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Electrochemical water splitting stores energy as equivalents of
hydrogen and oxygen and presents a potential route to the scalable
storage of renewable energy. Widespread implementation of
such energy storage, however, will be facilitated by abundant
and accessible sources of water. We describe herein a means of
utilizing impure water sources (e.g., saltwater) for electrochemical
water splitting by leveraging forward osmosis. A concentration
gradient induces the flow of water from an impure water source
into a more concentrated designed electrolyte. This concentration
gradient may subsequently be maintained by water splitting, where
rates of water influx (i.e., forward osmosis) and effective outflux
(i.e., water splitting) are balanced. This approach of coupling
forward osmosis to water splitting allows for the use of impure and
natural sources without pretreatment and with minimal losses in
energy efficiency.

forward osmosis | water splitting | seawater | hydrogen | solar

Despite the abundance of renewable energy sources (e.g.,
solar and wind), their storage at scale remains limited (1-3).
Compared to conventional means of energy storage, fuels
produced by water splitting, either directly in the form of H,
and O, (4) or indirectly in the form of liquid fuels via artificial
photosynthesis (5-8), offer greater energy density and scal-
ability. The keystone water-splitting process may be driven
electrochemically via the hydrogen evolution (HER) and oxy-
gen evolution half-reactions (OER) (1, 9, 10). Whereas the
focus of most endeavors has been on the development of cat-
alysts that operate in purified water sources, 96.5% of global
water reserves exist as brackish water and seawater (11). As
such, the development of water splitting at scale will be facili-
tated by the development of approaches that can directly use
natural water sources (12-15). Although natural water sources
are abundant, they are corrosive to most earth-abundant cata-
lysts at neutral pHs and unavoidably contain impurities in-
cluding dissolved salts, organic molecules, and particulates.
Some of these challenges have been overcome with the devel-
opment of self-healing water-splitting catalysts (16-18) and in
the case of seawater, with the design of catalyst matrices that
are able to reject interfering anions such as chloride and bro-
mide (19-21). A more conventional approach involves pre-
purification of water sources prior to use by reverse osmosis
and related approaches (21-25).

We now report an approach that leverages electrochemical
water splitting with passive forward osmosis to allow for sus-
tained water splitting from impure water sources with minimal
losses in efficiency. Water splitting drives an effective outflux of
H,O by its conversion into H, and O, gases that in turn generates
a concentration gradient, which is balanced with an influx of H,O
provided by forward osmosis. By setting rates of influx and outflux
equal, H,O is continually extracted from an impure water source
via forward osmosis and purified H,O is provided for water
splitting. A 0.6 M NaCl solution is used as a surrogate for seawater
as sodium (Na*) and chloride (Cl7) are the predominant ions
responsible for the salinity of seawater. We show that the forward
osmosis-water splitting (FOWS) permits the simultaneous and
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equivalent influx and effective outflux of H,O over prolonged
operation while allowing for HER and OER to proceed at unit
faradaic efficiency with the rejection of the CI” ion, thus allowing
for a simple way to accomplish selective hydrogen and oxygen
generation from saltwater. Our results show that the FOWS de-
sign allows for the use of conventional and stable electrodes for
water splitting from impure sources that operate at high current
densities.

Results

Fig. 1 illustrates the general design principles for the FOWS cell,
which comprises a single electrochemical compartment segregated
from an impure water source with a semipermeable membrane.
The FOWS cell chamber was an inverted 15-mL centrifuge tube in
which a Pt mesh anode and cathode and an Ag/AgCl reference
electrode resided. The FOWS cell was charged with 10 mL of
0.8 M NaP; inner electrolyte buffered at pH 7 and was separated
from 0.6 M NaCl outer solution using a cellulose acetate (26, 27)
semipermeable membrane (Fig. 14). A 0.2 M concentration gra-
dient was chosen to accommodate electrochemical water splitting
at the applied current of 250 mA (vide infra). For these experi-
ments, a volume of 1.5 L was chosen for the outer solution so
that the salt concentration was approximately constant over the
course of the experiment, thus providing for a relatively constant
osmotic pressure.

