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Water electrolysis carried out under non-extreme pH conditions is expected to play an essential role in a
sustainable society as it significantly broadens the choice of materials available for cell components.
Buffer species are commonly introduced into electrolytes to minimize local pH gradients through their
buffering action; however, the fundamental limitations imposed by buffer transport remain poorly
understood. This study focuses on both the hydrogen evolution reaction (HER) and the oxygen
evolution reaction (OER) under non-extreme pH conditions. Limiting current densities associated with
mass transport of buffer species were quantitatively evaluated. The generalized modified Poisson—
Nernst—Planck (GMPNP) model was employed to model achievable mass transport limits of buffer ions
and their distribution near the electrode surface. While a buffer's pK, value affects the limiting current of
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each half-reaction, consideration of a coupled HER and OER reveals that diffusion of buffer species plays
a decisive role in determining the overall performance. Increasing buffer concentration and temperature,

DOI: 10.1039/d6ey00006a assisted by electrolyte convection, effectively enhances the attainable limiting current density beyond

industrially relevant thresholds, demonstrating that electrolyte engineering through control of buffer

rsc.li/eescatalysis chemistry and transport enables buffer-based water electrolysis under non-extreme pH conditions.

Broader context

Water electrolysis is a key technology for large-scale hydrogen production in the transition toward a carbon-neutral society. Current industrial systems
predominantly operate in strongly acidic or alkaline electrolytes, which impose constraints on material selection, durability, safety, and system cost. Water
electrolysis at non-extreme pH offers an attractive alternative by enabling the use of abundant and corrosion-tolerant materials, improving compatibility with
downstream processes, and simplifying system integration. Buffer electrolytes are commonly employed under these conditions to suppress local pH
fluctuations near electrode surfaces; however, their suitability for high-current-density operation has remained uncertain, largely due to a lack of quantitative
understanding of buffer transport limitations. This work establishes a physics-based framework to clarify how buffer chemistry and mass transport govern the
performance of non-extreme pH water electrolysis. By numerically resolving ion transport and reaction coupling for both hydrogen and oxygen evolution, we
demonstrate that buffer diffusion limitations at industrially relevant current densities can be systematically mitigated through electrolyte engineering,
including optimization of buffer concentration, operating temperature, and electrolyte convection. By providing quantitative design guidance for buffer-based
electrolytes, this study expands the feasible operating window for water electrolysis and supports the development of scalable, durable, and material-flexible
hydrogen production technologies aligned with long-term sustainability goals.

green hydrogen.”> Current commercial water electrolyzers
require corrosion-resistant materials, such as titanium or

Introduction

Hydrogen has attracted considerable attention as a vital energy
carrier for a carbon-neutral society given its high energy density
per mass' and the fact that it produces only water upon
combustion. Electrochemical water splitting driven by renew-
able energy resources plays an important role in generating
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nickel, for their frame components. This need arises because
electrolyzers operate under highly acidic conditions in polymer
electrolyte membrane electrolyzers (PEMWEs) or highly alka-
line conditions in alkaline water electrolyzers (AWEs).* > These
extreme pH conditions are necessary to enhance the ionic
conductivities of electrolytes,® which minimizes solution resis-
tance and improves energy efficiency.

In recent decades, research has focused on expanding
material options via water electrolysis in non-extreme pH
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environments;”'° the addition of buffer species to the electro-
lytes has proven to be important in this regard."* ™ In terms of
the hydrogen evolution reaction (HER), as conditions change
from acidic to alkaline, the predominant reduction pathway
shifts from proton reduction (reaction (1)) to water-molecule
reduction (reaction (2)), although proton reduction is more
kinetically favorable."®"”

2H' +2e~ = H, (1)
2H,0 +2e” = H, + 20H". (2)

At near-neutral pH values, buffer species influence the
kinetics of the HER by enhancing diffusion transport, which
necessitates electrolyte engineering to optimize the ion flux.'®
However, the inevitable contribution of ion diffusion slightly
decreases HER performance compared with that in extreme pH
environments such as a pH of 0."

