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Turning water into a protonic diode

Joule

and solar cell via doping and dye sensitization

Leanna Schulte,” William White,! Lawrence A. Renna,' and Shane Ardo'.2:34.*

SUMMARY

The key advance that led to the digital revolution was the invention
of the solid-state diode, due to its ability to effectively rectify elec-
tronic current. Analogous, water-based diodes were invented
around the same time, yet their ability to rectify protonic current
paled in comparison. A suitable platform to fabricate water-based
diodes is the bipolar ion-exchange membrane, which serves as a
scaffold for dopants that ionize when infiltrated with protonically
semiconducting water. Herein, by fashioning bipolar membranes
into membrane-electrode assemblies and characterizing them like
fuel cells, we report high-quality protonic diodes that, when sensi-
tized to visible light using photoacids, exhibit “reverse"” photovol-
taic action. These demonstrations will spur innovations in the fields
of iontronics, neuromorphic computing, and brain-machine inter-
faces, among others.

INTRODUCTION

Rectifiers, transistors, switches, and photodetectors have led to many of society’s
recent technological advances. The core circuit element found in each of these con-
structs is the electronic diode."™ Its effectiveness stems from its ability to rectify cur-
rent well, a function that was engineered into diodes based on strong foundational
knowledge. Diode function has been adequately modeled using analytical equa-
tions to predict relationships between current and voltage,* responses to direct,
transient, and alternating currents,” and solar cell function when coupled to photon
absorption.®” Although purely electronic processes are at the core of the aforemen-
tioned diodes, the equations and relationships used to describe their function have
also been applied to electrochemical systems where both electronic and ionic mo-
bile charged species are coupled through redox reactions.®” This has led to great
advances in ion-gated switches,'”"" chemical sensors,'? and constructs for photo-
electrochemical energy conversion.'®'* Although electronic and mixed ionic-elec-
tronic diodes and resulting devices are now commonplace, reports of purely ionic
diodes are far less common,'*'® and the subset of protonic diodes—which are direct
analogs of electronic semiconductors—are nearly absent from the literature.”’ ="

Fabrication of effective diodes requires controlled doping of the semiconductors
that form them, using design principles that are agnostic to whether mobile charged
species are electronic (electrons/holes) or protonic (protons/hydroxides).22 Doping
is achieved by introducting neutrally charged species into the semiconductor, whose
energetics result in substantial dissociation into two oppositely charged species:
one that is mobile and the other that is fixed. By contacting two semiconducting
phases that contain oppositely charged majority mobile species, recombination oc-
curs at the interface, leaving behind oppositely charged phases that present a uni-
directional electrostatic space-charge region. Application of a potential bias to
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Context & scale

Protons and electrons are both
fundamental particles whose
dynamics of transport and
chemical reactivity are driven by
electromagnetic forces. Although
this fact has resulted in a multitude
of applications for solid-state
materials that conduct electrons,
significantly fewer applications
exist for materials that conduct
protons. Protons are ubiquitous in
protic solvents, where the most
well-known and abundant one is
water. Therefore, by using water
as a proton-transfer medium,
analogs to electronic devices can
be developed. These devices may
prove useful in applications where
water is inherently present, such
as biological contexts and most
large-scale electrochemical
energy-conversion devices. We
believe that the development of
protonic devices will spur
innovations in other more
forward-looking fields, such as
iontronics, neuromorphic
computing, and brain-machine
interfaces.
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inject mobile charged species into and out of the space-charge region results in
asymmetric charge flow, as current rectification. Since protonically semiconducting
water is a liquid, dopants cannot simply be introduced as soluble Brensted-Lowry
acids and bases, e.g., HCI, KOH, because all species would be mobile and the result-
ing electric potential drops would be small, spatially random, and not result in cur-
rent rectification. This can be remedied by infiltrating water into a scaffold used to fix
dopants in place, as demonstrated by Bockris and coworkers over half a century
ago,'® by contacting two polymer scaffolds, one with fixed proton-donor groups
and the other with fixed hydroxide-donor groups, into what is termed as a bipolar
membrane.

Herein, we report detailed photoelectrochemical characterization of purely protonic
pn-junction diodes consisting of bipolar-membrane-electrode assemblies that are
also sensitized to visible light using covalently bonded photoacids.?* Protonic diode
performance was assessed using a potentiostat to drive two reversible and energy-
efficient redox reactions to convert electronic power into protonic power. Solar cell
function was measured when photogenerated protonic power was transduced into
electronic power via the same intervening redox reactions.

