4[Fe(CN)6] was measured as 3.53×10-6 cm2/ s from the
derived Levich plot (Figures 5-14 c and d), which is comparable with the previous
report.20 The electron transfer rate constant of Na4[Fe(CN)6] was estimated to be 2.20
× 10-1 cm/s by the Nicolson method (Figure 5-14e).21 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 5-14f).

Figure 5-13. 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. 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. 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.
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Figure 5-14. (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. (b) 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 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) Plot of Ψ
versus [πDnF/(RT)]-0.5ν-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 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.

160
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 twocompartment H-type electrochemical cell was adopted (Scheme 5-1b). All twoelectrode electrochemical results were not iR-corrected. As shown in Figure 5-15a, a
large voltage of -2.54 V is required to attain a cathodic current density of −10 mA
/cm2 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 density of -10 mA/cm2. 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 at -1.5 V (Figure 5-15b) 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 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 5-16), 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 CoP 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.
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Figure 5-15. (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]4− (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. (b) Chronocoulometry curve of a Co-P working electrode for HER coupled
with the oxidation of [Fe(CN)6]4− 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 twoelectrode 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]3− (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. (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.
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Figure 5-16. 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 (b) 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.
After a large portion of [Fe(CN)6]4− (ca. 86.4%) had been oxidized to
[Fe(CN)6]3−, 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 5-15c, the Ni foam
electrode delivered an OER current density of 10 mA/cm2 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
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similar long-term chronocoulometry electrolysis for OER was also conducted and
100% Faradic efficiency for OER was also obtained (Figure 5-15d). In the meantime,
no H2 was detected during the whole process (Figure 5-16). 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. The energy efficiency was calculated to be 64.6%, comparable with that of
other decoupled water-splitting systems in acidic or alkaline electrolytes (Table 5-1).
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 5-17. 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 5-17a). 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 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).
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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 5-17b). 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] as an electron reservoir.
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Figure 5-17. Multiple sequential bulk electrolysis cycles of the two-electrode systems
(Co-P || carbon, or Ni foam || carbon) for decoupled water splitting. (a)
Chronoamperometry and (b) 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]. The input 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. 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).
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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. Therefore, two commercial PV cells were used
and their photovoltages were measured to be 1.1 and 1.6 V, respectively, under
natural sunlight irradiation. Figure 5-18a compares the linear sweep voltammograms
(LSV) of a Co-P working electrode for HER with and without PV cells. With the
assistance of 1.1 or 1.6 V PV cells, a current density of -5.4 and -24 mA/cm2 for H2
evolution was achieved at zero external bias. Figure 5-18b 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 5-18c). The current densities were maintained at 5.3 and -21 mA/cm2 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 5-
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18d). Analogous to the above HER situation, much lower voltage inputs were
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 5-18e). 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/ cm2
for a 2-hour electrolysis driven by PV cells of 1.1 and 1.6 V, respectively, under
natural sunlight illumination (Figure 5-18f). It should be noted that the
aforementioned solar-driven experiments were performed without iR compensation
and the internal resistance of our PV-electrolysis systems was measured as ca. 14 Ω.
PV cells with small photovoltages (1.1 or 1.6 V) were able to drive decoupled water
splitting under natural sunlight irradiation when Na4[Fe(CN)6] was used as the
electron reservoir. Further optimization of the PV electrolyzer design in terms of the
sizes of PV panels and electrodes, concentrations of the electron reservoir, and power
densities of PV and electrolyzer will be pursued for achieving high solar-to-H2
efficiency.
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Figure 5-18. (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
sunlight irradiation. (b) 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 were 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.
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 For
instance, HMF is an intermediate platform chemical produced from biomass
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materials, which can be transformed to many value-added products.23 Previous
studies have demonstrated that HMF can be readily oxidized to more valuable
FDCA by Ni-based electrocatalysts under alkaline conditions.24 The electrochemical
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 5-19) with a diffusion coefficient of 4.70×10-6 cm2/s and an electron-transfer
rate constant of 8.45×10-2 cm/s (Figure 5-20), which were comparable with
the reported values.25 The negligible degradation during 1,000 redox cycles of
Na4[Fe(CN)6] in 1.0 M NaOH further demonstrated its excellent stability.

Figure 5-19. 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. All polarization curves were iR-corrected.
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Figure 5-20. (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. (b) 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 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) Plot of Ψ
versus [πDnF/(RT)]−0.5ν−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 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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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 5-1c). Figure 5-21a compares the LSV
curves of a Co-P working 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 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
curve was collected on the NF working electrode for OER (Figure 5-21b), which
delivered 10 mA/cm2 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 10mA/cm2 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 5-22) without the need for noble-metal catalysts,
which were widely used in previous reports.26 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 night with this novel electrolyzer
design.27 Exploration of new electron reservoirs with higher solubility is preferred for
increasing the capacitance of the electron reservoir solutions.
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Figure 5-21. 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.

Figure 5-22. (a) Concentration of HMF and its oxidation products during electrolysis.
(b) Two possible pathways of HMF oxidation to FDCA.
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5-6. 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 mixing.
The reversible redox couple, high solidity, 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/cm2) 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
Na4[Fe(CN)6] render it 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
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electrolysis and other promising electrocatalytic applications such as biocatalytic
reactions, biomass valorization, and seawater electrolysis.
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