For instance, HER overpotentials with platinum (Pt), one of
the most active catalysts, are primarily due to mass-transport
artifacts rather than intrinsic catalytic activity.'' In buffer
solutions containing weak electrolytes (HA), the following
reactions occur:

Kap

=

kap

HA H' + A~ 3)

HA + OH™ % H,O+ A~ (4)
where k. and k,p, are the forward and backward rate coefficients
for buffer protolysis, and ks and kyp, are the forward and
backward rate coefficients for basic buffering action. These
buffering actions can minimize the local pH fluctuations at
the electrode surface,"®*® which leads to better performance.
Some studies have also suggested that buffer species may serve
as direct proton donors for the HER,>** as shown by the
equation below:

2HA +2e = H, +2A" (5)

Earlier studies incorporated homogeneous reaction rates
into mass-transport equations to quantify the fluxes of various
proton sources.>"*? The results revealed that these reaction
rates (eqn (1)) are insufficient to sustain a current density of
—10 mA cm ™ solely via free proton reduction in certain
electrolytes.>** The linear free energy relationship between
pK, and k. can be used to estimate the extent of the involve-
ment of free protons as a reactant.”’ Additional experimental
evidence has shown that the current-potential behavior of the
HER in carbonate buffer with Pt does not display a clear proton
limiting current density, unlike in 0.5 M Na,SO,4.>" This finding
suggests that reactant switching occurs, in which direct carbo-
nate buffer reduction on the surface can predominate at high
current densities rather than reactions solely involving free
protons.>!??

Focusing on the oxygen evolution reaction (OER), which is
the other half-reaction of water electrolysis, hydroxide ions are
oxidized in alkaline solutions (reaction (6)).>*>* As solution pH
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decreases, sufficient hydroxide ions cannot be supplied to the
surface, resulting in a local pH shift to more acidic conditions
than the bulk pH. When the solution becomes more acidic, the

reactant switches to water (reaction (7)).2°>%
40H™ = O, + 2H,0 + 4e~ (6)
2H,0 = O, + 4H" + 4e~ )

Our group has suggested that hydroxide ions supplied by the
basic buffering action (reaction (4)) participate in the reaction
by analyzing the Tafel slope, the reaction order, the isotope
effect and the temperature sensitivity in various buffer
solutions.'* However, the analysis is limited to current densi-
ties below 100 mA ecm™2, and it is not clearly understood how
many hydroxide ions can be provided by the buffering action.
Furthermore, the deprotonated buffer species are considered to
help water oxidation, whose reaction can be described by the
following."®

4A” + 2H,0 = O, + 4HA + de” (8)

Many researchers have studied the OER mechanisms based
on hydroxide ion oxidation and water oxidation.>® Therefore,
understanding the reactant in buffer solutions is significant for
the fundamental study, which will also provide insights for
optimizing the reaction environment to improve OER
performance.

The temperature is also elevated®® as the reaction rate
constants increase with temperature according to the Arrhenius
expression.”” At the same time, the lower viscosity and higher
conductivity associated with increasing temperature improve
mass-transport properties and kinetics.*" A previous study by
our research group examined physicochemical properties (e.g.,
viscosity and conductivity) of concentrated phosphate buffer
solutions at elevated temperatures.*! Our findings revealed that
the experimentally obtained conductivity could be described
accurately using the measured viscosity and applying the
Stokes-Einstein model, which is typically used for dilute solu-
tions (at least for simple phosphate solutions).>*> Although
electrolyte conditions play a very important role in optimizing
the performance of water electrolysis, our understanding of
how various electrolyte properties affect mass transport of
buffer ions remains incomplete.

This study investigated the limiting current density of the
HER and OER, which reflects the maximum mass transport of
buffer species to the electrode. The mass transport limitation is
a prerequisite to water electrolysis regardless of the catalyst
kinetics. We simulated the ion distribution in the local environ-
ment by considering the fluxes of reactants in electrolyte
solutions. To simplify the model, we used Pt as a model
catalyst. We numerically solved the migration, diffusion, con-
vection, and homogeneous reactions of electrolytes using the
generalized modified Poisson-Nernst-Planck (GMPNP) model,
which incorporates the effect of volume exclusion due to ion
sizes known as the crowding effect.>*~*> This model is a dilute-
solution-based transport model, thus we employed the diffu-
sion coefficients dependent on concentration.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Our simulation results showed that the limiting current
density of direct buffer reduction during the HER, jiim-Ha red,
is further enhanced in solutions with large pK, values, while the
limiting current density of water oxidation supported by buffer
species increases in solutions with a small pK, value. This is
derived from the linear free energy relationship of rate coeffi-
cients and pK, in buffering actions. By combining results of the
HER and OER, we highlight the importance of diffusion of
buffer species from the bulk. Concentration, temperature and
convection need to be optimized, which can enhance the
limiting current above the industrial requirement. We believe
the usage of buffer electrolytes for water electrolysis under non-
extreme pH conditions is feasible.