RESULTS AND DISCUSSION

Bipolar-membrane-electrode assembly fabrication

Bipolar membranes were formed by drop casting an n-type Sustainion XA-9 ionomer
(5% in ethanol) directly onto a p-type perfluorosulfonic acid cation-exchange mem-
brane, with or without covalently bound photoacid dyes, and then heating at 80°C
for 1 h. These bipolar membranes were then fabricated into membrane-electrode
assemblies by applying reversible-hydrogen-electrode inks with an airbrush gun
to sufficient coverage, such that current densities were not limited by mass transfer
of H, (Figure S1) or charge transport in an ion-exchange material (Figure S2). Subse-
quently, the membrane-electrode assemblies were dialyzed in ultrapure water for
>24 h to help remove ions other than OH™ and H* (Figure S3). Electrochemical mea-
surements were conducted using carbon-cloth current collectors and a visible-light-
transmissive acrylic cell fed with 100% relative humidity forming gas (5/95 mol % Hy/
N,) to facilitate reversible H, redox chemistry at the electrodes (Reaction S1), with
details in the supplemental information and supplemental experimental procedures.
Figure 1 shows the bipolar-membrane-electrode assembly and the varied physical
parameters and chemical processes proposed to occur under applied potential bias.

Water-based protonic diode behavior

Current density (J) versus potential (E) data for a representative bipolar-membrane-
electrode assembly are shown in Figure 2A, and are reasonably modeled by the
following Butler-Volmer electrocatalyst equation:

aq(E-Eeqa) —ecq(E-Eeqe)
J=do(e ® —e W

where Jis the current density flowing through the system (A/cm?), J, is the exchange

(Equation 1)

current density (A/cm?), o is the fraction of the applied potential that influences cur-

rentin the anodic/cathodic (a/c) direction, g is the elementary charge (1.602 x 107"

C), Eis the applied DC potential bias (V), Ecq,iis the potential of the system at equi-

librium (V) with Ecqg,a = Ecqc, kg is the Boltzmann constant (1.381 X 10722 JK™"),and T

is the temperature (298.15 K). When a. = 0, Equation 1 is the Shockley diode equa-

tion, where J, represents the reverse saturation current density due to thermal gen-
1

eration of mobile charged species, Qa =1 (ng is the diode quality factor), and

Eeq,a = Eeq,c = Eoc (Eoc is the open-circuit potential). For both electrocatalysts and
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Figure 1. Structure, physical parameters, and chemical processes of bipolar-membrane-

electrode-assembly protonic diodes

(A) Schematic of the membrane-electrode-assembly architecture.

(B) Scanning electron micrograph of a bipolar membrane with reversible-hydrogen gas-diffusion
electrode catalyst layers and 50 um scale bar.

(C and D) Schematics, analogous to band diagrams in solid-state physics, showing various physical
parameters and chemical processes present during electrochemical measurement of a membrane-
electrode-assembly protonic diode under reverse-bias and forward-bias conditions, where zig
stands for the electrochemical potential of R = H" or OH™, and @ is the electric potential felt by
positively charged H*. Because H" is the particle in our materials systems, these schematics are
proton-centric, and therefore, depict distributions that, based on charge, are opposite of what
would be depicted for analogous electronic diodes.

diodes, application of a potential bias modulates the electrochemical potentials of
electrons and holes. Notwithstanding, the underlying physical processes that result
in electrocatalytic behavior versus diode behavior are drastically different. For ideal
metallic electrocatalysts, the interfacial electric potential distribution is altered,
thereby influencing current via changes in activation free energy, and thus rate con-
stants, of elementary reaction steps. For ideal pn-junction diodes, species concen-
trations, and thus species activities, in the space-charge depletion region are
altered, thereby influencing current via mass action.

Although our bipolar-membrane-electrode assemblies are designed to function as
ideal diodes with a. = 0, this is not observed experimentally. Instead, cathodic cur-
rents under reverse bias increase gradually in a rather exponential fashion, an effect
previously ascribed to electric-field-enhanced (EFE) heterolytic water dissociation
(WD).?*~?? Because the Poisson equation interconverts electric fields and electric

2382 Joule 5, 2380-2394, September 15, 2021
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Figure 2. Electrochemical data and analyses of one representative protonic diode

(A) Current density (J) versus potential (E) data for net water dissociation under reverse bias, as
depicted in Figure 1C, and net water formation under forward bias, as depicted in Figure 1D.

(B and C) (B) Area-specific resistances for protonic transport in the bulk (ASRu,i) and across the space-
charge depletion region (ASR..), and dE/,, obtained from the data in (4), and (C) capacitances (Cs.) and
ideality factors (as.) of the space-charge depletion region extracted from best-fits of electrochemical
impedance spectroscopy data to a nonideal Randles equivalent circuit model. Resistances are reported on
a semilogarithmic plot, whereas capacitances are reported as a Mott-Schottky plot that includes a best-fit
to the Mott-Schottky equation (Equation 2), with fitted region (bold line) and extrapolated region (thin line)
shown, and extracted values indicated for the fixed-charge density in the space-charge depletion region
(N) and extrapolation of the best-fit line to obtain the flatband potential (Ew), as indicated by the red
vertical dashed line. Electrochemical impedance spectroscopy data over the full range of applied potential
biases are shown in Figure S4.

(D) Semilogarithmic plot of the data in (A) and best-fit to linearized versions of Equation 1, with
fitted region (bold line) and extrapolated region (thin line) shown, and extracted values indicated
for the diode quality factors (ng), the fraction of the applied potential that influences the current for
net water dissociation (awp), and extrapolation of the reverse-bias best-fit line to obtain the
exchange current density (J,).