Electrochemical water splitting performed at 250 mA resulted
in a stable operating potential of ~2.80 V vs. standard hydrogen
electrode (SHE) over a 48-h period (Fig. 24). The observed +0.185-V
variability of the operating potential was due to the formation of
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Fig. 1. Schematic overview of FOWS cell. (A) Basic components of FOWS cell
for operation in impure water sources. (B) Processes underlying FOWS cell
operation with the concurrent water influx via forward osmosis and effec-
tive water outflux via electrochemical water splitting. (C) Plot of rates of
water influx (red) and outflux (blue) as calculated from Egs. 1 and 2, re-
spectively, where the rates are equivalent when the anodic current and
concentration gradient are properly balanced. These rates are equivalent at
any point along any vertical line (e.g., black bar).

transient gas bubbles on the reference electrode. Gas chroma-
tography (GC) analysis of the FOWS cell headspace was per-
formed hourly throughout the 48-h period. As the faradaic
efficiency for water splitting is 100% (Fig. 2 C and D), sustained
operation of the FOWS cell at 250 mA corresponds to an effective
outflux of ~2.02 mL H,O per day, which would result in a de-
pletion of ~40% of the internal volume without a compensating
influx of H,O. Notwithstanding, the internal volume of FOWS cell
increased by ~0.25 mL within the first day of operation after which
the system attained steady state and the solution volume remained
constant with continued operation.

To assess whether phosphate (P;) leached from the FOWS
cell, a Malachite green phosphate assay (28) was performed on
the outer solution at timepoints of 0, 24, and 48 h of operation.
As summarized in Fig. 34, less than 3 molar % of the total P;
concentration is found to leach through the semipermeable
membrane into the outer solution after 48 h. This corresponds to
a rate of leachmg for P; of ~4.7 umol-h™!, as compared to water
splitting occurring at 2.3 mmol-h™'. To quantify the passage of
CI” into the inner electrolyte solution of the FOWS cell, a
Lucigenin fluorescent probe was used (29). Similar to the results
for P;, 0.4 mmol of CI” was found to accumulate in inner elec-
trolyte solution (Fig. 3B) after 24 h, occupying ~4% of the inner
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electrolyte based on total electrolyte concentration of 0.8 M,
after which the concentration of CI” remained constant. The
observed steady-state CI” concentration suggested CI” con-
sumption at the anode. The expected products of such oxidation
at neutral pH and room temperature are HCIO and ClO™ based
on the Pourbaix diagram (30). These products were quantified
using a N,N-diethyl-p-phenylenediamine (DPD) assay (31). Less
than 3 pmol of HCIO/CIO™ were found to accumulate in the
FOWS cell after 48 h (Fig. 3C). The CI” oxidation accounts
for <0.001% loss in faradaic efficiency and hence is not reflected
in the GC-measured water-splitting faradaic efficiency (Fig. 2 C
and D). Additionally, the measured HER/OER faradaic efficien-
cies suggest minimal gas cross-over or other parasitic reductive
and oxidative processes that compete with electrochemical water
splitting. A summary of the operational metrics of the FOWS cell
is compiled in Table 1.

Discussion

The influx of H,O (mL-s™") into an FOWS cell via forward os-
mosis is proportional to the provided concentration gradient
between the inner electrolyte and external water source, as de-
scribed with the follow equation:

K,S

G = TRT=> AC, 1

where K, is the membrane permeability coefficient for water
(mL-atm™ Tlsle m™'), § is the membrane surface area (cm?), d is
the membrane thickness (cm), 7 i is the Vant Hoff factor, R is
the ideal gas constant (L-atm-K'mol™), T is the tempera-
ture (K), and AC is the concentration gradient (M). Eq. 1 as-
sumes hydraulic forces to be negligible The effective outflux of
H,O from an FOWS cell via electrochemical water splitting
(units: mL-s™") is proportional to the current passed through the
system,

iV

eIk (2]