Methodology
Materials

The following chemicals were used for the experiments: KClO,
(=99.99%, Sigma-Aldrich, Tokyo, Japan), KOH (99.99%, Sigma-
Aldrich), HCIO, (70% aqueous solution, FUJIFILM Wako Pure
Chemical Corp., Osaka, Japan), KHCOj3; (99.7%, Sigma-Aldrich),
KH,PO, (>99.5%, FUJIFILM Wako Pure Chemical Corp.),
K,HPO, (>99.0% after drying at 110 °C, FUJIFILM Wako Pure
Chemical Corp.), H;BO; (99.5%, Sigma-Aldrich), NaClO4-H,O
(99.99%, Sigma-Aldrich), NaOH (99.99%, Sigma-Aldrich),
NaHCO; (99.7%, Sigma-Aldrich), NaH,PO,-2H,0 (>99.0%,
FUJIFILM Wako Pure Chemical Corp.), acetone (Sigma-
Aldrich), and isopropanol (FUJIFILM Wako Pure Chemical
Corp.). A Pt rotating disk electrode (RDE) and Ni RDE with a
diameter of 3 mm were obtained from BAS Inc. (Tokyo, Japan).
Pt foil and Pt wire were sourced from Nilaco (Tokyo, Japan).
Ultrapure water (18.2 MQ cm) was used to prepare all of the
aqueous solutions.

Electrochemical measurements

We performed electrochemical measurements using either a Pt
RDE or Pt foil as the working electrode for the HER experi-
ments. A Ni RDE was utilized for the OER. Prior to each
experiment, a Pt RDE was thoroughly polished using a 1-um
diamond suspension and 0.05-pm alumina (BAS Inc.), followed
by 5-minute rounds of ultrasonic cleaning in acetone, isopro-
panol, and ultrapure water. Both the Pt RDE and Pt foil were
cleaned electrochemically using cyclic voltammetry (CV) in 1 M
HCIO, with cycling between approximately —0.05 V and 1.85 V
versus the standard hydrogen electrode (SHE) with argon bub-
bling (>99.9999%). A Ni RDE was polished and sonicated
without any electrochemical cleaning. Ag/AgCl electrodes
(saturated KCl, BAS Inc.) were used as reference electrodes,
and Pt wire was used as the counter electrode in all
experiments.

For the buffer solutions, the buffer species were dissolved to
achieve a concentration of x M, and the pH was adjusted to
obtain particular pK, values. To prepare 100 mL of x M
carbonate at pH 10.3, a stoichiometric amount of salts was
dissolved in approximately 80 mL of water, followed by pH and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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volume adjustments using concentrated KOH or NaOH solu-
tions and additional water. Similarly, for x M phosphate at
pH 7.2, x M MH,PO, (M = K or Na) was dissolved in about
80 mL of water, followed by the corresponding pH and volume
adjustments.

During all of the measurements, we continuously supplied
H, gas (>99.99999%) or O, gas (99.99995%) to the electro-
chemical cell for the HER or OER experiments, respectively.
Experiments using Pt foil were conducted under stationary
conditions (i.e., without rotation). We used CV and potentio-
static electrochemical impedance spectroscopy (PEIS) with a 16-
channel research-grade potentiostat system (VMP3, BioLogic
Science Instruments, Grenoble, France). The electrolyte tem-
perature was managed by immersing the electrochemical cell in
a water bath or using a water-jacketed glass cell (BAS Inc.) with
an external temperature control system (NCB-1210, Eyela,
Tokyo, Japan). All current densities are reported relative to
the geometric electrode surface area. iR correction was per-
formed using impedance values measured at frequencies of at
least 100 kHz with an amplitude of 10 mV.