See also Figures S1-56; Table S1.

potentials, the physical description and mathematical representation of this effect
are identical to those used to derive the Butler-Volmer electrocatalyst equation.’
As such, modification of the Shockley diode equation so that J, is exponentially
dependent on E results in Equation 1 with Ecq,c = Eqs (Egs is the flatband potential,
meaning the potential when the electric potential difference across the space-

awp Ng

awpng — 1

1
)Efb, ac = awp, and &z = -— awp,

charge region equals zero), Eeqa = (

_1
oy + o

meaning ng = (derived in the supplemental information). Eg, can be deter-
mined using Mott-Schottky analysis of area-specific-resistance-potential (ASR,—E)
data (Figure 2B) and capacitance-potential (Coe %-E) data (Figure 2C) for the
space-charge (sc) region, obtained by fitting frequency-dependent electrochemical

impedance spectroscopy data to a Randles equivalent-circuit model with nonideal
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capacitor behavior represented by a constant-phase element, with details in the sup-
plemental information and Table S1 and Figure S5.

Semilogarithmic plots of ASR-E data (Figure 2B) support that ASRyik is near con-
stant, a behavior that is expected for resistive contributions due to bulk transport
of electrons and/orions, and ASR,. decreases exponentially as the potential is varied
from E.., a behavior that is consistent with a decrease in the resistance for charge
transfer across the pn-junction space-charge depletion region due to an increase
in the concentration of H" and OH ™. Behavior under anodic polarization is consistent
with quasi-electrochemical-potential splitting that exists for forward-biased semi-

conductors, %3’

whereas behavior under cathodic polarization is consistent with
EFE-WD”*~?? due to increased electric fields present under reverse-bias conditions.
Alternative explanations for these data were considered, including drift-dominated
minority-carrier collection in the pn-junction space-charge region and bulk space-
charge-limited conduction, but each was determined to be unlikely based on the
linearity of the data in the Mott-Schottky plot (Figure 2C) and standard alternative

analyses, with details in the supplemental information and Figure S5.

In order to determine Eg, the linear reverse-bias region of C,c >-E data were fitted
and analyzed using the Mott-Schottky equation:

1T -2 ks T ,
C7 " qeeN (E‘ (Efb T)) (Equation 2)

where ¢, is the relative permittivity of water in the space-charge region and assumed to
be that of hydrated Nafion (1 8),%? e, isthe permittivity of vacuum (8.854 x 10°"2Fm™),
and Nis the fixed-charge density in the space-charge region (m~3). The best-fit lines for
three protonic diodes resulted in Eg, = 0.71 & 0.08 V (= @y, the built-in electric-poten-

tial difference) and N =3 + 2 mM (Figure S5). This value of N is consistent with values

*3 and

reported for the anion-exchange material (Nagm = 10 mM = 6 x 10'® em™3)
measured resistances for the individual anion-exchange layer (Figure S2), and is not
consistent with measured or reported values for the cation-exchange material (Ncgm
~ 1M =6 x 102° cm~3).* Moreover, assuming N = Nagy and that all ~1 M dopants

in the cation-exchange layer are ionized, such that Ncgm = 1 M, Eg, is within error of the
expected value of 0.68 V (= kgT In (%) 231 where K,, (M) has the value of the

autoprotolysis equilibrium constant for bulk water (= 10~"4).

Semilogarithmic plots of J-E data (Figure 2D) are common when examining diode
behavior in semiconductor physics®™’ and electrocatalytic behavior in electrochem-
istry” to deduce accurate values for critical parameters, ng and awp, and to analyze
exponential behavior. After verifying that the exponential terms in Equation 1 will
result in linear behavior on either side of E, (derived in the supplemental informa-
tion), we conclude that under forward bias, two distinct exponential regions exist
with different values of ng, a behavior that is consistent with interface-trap-state
filling in standard diode models’ and/or space-charge-limited conduction (Figure
S5)*>* likely due to transport across the anion-exchange layer since Nagwm <
Ncem. In protonic diodes, trap states can consist of proton-donating and/or pro-
ton-accepting species whose pK, values lie in the range (pK,(H*(aq)), pKa(H20(aq))) =
(0, 14), such as impurity buffers like carbonate species. Best-fit lines for three pro-
tonic diodes resulted in awp = 0.09 + 0.01, ng1 = 2.5 + 0.5, and J, = 4 (+ 4) x
107% A/em? (Figure S5). Values for ng,1 are within error of those possible based on
ideal diode performance, i.e., in the range [1, 2], with values for individual bipolar-
membrane-electrode assemblies slightly exceeding this range, likely due to

2384 Joule 5, 2380-2394, September 15, 2021
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nonideal capacitances observed for the space-charge region (asc = 0.85 + 0.02,
where a,. = 1 is ideal). Diode current take-off under forward bias was more than
four times as steep as EFE-WD current take-off under reverse bias.