Goutflux =

where i here is the current (A), V,, is the molar Volume of H,O
(mL-mol™), and F is Faraday’s constant (C-mol™"). At a steady
state, where the volume within the FOWS cell is constant, the
rates of H,O influx and outflux are equivalent,

qoutﬂux‘ = |Ginflux ‘ . [3]

Equating Egs. 1 and 2,

Vo K,S
IRT)=} A
iop = @RT) G

[4]
and rearranging Eq. 4 furnishes the steady-state condition for the
current passed to the concentration gradient,

ac=arn(SS)(2),

By determining Eq. 5, the steady-state ratio of current to con-
centration gradient may be approximated. The product of the
van’t Hoff index Z and membrane permeability coefficient for
water K,, may be estimated from Eq. 1 by measuring the rate
of influx, giym., through the cellulose acetate membrane at a
known concentration gradient AC in the absence of water split-
ting. For an FOWS cell charged with 0.8 M NaP; and placed in
a 0.6 M NaCl solution the change in inner volume of the cell
was monitored over a 4-h period revealing a rate of influx of

[5]
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Fig. 2. Assessment of electrochemical water splitting in FOWS cell. (A) Chronopotentiometry at 250 mA with a 0.8 M NaP; inner electrolyte solution and
0.6 M NaCl outer electrolyte solution. Average operation potential (blue line) with observed SD of measurements (light-blue halo). (B) Observed water
level within the FOWS cell over period of operation. (C) Average faradaic efficiency for HER (red line) with observed SD of measurements (light-red halo)
over 48-h period of operation. (D) Average faradaic efficiency for OER (blue line) with observed SD of measurements (light-blue halo) over 48-h period of

operation.

Ginfiux = 0.08 mLh™" (or 1.92 mL-day™) for the defined AC = 0.2 M.
Solving for Eq. 5 gives

i/AC=1.05A-M". [6]

For the cellulose acetate membrane with dimensions of § =
1 cm? and d = 1 mm, Eq. 6 defines that a steady-state concen-
tration gradient 0.95 M is maintained by an electrochemical
water-splitting current of 1 A. Thus, to maintain the 0.2 M con-
centration gradient of the FOWS cell described herein, an ap-
plied current of 210 mA is needed for water splitting. A slightly
higher current of 250 mA was chosen to allow a steady state to be
attained gradually with the internal volume slightly decreasing.
The slight initial increase (2.5%) in the inner electrolyte volume
prior to attaining steady-state conditions indicates slightly under-
estimated values from our measurement of passive forward os-
mosis. Excepting this minor discrepancy, the result of steady-
state operation of the FOWS cell at 250 mA validates Eq. 6 in
practice and establishes that the concurrent processes of forward
osmosis and electrochemical water splitting may maintain a
designed concentration gradient. To corroborate this, a separate
FOWS cell was charged with 0.7 NaP; and placed in a 0.6 M
NaCl solution, whereupon a current of 125 mA was applied,
again resulting in steady-state operation for several days.

The FOWS cell purifies a natural water source by passive
forward osmosis. This is demonstrated by the comparison of
water splitting in a 0.6 M saltwater electrolyte vs. in the FOWS
cell. Within the error of measurement, 100% faradaic efficien-
cies are observed for water splitting in the FOWS cell as com-
pared to 50 and 20% faradaic efficiencies for HER and OER,
respectively, in the 0.6 M saltwater electrolyte (SI Appendix, Fig.
S5). Such lower faradaic efficiencies are consistent with CI™ ox-
idation with the caveat that a membrane is not used to separate
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the anode and cathode in the FOWS cell. Hence the decrease in
faradaic efficiency is also due to significant cross-over of CI”
oxidation products (32). The marginal leaching of P; from the
FOWS cell and influx of CI” into the FOWS cell (Fig. 3 4 and B)
establishes that the overall FOWS approach offers a novel means
of performing water splitting from natural water sources.