Electrochemical modeling

One-dimensional simulations were conducted using the
GMPNP model. As illustrated in Fig. S3, the mass-transport
region in front of the electrode consists of three distinct layers:
the Stern layer, the diffuse layer, and the diffusion layer. The
outer Helmholtz plane (OHP) coincides with the centers of the
ions nearest the electrode surface, which form the Stern
layer.***® The diffuse layer is characterized by a departure from
electroneutrality as cations are attracted to the negatively
charged cathode while anions are repelled during the HER.?”
Together, the Stern and diffuse layers form the electrical double
layer (EDL). Further from the electrode, the diffusion layer
maintains electroneutrality, and mass transport is governed
primarily by diffusion and convection. Species transport was
modeled by starting from the OHP; the ion distribution
and electrostatic potential were described using the GMPNP
model.

Mathematical framework. At steady state, the species mass-
transport in the electrolyte can be defined in the following
equation.

%:—VJ,+R,:0 9)
where ¢;, J;, and R; are the concentration, the flux, and the
homogeneous chemical reaction rate of species i, respectively.
¢t expresses time. In the GMPNP model, the Nernst-Planck
equation uses the species flux J; described as:

n
NA ZA,‘SVC,'
V(Jb — D,‘C,‘ 1:17”

1— NA Z Al:’C,'
i=1
(10)

where D;, z;, and A; are the diffusion coefficient, the charge
number, and the thermochemical size of species i, respectively.

Dl'(,‘,'Z,'F
RT

Ji=—-DiVci+ve; —
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v, F, R, T, ¢, and N, are the fluid velocity at a distance x from the
OHP, the Faraday’s constant, the gas constant, the temperature,
the electrostatic potential, and the Avogadro’s number, respec-
tively. Each term accounts for diffusion, convection, migration
and steric exclusion due to ion sizes. Close to the surface of
RDE, the velocity of the fluid v depends on the rotation speed
and electrolyte properties:*°
1

1 3 ,
y= (wﬂ)z 70.510(@> 2 40333 (%)2)8 ~0.103 (%> X
P n n n
(11)
where w, n and p are the angular velocity, dynamic viscosity and
density, respectively. The Poisson equation connects the rela-
tionship between ion distributions and the -electrostatic
potential:
n
V(eoe: Vo) = 7FZZ,‘C,‘ (12)
i=1
where ¢, and ¢, are the permittivity of vacuum and the relative
permittivity of water, respectively. In this model, & was
assumed to be constant regardless of the conditions.
Homogeneous reactions. The homogeneous reactions in
eqn (9) include self-ionization of water and buffering actions.
Self-ionization of water is a chemical process in which water
molecules are dissociated into protons and hydroxide ions.

kwf
H,O = H" 4+ OH"™

kewb

(13)

where k. and k,p, are the forward and backward rate coeffi-
cients, respectively. The equilibrium coefficient of this
reaction is:

ay+doH-

K (14)

aH,0
where a; is the activity of species i. Because the activity of
solvent water is assumed to be 1 in diluted solutions, the water
ionization coefficient is conventionally reported as:*®

Ky, = ag+Aon-

(15)

While ay,o can decrease in concentrated electrolyte, this
model treated ay o as 1 regardless of the electrolyte conditions
for simplicity. The activity of species i is defined as

Ci

ai =7y (16)

P
where y; and ¢° are the activity coefficient of species i and the
standard concentration (1 M), respectively. This study assumes
yu and yoy were equal to 1. Then, eqn (14) and (15) can be
connected with units.

CH+COH~
K=K, =""mo

1LY
CH,O

(17)
where ¢y o is 1 M. The temperature dependence of K, is
reported.

Buffering actions are described in Reactions (3) and (4).
Single-ion activity coefficients are difficult to measure in
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solutions, so the mean activity coefficient y is often used. Using
7, the equilibrium coefficients can be described as follows:

(enr /) (ea-/c%)

_ autaa- (e+/c®)(yea-/c°)