Values for J, provide quantitative information about the rates of generation and recom-
bination of H* and OH™ in protonic diodes over a specified distance. Extrapolation of J,
values measured at E,, where @y,; = 0.71 + 0.08 V (= Eg,) and EFE-WD is operative, to
Ef, where @y,; = 0 and EFE-WD is not likely operative, results in J,' = 3 (+ 2) x 1077 A/
em? (mass flux, No' =3[+ 2] x 10~ "2 mol cm~2s™ ). Division of this intrinsic value of N’
by the autoprotolysis rate constant of bulk water, ko = 1.1 x 1074 mol cm ™3 s,/
sults in a value of 30 (£ 20) nm. This is the predicted width over which quasi-electro-

chemical potentials for H" and OH™ are split (Wq-ecp), meaning not at electrochemical
30,31

re-

equilibrium, assuming that the properties of water in the bipolar membrane scaf-
fold are the same as in bulk water. The similarity of wq.ecp (= 30 £ 20 nm) at Ec and
the width of the space-charge depletion region (ws. = 23 + 9 nm) predicted from
Mott-Schottky data at E,. (Figure S5) suggests that minority-carrier drift lengths are
on the order of wg, and that minority-carrier diffusion lengths are less than wg.. These
hypotheses are supported by results from numerical simulations, with details in the sup-
plemental information and Figure Sé, which provide credence that water in bipolar-

membrane-electrode assemblies likely behaves similarly to bulk water.

Light-to-protonic power conversion

One application for an ionic diode is as a photoelectrochemical solar cell, where ab-
sorption of light results in no net redox chemistry. Toward this, in our group’s previous
work we reported a salt-water-infiltrated photoacid-dye-sensitized cation-exchange
membrane,*’*® and later a bipolar membrane,”'*® where the presence of salt species
complicated analyses.?” Herein, our highly engineered bipolar-membrane-electrode-
assembly protonic diodes, uniquely fed with 100% relative humidity forming gas to
facilitate reversible H, redox chemistry at the electrodes, were modified to serve as so-
lar cells via covalent modification of poly(perfluorosulfonyl fluoride) Nafion precursor
membranes with bondable photoacid dyes, 8-hydroxypyrene-1,3,6-trisulfonyl-ethyle-
nediammonium chloride (Figure 3A).>”*° Photovoltaic action from these materials is un-
equivocal (Figures 3B, S7, and S8), where both an open-circuit photovoltage, Vo, and a
short-circuit photocurrent density, J., are apparent. lllumination results in a shift of J-E
data, unexpectedly, into the ond quadrant and an increase in ASRy ik (Figure S9), obser-
vations consistent with a decrease in steady-state activity of H" and/or OH™ and
“reverse” photovoltaic action. Four protonic diodes, each sensitized with ~10 mM pho-
toacid, yielded Voo = =33 (£ 9 mV, Jc =2 (£ 1) X 107° A/em? (< Jo), internal quantum
yield at J,. (1QY) = =7 (£ 5) X 103 %, and a simulated sunlight-to-electrical power con-
version efficiency (soiar) = —7 (£ 6) x 107® % under 405 nm illumination at 1.7 Suns
equivalent excitation (Figure S7), a simulated solar irradiance value that was calculated
using a method we reported previously.’'*’*! Notably, given the near-ideal values for
ase, N, and J,/, the small values for 54o10r are not a consequence of poor protonic diode
performance. Instead, performance is limited by the “reverse” photovoltaic process,
with a fill factor that is <0.25 by definition, and the fact that our photoacids photogen-
erate almost exclusively cationic H*, yet not anionic OH™,*? which is unlike in traditional
solar cells where cationic holes and anionic electrons are photogenerated
simultaneously.

Although “reverse” photovoltaic action is reminiscent of that which occurs in thermor-

adiative cells, where photons are net emitted from a hotter material to colder surround-

43,44

ings, this is not the mechanism that we propose herein. This is because Vi and Jsc

values were transient over >10 min of continuous illumination (Figures 3C, 3D, S7, and
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Figure 3. Photoelectrochemical data and analyses of representative protonic solar cells

(A) Chemical structure of pyrene-based photoacid dyes covalently bound to fixed-charge groups in the perfluorosulfonic acid cation-exchange
membrane.

(B) Current density (J) and power density (P) versus potential (E) data for a protonic diode sensitized with ~10 mM photoacid. Sequential dark, light, dark
(dark-light-dark) data were taken initially (black dots), after 15 min of 405 nm illumination at 1.7 Suns equivalent excitation (magenta dots), and after
25 minin the dark (gray dots), respectively, with the open-circuit photovoltage (V,.), short-circuit photocurrent density (Js.), bulk area-specific resistance
(ASRpuik "), and maximum power point (Ppa.y) indicated.

(C) Transient open-circuit potential (E,.) for a protonic diode with ~10 mM photoacid illuminated through the undyed anion-exchange layer or
photoacid-modified cation-exchange layer (purple interval).

(D) Eoc and Jsc as a function of time, and thus photon fluence rate incident on the anion-exchange-layer side of a protonic diode with ~10 mM photoacid,
illuminated for 15 min (purple intervals) and then left in the dark for 25 min (white intervals) for each fluence, and with the condition of 1 Sun equivalent
excitation indicated.