The passage of CI” and P; is a direct consequence of the selec-
tivity offered by the semipermeable cellulose acetate membrane,
which was chosen owing to its availability and ubiquity. Improve-
ments of this FOWS approach will rely largely upon membranes
that can accommodate high flowrates with enhanced selectivity. For
instance, the energy efficiency of the system depends on the water-
splitting potential. The use of Pt electrodes in neutral water is
suboptimal for efficient water splitting. Water splitting in base
or acid solutions will greatly improve the energy efficiency but
ion-selective membranes that are stable to concentrated base or
acid will be required. Additionally, the design of FOWS cells
with well-separated anode and cathode compartments, as well
as designing internal compartments including anion-exchange
membranes, could benefit the practicality and effectiveness of
this approach.

Conclusion

By coupling water splitting to forward osmosis, a concentration
gradient may be maintained to provide continual flow of H,O for
electrochemical water splitting from impure water sources that
may include brackish water and seawater. In this regard, the
FOWS cell design adds (SI Appendix) a new approach to the
widespread implementation of scalable renewable energy storage
by allowing for the use of impure water splitting for the gener-
ation of H, and O, while avoiding separate purification and
desalination processes.
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Fig. 3. Assessment of ion flow of the FOWS cell. (A) Quantification of
phosphate (P;) ions in outer solution over 48 h of operation. Axes describe
total concentration of P; in outer solution (Left) and percentage of P; that
leached out of the FOWS cell (Right). (B) Quantification of CI” ions in inner
electrolyte solution over 48 h of operation. Axes describe total concentration
of CI™ (Left) and as percentage of CI~ (Right) within the FOWS cell. (C)
Quantification of HCIO/CIO™ ions in inner electrolyte solution over 48 h of
operation. Axes describe total concentration (Left) and as percentage (Right)
of HCIO/CIO™ within the FOWS cell (Right).

Materials and Methods

Materials. NaH,PO,4 was used as received from Fischer. NaOH (<0.001% Ni,
Fe, and other heavy metals) was used as received from EMD Millipore. All
electrolyte solutions were prepared with type | water (EMD Millipore, 18.2
MQ cm resistivity). Pt wire (0.5-mm diameter, 99.95% metal basis) and Pt
gauze (52 mesh, 99.9% metal basis) were obtained from Alfa Aesar and
soaked overnight in 50% HNOs in type | water prior to use. A leak-free Ag/
AgCl reference electrode (2 mm, length 65 mm, 1 mm gold-plated pin, < 30
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kQ) was obtained from Warner Instruments. A 305 mm x 305 mm FTS H,0
flat sheet membrane (1121820, cellulose triacetate, forward osmosis) was
obtained from Sterlitech and rinsed three times with type | water prior
to use.

FOWS Cell Construction and Electrochemical Measurements. The conical end of
a Falcon 15-mL polypropylene conical tube was cut at the 2-mL gradation. A
1-cm-diameter hole was bore through the dome of the seal screw cap of the
Falcon tube. A standard industrial Buna-N O-ring (113, 0.75-in. outer diam-
eter) was inserted into the screw cap such that it rested below the threading.
A 2-cm x 2-cm section of FTS H,O flat sheet membrane was placed on the
threaded end of the precut 15-mL tube with the feed side facing outward.
The screw cap (with O-ring) was screwed into the 15-mL tube to secure the
membrane with a leakproof seal. We note that the membrane was re-
quired to remain wet throughout assembly. Separately, two Pt flag elec-
trodes (4 cm in length) were inserted through a red sleeve-type septum
stopper (CG-3022-06, Chemglass Life Sciences) in a face-to-face orientation,
with a 1-mL polypropylene divider positioned between them. A Ag/AgCl
(3 M KCl, Leak-Free, Warner Instruments) reference electrode was inserted
adjacent to the anode. The 15-mL Falcon tube with separator, electrodes,
and electrolyte was outgassed during operation through a syringe needle to
the atmosphere; for GC experiments, the necessary tubing was threaded
through the septum in place of this needle. The gradation on the Falcon
tube allowed for the internal volume to be roughly estimated throughout
operation.