K, = 18
Tan T Gen/e) enfey 0¥
ag,oaA- ca-/c° K,
Ky = 2O°A - (f/ ) =2 (19)
anpadon-  (cua/c®)(con-/¢°) w
These equilibrium coefficients can also have units of:
kaf CH+CA- —1
K,=—= [mol L™] (20)
kao  CHA
k CH,0CA~
Ky, = —of _ CH0C%A7 ) (21)
kvb  cnacon-
In summary, R; of each species becomes:
Ry+ = kwaHZO — kapCutCon- + katCua — KabCrr+Ca- (22)
Ron- = kwiti,0 — kwbCurCon- — KpiCuaCon— + kpbCr,o€a-  (23)
Rua = —kattua + KanCr+Ca— — koiCuaCon- + kpbCu,0a-  (24)
Ra- = kagCua — kabCu+€a- + kptCuaCon- — KpbCr,0Ca- (25)

The forward rate coefficient of buffer protolysis (k) from
eqn (3) and the backward rate coefficient of basic buffering
action (k,p) from eqn (4) were obtained from previously
reported values®****° or estimated using the linear free energy
relationship with the buffer species’ K, values as reported in
previous studies.'**'

log kas = 0.9910g K, + 11 (26)

log kpp, = —1.2log K, — 6.7 (27)

We considered ku;, kpn, and kys to be irrelevant to the
temperature, which led to changes of k,p, ks, and k&, occurring
with changes in K,, Ky, and K.

Boundary conditions for species concentration: When the
catalyst reaction is fast enough, the current density is deter-
mined by the surface flux of the reactant species. Once the
reactant comes to the surface, it is consumed and the resultant
surface concentration becomes zero. To simulate the limiting
current densities of direct HA reduction, both the proton and
HA concentrations at the OHP were set to zero. The fluxes of
non-reactive species were also set to zero:

Crrrpa = 0 (28)
Jou-=0 (29)

Jua +Ja- =0 (30)
JtimHared. = F(Ju+ + Jua) (31)

H;PO, and H,PO, were consumed in phosphate, while
H,CO; and HCO;~ were consumed in carbonate.

For the OER, the limiting current densities of hydroxide
ion oxidation, jiim-omoxi; Was defined by the surface flux of
hydroxide ions, and the concentration of hydroxide ions at

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the OHP was set to zero. Fluxes of the other species were set
to zero.

Con-=0 (32)
Ju+HAA- K+ = 0. (33)
Jiim-oHoxi. = —FJon- (34)

The limiting current densities for water oxidation helped by
deprotonated buffer species, jiim-aoxi. Were defined by the sur-
face fluxes of hydroxide ions and deprotonated buffer species.
The concentrations of hydroxide ions and deprotonated buffer
species at the OHP were set to zero. Conservation of buffer
species must be satisfied (eqn (38)).

Con-a- =0 (35)
Jarx-=0 (36)
Jua+Ja-=0 (37)
Jimaoxi. = —F(Jou- +Ja-)- (38)
The bulk electrolyte obeys electroneutrality:
Zn: zic; =0 (39)
i=1

The bulk concentrations of species were determined using the
buffer’s equilibrium equations and the electroneutrality. For a
3 M K-buffer solution, the total buffer concentration was set to
3 M. A list of example values is provided in Table S6.
Boundary conditions for charge. Boundary conditions for charge
at the OHP were determined using the capacitance of the Stern layer:

505rv¢|x:0 = CStem(¢OHP - d)M)

where Cseern, onp, and ¢y, are the Stern layer capacitance, the
potential at the OHP and the potential of the electrode, respec-
tively. This study assumed the Cger value to be 20 pF cm™? as
previously reported in the field of electrochemical CO,
reduction,®” which is consistent with earlier studies investigating
the EDL.*"** The applied potential ¢y, was adjusted to —0.2 V or
1.5 V versus a reversible hydrogen electrode (RHE) or otherwise

noted, including the solution resistance, Ry

RTIn10
— 02(15) +jlimR50] + #pH

jlimL RTIn10
4 —
o F

(40)

bm
(41)

= —02(1.5)+ pH [V vs. SHE]
where L is the calculated length (500 um in this study) and SHE is
the standard hydrogen electrode. ¢ is the conductivity of the
electrolyte:

F2 &

o R

= RT - Z,'ZC,’D,'

(42)

The RHE serves as a theoretical reference electrode in
reaction (1), and its potential is defined to be 0 V at all
temperatures.’® The bulk potential was set to be 0 V versus
the potential at the point of zero charge (PZC), where the net

© 2026 The Author(s). Published by the Royal Society of Chemistry
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electrode surface charge is zero. The PZC of Pt has been
estimated to be 0.23 V versus SHE at room temperature®® and
assumed to be irrelevant to temperature.