(E) Photocurrent action spectrum, reported as an internal quantum yield at J. (IQY) after 2 min of illumination, and absorptance spectrum of the same
protonic diode from (D), and absorptance spectra of protonated and deprotonated structures from (A), as well as a bipolar membrane that does not
contain any dyes.

(F) Dark-light-dark Mott-Schottky plots for reverse-bias data that includes best-fits to the Mott-Schottky equation (Equation 2) collected for a protonic
diode with ~10 mM photoacid. Electrochemical impedance spectroscopy data over the full range of applied potential biases are shown in Figure S9.

S8), which is a timescale that is longer than that expected for capacitive charging of in-
terfaces and therefore suggests that the materials themselves may be dynamic under
illumination. Notably, the magnitude of V. values is largest after >10 min of continuous
illumination (Figures 3C, 3D, and S8), and although there is a small signal consistent
with traditional photovoltaic action at early times, this feature is also observed in nega-
tive control experiments using little-to-no photoacids (Figure S8) or photoacid-dye-
sensitized Nafion only (Figure S7). Negative control experiments meant to result in pro-
cesses other than excited-state proton transfer, such as heating, excited-state electron
transfer, and/or excited-state energy transfer, also resulted in traditional photovoltaic
action (Figures S7 and S8). Moreover, J, values from reverse photovoltaic action are
largest 5-15 min into a period of continuous illumination, but then decrease at even
longer times (Figures 3D and S7), and are largest when incident photon energy equals
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that of electronic transitions in the protonated state of the photoacid (Figure 3E). In
addition, observation of a greater-than-unity turover number (Figure S7) suggests
that stoichiometric processes, such as dye or polymer degradation, are not likely the
cause of “reverse” photovoltaic action.

Other unique observations, which do not guarantee “reverse” photovoltaic action,
are apparent in the Mott-Schottky plot (Figure 3F), where illumination increases
Eq, even when reported versus dark E,, indicating that @y; increases more than
concomitant changes in |V,|. This is consistent with photogeneration of interface di-
poles that oppose ®y,;,” which can be generated due to differences in mobility of H*
and OH™ and/or trap-state filling, such that additional protonic charge recombina-
tion is required to reestablish equilibrium, resulting in a reverse-bias-predicted Eg,
that is larger than @y,;. The presence of protonic photoacid trap states is supported
by C.. 2-E data measured for photoacid-dye-sensitized bipolar-membrane-elec-
trode assemblies (Figure S9). Moreover, the magnitude of the slope of the Mott-
Schottky data increases by up to a factor of two under illumination, which, according
to Equation 2, implies that the fixed-charge density, N, and/or the relative permit-
tivity, &, in the space-charge region decrease to as little as half of their values in
the dark. This large of a decrease in N is highly improbable, with details in the sup-
plemental information, and thus this change in slope is more likely due to a decrease
in & in the space-charge region from the effects of photogenerated interface dipoles
to align dyes and/or water molecules. Such an effect would result in an increase in
@y,;, which is consistent with Eg values measured under illumination.

Collectively, our observations suggest that “reverse” photovoltaic action may be
occurring due to slow interface-trap-state filling of protonic photoacid states,
changes in polymer morphology,****¢ alteration of dielectric properties,*’ dynamics
of non-protonic mobile charged species,*’ and/or reorganization or transport of wa-
ter due to changes in its activity, with additional details in the supplemental informa-
tion. Since our photoacids rarely photogenerate OH™,*? we also considered that
"“reverse” photovoltaic action might be due to sharp gradients in the generation pro-

file of H* only*’~>"

across the bipolar-membrane junction, similar to traditional dye-
sensitized solar cells, which result in recombination of H* and OH™ in the anion-ex-
change layer. However, the tens-of-minutes-long dynamics observed for the growth
of “reverse” photovoltaic signals suggest a much more slowly evolving process is
responsible for the effect. Irrespective of the underlying mechanism of “reverse”
photovoltaic action, it provides unique benefits to traditional photovoltaic action.
As predicted by the Shockley diode equation, “reverse” photovoltaic action varia-
tions in light intensity have a larger impact on |V, and @y, than on J, which is
also limited to values less than J,. This suggests that “reverse” photovoltaic devices
may be useful for applications where large voltages are desired—such as water-
tolerant implantable ionic gates®? or low-light optical sensors®*—and/or where an
integrated design precludes use of multiple photocells and power electronics—
such as autonomous desalination. Additional work is required to further understand
the mechanistic details of “reverse” photovoltaic action in photoacid-dye-sensitized
bipolar-membrane-electrode-assembly protonic solar cells.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to
and will be fulfilled by the lead contact, Shane Ardo (ardo@uci.edu).
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Materials availability
This study did not generate new unique materials.

Data and code availability
COMSOL Multiphysics version 5.3 code supporting the current study is available
from the lead contact on request.