Electrochemical experiments were conducted on a CH Instruments 760D
bipotentiostat. Cell potentials were converted to the SHE scale according to Esye =
Epgiagal + 0.197 V. For faradaic efficiency measurements, the FOWS cell was
operated under a constant flow of Ar gas (25 sccm) that was introduced through
a gas inlet syringe. The gas outlet from the FOWS cell was connected to a GC
equipped with a thermal conductivity detector (multiple gas analyzer 3, SRI In-
struments). The amount of H, and O, in the out-fluxing Ar gas was quantified
based on a calibration curve constricted from known H, and O, concentrations.

Phosphate Quantification. A Malachite green phosphate assay kit was used to
determine P; quantities in the outer electrolyte. The reaction of Malachite
green with molybdate, and in the presence of P; produces a green complex
with an absorption maximum of 620 nm. Over a 48-h period of operation,
three 250 pL aliquots of the outer electrolyte were taken at time points of 0,
24, and at 48 h. To 50 pL of these aliquots, 10 mL type | H,O (200x dilution)
was added and 800 pL of this resulting solution was combined with 200 pL of
the Malachite green phosphate assay reagents (i.e., Malachite green and
molybdate). The ultraviolet (UV)-vis absorption spectrum of these resulting
solutions was then recorded using a Varian Cary 5000 spectrometer. The
absorption at 650 nm was then compared to a seven-point standard curve (S/
Appendix, Fig. S2), allowing the overall P; concentration in the outer elec-
trolyte to be quantified.

Chloride Quantification. A Lucigenin (10,10’-dimethyl-9,9"-biacridinium, dini-
trate) fluorescent assay was used to determine the concentration of chloride in
the inner electrolyte. The quenching of Lucigenin fluorescence by chloride was
monitored at 505 nm. Over a 48-h period of operation, three 250 pL aliquots of
the outer electrolyte were taken at time points of 0, 24, and at 48 h. To 62.5 pL
of these aliquots, 1 mL type | H,O (16x dilution) was added. To this resulting
solution, 10 pL of a 1 mM Lucinegin solution in type | H,O was added and the
emission spectrum was recorded between 465 and 600 nm (Aeyc = 455 nm)
using a PTI Technologies QuantaMaster 300 Fluorimeter. The emission at
505 nm was compared to a seven-point standard curve (S/ Appendix, Fig.
S3), allowing the overall CI~ concentration in the inner electrolyte to be
quantified.

Total HCIO/CIO™ Quantification. A DPD assay was used to determine quantities
of chloride oxidation products in the inner electrolyte. The DPDe*-generated
radical cation is red with an absorbance maximum of 531 nm. Over a 48-h
period of operation, three 250 pL aliquots of the outer electrolyte were taken
at time points of 0, 24, and at 48 h. To 62.5 pL of these aliquots, 1 mL type |
H>0 (16x dilution) was added. To this resulting solution, 50 pL of a 500 mM
DPD type | H,O solution were added and the UV-vis absorption spectrum of
these resulting solutions was recorded using a Varian Cary 5000 spectrometer.
The absorption at 531 nm was compared to a seven-point standard curve of
HCIO/CIO™ concentrations (S/ Appendix, Fig. S4), allowing the overall HCIO/CIO™
concentration in the inner electrolyte to be quantified.

Data Availability. All study data are included in the article and/or S/ Appendlix.
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Table 1. Quantification of key metrics for assessing FOWS cell performance

Hours OER FE, % HER FE, % [PO3-], M [CI], mM [CIO07], mM H,O consumed, mL* Stored energy, ki
0 100 100 0.800 6.15 0.03 0 0

24 100 100 0.790 41.2 0.11 2.02 27.12

48 100 100 0.776 338 0.28 4.04 54.24

*Calculated based on current passed and the observed 100% faradaic efficiency (FE) for water splitting.
"Based on quantity of H, generated.
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