Parameters. We measured the dynamic viscosity () and
density (p) of the electrolytes using an Anton Paar SVM
2001viscometer, as shown in Fig. S6. The diffusion coefficients
D; under the specified electrolyte conditions were estimated">**
using the Stokes-Einstein equation based on the diffusion
coefficients at infinite dilution, D;y:*®
ny T

kT
= Dt()
n To

“onry

(43)

i

where £, r, 1o and T, are the Boltzmann constant, the effective
hydrodynamic radius of the hydrated ion (the Stokes radius),
the dynamic viscosity of water and the standard temperature (in
this case 25 °C) respectively. Complete lists of the parameters
used are provided in the SI.

Numerical methods. COMSOL Multiphysics solved two
domain equations (i.e., Nernst-Planck and Poisson equations)
concurrently using two general form PDE modules. The model-
ing domain was divided into six regions: 0-1 nm, 1-10 nm,
10-100 nm, 100 nm-1 pm, 1-150 um, and 150-500 pm. The
corresponding maximum element sizes for meshing were set as
follows: 5 x 10> nm (for 0-1 nm), 1 x 10~> nm (for 1-10 nm),
5 x 107> nm (for 10-100 nm), 0.5 nm (for 100 nm-1 pm),
5 nm (for 1-150 pm), and 0.1 pum (for 150-500 pum). This
meshing strategy resulted in a total of 41 009 elements. Finer
mesh in 1-10 nm (5 x 10~® nm) changed the resultant limiting
current density within 0.1%, indicating the sufficient fineness.
A relative solver tolerance for species concentration and
potential was 0.001, which ensures accuracy but curbs the
computational cost.

Results and discussion
Experimental behaviors in the HER and OER

The contribution of buffer species to electrolytes under non-
extreme pH conditions to improve water electrolysis primarily
involves suppressing local pH shifts and directly participating
in catalytic reactions. Thus, it is important to understand how
buffer species influence the limiting current density of the HER
and OER to optimize their performance.

Fig. 1(a) shows the current-voltage behaviors in the HER
measured with a Pt RDE in 25 mM K-buffer electrolytes with
different rotation speeds, which illustrate the experimental
observations of jjim-uarea- The pH values were adjusted near
their respective pK, values at room temperature (carbonate: pK,
10.3, borate: pK, 9.2, phosphate: pK, 7.2 or 12.3)*® to maintain
an optimal balance between protonated and deprotonated
species for effective pH stabilization. An RDE was used to
precisely control the diffusion layer thickness. During the
measurements, hydrogen gas flowed into the cell, and the
equilibrium potentials of the HER and hydrogen oxidation
reaction (HOR) were defined as the potentials at which the
current was zero and set at 0 V versus RHE.
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Fig. 1 Experimentally measured cyclic voltammograms at room tem-
perature and a scan rate of 200 mV s~*. Electrolyte pH values were
adjusted to near the buffer's pK, value. (a) Positive scan measured in
25 mM K-buffer electrolyte. Supporting salt of 0.1 M KClO4 was added.
Pt rotating disk electrode was rotated at 2500, 3600 or 4900 rpm under a
H, flow. (b) Negative scan measured in 0.1 M Na-buffer electrolyte.
Supporting salt of 1 M NaClO,4 was added. A Ni rotating disk electrode
was rotated at 2500, 3600 or 4900 rpm under O, flow.

We observed three-step cathodic current behavior in the
phosphate electrolyte. The current magnitude initially
increased with increasing overpotential and reached a plateau
at approximately —7 mA cm ™ before increasing further. As the
rotation speed decreased, the plateau current shifted to less
negative values, which clearly indicates this plateau derives
from the mass transport of buffer species. Of note, a previous
study measured CVs in 0.5 M Na,SO, at various pH values
on Pt RDE and any limiting current density was observed at
pH > 5.** Conversely, no apparent limiting current was
observed in borate and carbonate; a steady increase in current
magnitude is realistic given that water reduction is feasible over
this pH range. Fig. S1(a) added the experimental behavior at
different temperatures. The plateau observed in phosphate at
pH 7 shifted negatively at high temperatures.