Covalent modification of polymers with photoacids

Photoacid dye molecules, 8-hydroxypyrene-1,3,6-trisulfonylethylenediammonium
chloride, were synthesized using a previously reported procedure.’ Subsequently,
these photoacid molecules were covalently bonded to poly(perfluorosulfonyl fluo-
ride) Nafion sulfonyl fluoride precursor membranes by submerging precursor
membranes in an isopropanol solution containing photoacids, NaOH(aqg), and trie-
thylamine to form photoacid-modified Nafion. We followed a previously reported
procedure,’” except that the reaction was carried out at 80 °C rather than 90 °C
and the concentration of photoacids in the reaction solution was varied to obtain
different extents of membrane functionalization. After this covalent modification
and the previously reported work-up procedure, photoacid-modified Nafion was
rinsed thoroughly and then stored in 150 mL ultrapure water (Millipore Sigma,
Milli-Q Reference Water Purification System) until use.

Bipolar membrane fabrication

Bipolar membranes were fabricated by first patting photoacid-modified Nafion dry
with a Kimwipe and then laying it on a clean glass slide. A piece of Parafilm with a
hole in the middle (1.7 cm in diameter) was applied to its surface to expose a
controlled upward-facing area of the membrane. The Parafilm|photoacid-modi-
fied-Nafion|glass stack was placed on a hotplate (preheated to 80 °C) and allowed
to come to temperature at which time the edges of the Parafilm mask were pressed
gently to ensure a leakless seal with photoacid-modified Nafion, and then 4 mL of
Sustainion XA-9 Alkaline lonomer (5 wt % in ethanol, Dioxide Materials) was drop
cast onto the exposed area, followed by heating for 1 h at 80 °C on the hotplate.

The bipolar membrane fabrication method differed slightly from our prior report®” in
which we laminated photoacid-modified Nafion to a commercial anion-exchange
membrane (Neosepta, Astom Corporation) and applied pressure to either side us-
ing magnets in the presence of heat, which resulted in occasional gaps at the mem-
brane|membrane interface as well as a gradual increase in ionic resistance over
several hours of electrochemical evaluation due to delamination. Since that report,
we discovered that depositing the ionomer form of the anion-exchange membrane
resulted in a higher quality contact and no noticeable delamination between the
cation-exchange layer and anion-exchange layer over days of electrochemical eval-
uation and months of storage in water.

Membrane-electrode assembly fabrication

lon-exchange-membrane-catalyst inks consisted of a mixture of 200 mg of 40% Platinum
on HighSurface Area Ketjenblack EC-300J (The Fuel Cell Store) and ionomer. The ion-
omer used for the cation-exchange-membrane ink was 300 mg of D2021CS Nafion
Dispersion (1,100 EW, 20 wt % in alcohol, lon Power Inc.) and the ionomer used for
the anion-exchange-membrane ink was 1.2 g of Sustainion XA-9 Alkaline lonomer (5
wt % in ethanol). To obtain the ideal viscosity for spray coating, the two formulations
were diluted to 5 wt % solids with isopropanol and sonicated for at least 20 min.
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Before application of the anion-exchange-membrane-catalyst ink, another Parafilm
mask with a hole in the middle (1.2 cm in diameter) was placed over the existing Paraf-
ilm|bipolar-membrane|glass stack to ensure that ink would not contact the edges of
the bipolar membrane, thus eliminating edge recombination effects and the chance
forelectrical shunts between the two electrodes during electrochemical evaluation. A cir-
cular piece of Parafilm (0.5 cm in diameter) was pressed onto the center of the exposed
area of the bipolar membrane to mask the region that would later be illuminated during
photoelectrochemical measurements in order to ensure that significant incident light is
transmitted to the bipolar-membrane pn-junction. The multi-Parafilm|bipolar-mem-
brane|glass stack (preheated to 80°C) was quickly positioned vertically without
continued heating so that the face of the bipolar membrane was oriented perpendicular
to the ground. A spray coating gun (Paasche H Series) supplied with an air flow rate of 0.3
L/s was used to deposit ~1 mg Pt/cm? worth of anion-exchange-membrane-catalyst ink,
aroughly 5 um thick layer, which was then allowed to dry, followed by heating for 10 min
at80°C onthe hotplate. Because the same material was used as the bulk anion-exchange
layer and the binder in the anion-exchange-membrane-catalyst ink, this procedure re-
sulted in a highly uniform and adherent membrane-electrode-assembly interface. This
loading of anion-exchange-membrane-catalyst ink was approximately twice that used
for the highest loadings indicated in Figure S1.

The bipolar-membrane stack was then removed from the glass slide and flipped over
to expose the photoacid-modified Nafion face. Another set of Parafilm masks (one
piece with a 1.2 cm diameter hole in the middle and one 0.5 cm diameter circular
piece) was pressed onto the center of the bipolar membrane. The cation-ex-
change-membrane-catalyst ink was spray coated onto the photoacid-modified Na-
fion face in the same manner as the anion-exchange-membrane-catalyst ink and then
the stack was heated for 10 min at 80°C on the hotplate. Again, this procedure re-
sulted in a highly uniform and adherent membrane-electrode-assembly interface.
The Parafilm was removed from the stack to reveal the completed membrane-elec-
trode assembly, which was stored in 200 mL of ultrapure water for >24 h to allow CI~
counterions in the as-received commercial anion-exchange ionomer, and other un-
wanted salt ions, to dialyze out of the bipolar membrane, with conductance
measured using a conductivity meter (HM Digital, DM-2EC: Dual EC Monitor).

Membrane-electrode assembly setup

Prior to electrochemical or photoelectrochemical evaluation, each membrane-elec-
trode assembly was patted dry with a Kimwipe and positioned in the center of an
acrylic gas flow cell (Fuel Cell Store, FCSU-010B) outfitted with 2 cm X 5 cm car-
bon-cloth current collectors lightly contacting either side of the membrane-elec-
trode assembly and a 0.5 cm diameter hole in the center to allow significant incident
light to be transmitted to the bipolar-membrane pn-junction during photoelectro-
chemical evaluation. Forming gas (5 mol % H;, 95 mol % N,) flowed at a rate of
1 mL/s through two fritted bubblers to achieve 100% relative humidity, and then
through a T-splitter that was connected to each chamber of the acrylic test cell using
a silicone tube (2 mm inner diameter). After flowing across each face of the mem-
brane-electrode assembly, gas exited the cell via silicone tubes (2 mm inner diam-
eter) located at the top of each chamber of the acrylic cell. Each membrane-elec-
trode assembly was preconditioned in humidified forming gas for 1 h prior to
collection of data using a potentiostat (Biologic, SP-300). This served to drive off re-
sidual unwanted soluble carbonate species and ensure a stable initial open-circuit
potential that was measured to be <5 mV in magnitude. Ideally, this assembly and
use of two reversible hydrogen electrodes should result in an open-circuit potential
equal to zero, due to having no difference in the electrochemical potential of H*
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across the cell and no difference in the electrochemical potential of OH™ across the
cell, with details in the supplemental information.

Steady-state (photo)electrochemistry

Current versus potential data were obtained both in the dark and in the light by per-
forming chronoamperometry measurements for a series of applied potential biases.
For data obtained under illumination, and for accompanying data obtained for the
same sample in the dark, current values were converted into current densities using
0.20 cm?, the area of the membrane-electrode assembly that was not covered by Pt/
C catalyst or the carbon-cloth current collector. For samples that were only evaluated
in the dark, current values were converted into current densities using 1.0 cm?, the
area of the membrane-electrode assembly that was covered by Pt/C catalyst. For mea-
surements performed in the dark, the current was recorded 15 s after application of the
potential bias to ensure the system had reached a quasi-steady-state condition. The
illumination source for all measurements, besides spectral response, was a 405 nm laser
diode (Thorlabs, L405G1) that was driven at 1 A and held at 22°C (Thorlabs, ITC4001) in
a temperature-controlled mount (Thorlabs, LDM®0). The total power output of the laser
diode was 175 mW as measured by a thermopile (Thorlabs, S310C and PM100D), and
the beam spot slightly overfilled the 0.20 cm? center area of the membrane-electrode
assembly that was not covered by Pt/C catalyst or the carbon-cloth current collector,
such that ~15 mW (~75 mW/cm?) passed through the front face of the acrylic gas
flow cell and reached the membrane. Open-circuit photovoltage data were obtained
by performing an open-circuit potential measurement in the dark and then under
15 min of illumination, over which time it reached a quasi-steady-state condition. lllumi-
nation was then ceased to allow for re-equilibration in the dark for 25 min before the
“dark again” datasets were collected. A similar procedure was used to collect the elec-
trochemical impedance spectroscopy data shown in Figure 3F. Each set of current
versus potential data was plotted on a common x axis by referencing to the open-circuit
potential measured before the initial "dark” dataset was collected.

Direct applied potential biases were corrected for contributions due to ohmic resis-
tance by subtracting J X ASRpuik, unless J X ASR,. was calculated to be smaller
than the experimental noise. For example, no correction was made to the data shown
in Figure 3B, because J X ASRy,ix was <3 pV over the potential range displayed. Light-
to-electrical power conversion efficiencies were calculated from current versus poten-
tial data by dividing the maximum output electrical power density by the input photon
irradiance. To simulate sunlight conditions, the input photon irradiance was set equal to
the number of Suns equivalent excitation times the 1 Sun irradiance of 100 mW/cm?.

Spectral response measurements used to generate the photocurrent action spec-
trum (Figure 3E) were collected under short-circuit conditions by applying the
dark open-circuit potential, followed by underfilled illumination of the membrane-
electrode assembly using laser pointers in the following order and with the following
excitation wavelengths (in nm): 405, 450, 520, 532, 635, and 650 (Thorlabs, CPS se-
ries driven by LDS5), and, respectively, with the following output powers (in mW):
4.34,4.15, 4.55, 5.38, 4.47, and 4.33, as measured by a microscope power sensor
head (Thorlabs, S170C). Short-circuit current densities were recorded for a given
wavelength after 2 min of illumination, and then the assembly was allowed to re-
equilibrate in the dark for 4 min before initiating excitation using the next illumina-
tion wavelength in the series. External quantum yields were determined by dividing
short-circuit current densities by the product of the Faraday constant and the inci-
dent photon fluence rate. Internal quantum yields were determined by dividing
these external quantum yields by the absorptance at each excitation wavelength.
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Incident photon fluence rate was determined by multiplying the measured output
power by the transmittance of the illuminated side of the acrylic gas flow cell; for
example, only ~59% of incident photons at 405 nm transmitted through the acrylic.