Due to the difficulty of applying high current densities
(>100 mA cm ) on RDEs, a platinum foil electrode without
rotation was used with varying concentrations of K-phosphate
buffer (Fig. S2(b)). The current plateaued around —0.55 mA cm >
in 25 mM K-phosphate, which shifted negatively to around
—43 mA cm ? in 0.5 M K-phosphate. Fig. S2(c) shows the
differentiate current density as a function of potential. With
increasing concentration, the plateau current’s boundary
became less distinct. At higher current magnitudes, bubble
formation likely induced electrolyte circulation within the cell,
which reduced the diffusion layer thickness.*” Observing the
limiting current experimentally is challenging; we accordingly
turned to numerical simulations to quantify the dependence of
Jiim-HArea ON Various electrolyte properties.

Similar experiments were conducted for the OER. The CVs
were measured using a Ni RDE in 0.1 M Na-buffer solutions
with 1 M NaClO,. NaClO, was added into solutions to increase
the ionic conductivity. The pH values of electrolytes were
adjusted near the buffers’ respective pK, values at room tem-
perature. Ni is a commonly used material for the OER.*® Before
and during all measurements, oxygen gas was saturated in the
cell. As shown in Fig. 1(b), three-step anodic current behavior
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was observed in all electrolytes. The current density increased
as the overpotential increased, followed by plateaus, and shar-
ply increased again. Of note, a previous study conducted CVs in
0.1 M Na-phosphate at pH 7 on IrO,. and a plateau occurred in a
similar current region.'® Since these plateaus were affected by
the rotation speed of RDE, current densities in this region are
affected by the mass transport of species. We have to note that,
because noticeable current was not observed during water
oxidation in unbuffered solution at pH 7 or 9 and in a similar
potential range,”® participation of buffer ions at the reaction
interface should play an important role.

Notably, a lower OER onset potential was observed in
carbonate. While the onset potential was similar to that in
other buffer electrolytes in the first cycle, the oxidation current
increased and the onset potential shifted with increasing cycle
numbers (Fig. S2). This is probably because iron impurities
contained in carbonate salts were deposited on Ni, leading to
higher OER performance. Since the plateau region between
1.5 and 1.7 V vs. SHE was dependent to the rotation speed but
not to measurement cycles, we considered this region to be
mainly affected by the mass transport of species.

Modeling of the limiting current density of direct buffer
reduction in specific buffer electrolytes

The dependency of the limiting current of direct buffer
reduction, jiim-narea. ON the buffer-ion concentrations was quan-
titatively assessed using numerical simulations. Eqn (9) and (10)
were used to model species mass transport in terms of concen-
tration, despite our previous findings suggesting that activity
provides a more accurate representation."> We considered ther-
mochemical ion sizes in the steric term since the solvated sizes
were too large to take into account the crowding effect and could
no longer be sustained in concentrated buffer electrolytes. Addi-
tional details regarding the impact of activity coefficients and
thermochemical ion sizes are provided in the SI.

Fig. 2(a) shows the simulated jjim-pia rea. in K-phosphate and
K-carbonate electrolytes; we assumed that the pH values

(a) (b)
4
1600 Carbonate n 10 Carbonate _-m
o Phosphate i " Phosphate
51200- = 5103- -
< o <
£ . £
3800‘ /Ij 3 ,/m/ﬂ
= 4001 i/ =5
Y 4
- -A-E-a-a
O-L——] — T T 10!

0 1 2 3 0
Concentration / M

5 75 100
Temperature / °C

Fig. 2 (a) Concentration dependence of the calculated limiting current
density of direct buffer reduction to Hy, jim-Hared.- All Of the electrolytes
were assumed to have a pH value the same as the pK, value. A supporting
electrolyte of 0.1 M KClO4 was considered as an addition to the 25 mM
K-buffer electrolytes. Pt rotating disk electrodes were assumed to rotate at
100 rpm at 25 °C. The dotted lines are fit lines based on cubic functions.
(b) Simulated temperature dependence of jim-tared. i 3 M K-buffer
electrolytes. The dotted lines are fit lines.
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matched their respective pK, values of 7.20 and 10.33. In
K-phosphate, increasing the concentration from 0.025 M to
3 M led to an increase in —jjim pa req. from 2.5 to 102 mA cm 2.,
This increase was not linear with respect to concentration,
because the increased viscosity (Fig. S7) led to decreases in
the diffusion coefficients. In our previous study, conductivity
was calculated using the Stokes-Einstein equation from mea-
sured viscosity and showed quantitative agreement with experi-
mental values.®® Therefore, the model likely remains valid
under these conditions.