Datasets for V. and datasets for Js. each as a function of photon fluence rate were
measured using the 405 nm laser diode driven at 1 A with light passing through
neutral density filters of optical densities of 1, 0.6, 0.4, 0.2, and 0.1 (Thorlabs), in
that order, and mounted in a motorized filter wheel (Thorlabs, FW102C) before
reaching the membrane-electrode assembly. Data were recorded in the presence
of a given neutral density filter after 15 min of illumination, and then the assembly
was allowed to re-equilibrate in the dark for 25 min before initiating excitation
through the next neutral density filter in the series.

(Photo)electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy data were obtained by applying a DC bias
to a membrane-electrode assembly for 15 s and then triggering a sinusoidal AC
perturbation (£ 10 mV) at frequencies ranging from 100 kHz to 10 Hz, in that order.
The resultant data were fit to the simple Randles circuit without contributions due to
mass transport, consisting of a resistor (Rp i) in series with a nonideal parallel Ry.Cic
circuit element. A more complex circuit would have resulted in better fits to the data,
especially at large forward biases of >0.5 V, but we decided that a simple represen-
tation was preferred over capturing all minor features in the data. When fitting, Rpuix
was held at a constant value determined via linear extrapolation of the high fre-
quency to the x-intercept of the Nyquist plot, and all other parameters were allowed
to float. Raw data were weighted by a value of one for best-fit data shown in Figures
2B, 2C, and 3F, and, for comparison, by the magnitude of the impedance for best-fit
data shown in Figure S4. At large forward biases of >0.5 V and at low frequencies, a
feature consistent with mass-transport-limited behavior was observed. We did not
include those points during best-fitting (see Nyquist and Bode plots in Figure S4
where datapoints do not have a corresponding overlapping best-fit line), because
those data were likely in part limited by the delivery of H; to the reversible hydrogen
electrodes and thus not representative of behavior due to the bipolar membrane.

A nonideal capacitor is required to model charging of the pn-junction space-charge
region. This is reasonably ascribed to inhomogeneity in the space-charge region
that results in a distribution of capacitances and can be represented by a constant
phase element (Q,), as others have previously observed for bipolar mem-
branes.””* The potential-dependent capacitance of the space-charge region, C,.
(F/cm?), is calculated as follows:

(Qq x Rsc)(va“)

Csc:
R. X A

(Equation 3)

where Qs is the admittance at a frequency of 1 rad/s Q7" s=), Ry is the resistance
for transport of charges across the space-charge region (Q), Ais the area of the mem-
brane-electrode assembly that was covered by Pt/C catalyst (cm?), and a. is the
capacitive ideality factor; values for as lie in the range (0, 1), with asc = 1 indicating
a perfectly homogenous capacitive interface, such that Csc = Q,/A, and asc = 0 rep-
resenting a completely inhomogeneous interface with infinite capacitance.

Mott-Schottky plots of the reverse bias data were extrapolated to determine the flat-
band potential, Eg,, and exchange current density at both (Eoc, Jo) and (Ess, Jo'). Extrap-
olation of the forward bias data were less reliable to approximate J, because of its mul-
tiexponential behavior and the few number of datapoints available under the condition
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of alow forward bias. The density of fixed-charge groups in the anion-exchange layer is
consistent with a smaller number of electroactive dopants than in Nafion. This point is
supported by the observation that ASR, i of an anion-exchange-membrane-electrode
assembly is on the order of 100 Q-cm?, whereas that of a cation-exchange-membrane-
electrode assembly is on the order of 10 Q-cm? (Figure S2), also suggesting that ASR,i
of the bipolar membrane is dominated by the anion-exchange layer.

Data analysis

When indicated, data are reported as the mean + standard deviation. Linear least-
squares best-fit analyses used the Levenberg-Marquardt algorithm and non-linear
least-squares best-fit analyses of the electrochemical impedance spectroscopy
data used the Randomize + Simplex method.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.joule.
2021.06.016.
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Highlights

Demonstration of high-quality
bipolar-membrane-electrode-
assembly protonic diodes

Space-charge depletion region
width is dictated by anion-
exchange-layer properties

NH

hotoacidic

Quasi-electrochemical potentials
for H" and OH™ are out-of-
equilibrium over ~30 nm

Observation of “reverse”

cation-exchange photovoltaic action likely due to

membrane

anion-exchange

membrane dynamic polymer processes

Bipolar ion-exchange membranes serve as scaffolds for dopants that, when
infiltrated with water, release protons and hydroxides as mobile-charge-carrier
species and exhibit protonic diode behavior. Sensitization of current-rectifying
bipolar membranes to visible light through covalent modification with photoacid
dye molecules resulted in the observation of “reverse” photovoltaic action. These
diode and photovoltaic protonic functions motivate further study of ionic analogs
to electronic devices, which may be important for applications where electronics
interface directly with aqueous solutions.
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