Notably, the thickness of the diffusion layer on a Pt foil
electrode under experimental conditions was assumed to be
similar to that of a Pt RDE at 100 rpm, as indicated by the
rotation-dependent data shown in Fig. S9. The simulated
—Jlim-HA red. accurately reproduced the experimental results.
Compared with phosphate, a greater increase in —jjim-qared
was observed in the K-carbonate buffer; at the same concen-
tration, —jjim-Hared. Was larger in K-carbonate than in
K-phosphate. The simulation showed that —jjim-pared.
reached 1489 mA cm™? in 3 M K-carbonate, which is over
14 times greater than the result obtained in 3 M
K-phosphate.

We also investigated the impact of temperature on jjim-ga red-
Simulated jiim-parea. in 3 M K-buffer electrolytes at elevated
temperatures are described in Fig. 2(b). Notably, changes
occurred in the concentration determined by molarity (M)
according to temperature as the volume of the electrolytes
changed. Fig. S8 shows the molarity at different temperatures
obtained from experimentally measured densities and the
relationship between molarity and molality (m). The difference
in molarity according to temperature was small, so we consid-
ered the molarity to be constant at all temperatures in this
model. The pH of the electrolytes was assumed to match the
pK, values of the buffer ions at these temperatures. It is
important to note that the pH values of commercial pH
standard electrolytes shift in accordance with the pK, at ele-
vated temperatures. Fig. S10(b) summarizes the pK, and
pK,, values with respect to temperature based on previously
reported values.*® Interestingly, pK,, is particularly sensitive to
temperature changes, whereas the pK, values of phosphate and
carbonate are not significantly affected. The temperature
dependence of the equilibrium coefficients was characterized
using enthalpy and heat capacity (see the SI for detailed
calculation methods) (Table S1). About the rate coefficients of
homogeneous reactions, kaf, kpb, and ks were assumed to be
independent of temperature and kap, kpf, and k,p, were changed
correspondingly as it is difficult to define the activation energy
of those reactions. The impact of this assumption is discussed
in the SI.

As illustrated in Fig. 4(c), jlim-Hared. in 3 M K-phosphate was
2.4 times higher at 80 °C than at 25 °C. This increase is
reasonable given that a decrease in viscosity typically leads to
higher diffusion coefficients (Fig. S10). On the other hand,
Jiim-HArea Was more than four times higher at 80 °C than at
25 °C in K-carbonate. This significant increase cannot be
attributed solely to a decrease in viscosity.

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

Modeling of the limiting current density of direct buffer
reduction in buffer electrolytes

We focused on the distinct chemical properties of phosphate
and carbonate buffers to explain their different limiting current
behaviors. Apart from ion concentrations and temperatures,
significant distinctions at various temperatures include the
electrolyte pH, pK, of the buffer species, and pK,, of water.
For simplicity, we considered a single-step buffer equilibrium
(HA™/A®7) rather than specific buffer species. The protonated
buffer molecule was assumed to be negatively charged, which is
consistent with the charges of H,PO,” and HCO; . Charge
effects are summarized in the SI.

We first simulated the limiting current density for the direct
reduction of HA™ to A>" across various pH values spanning
from neutral to alkaline conditions to examine pH dependence
(Fig. S12(a)). The conditions included 3 M K;s;H,sA buffer
electrolytes with pK, values ranging from 7 to 10. We varied
the ratio of buffer species according to the electrolyte pH and
maintained a total buffer species concentration of 3 M. The
forward rate coefficient of buffer protolysis (k. from reaction
(3) and the backward rate coefficient of basic buffering
action (kpp,) from reaction (4) were estimated using the buffer
species’ K, (eqn (26) and (27)). We adjusted parameters
such as viscosity, diffusion coefficients, and ion sizes from
K-carbonate values to ensure data comparability. The simulated
—Jiim-uared. Value in buffer solutions with a pK, of 7 was
—173 mA cm™ 2 at pH 7, which is similar to the result obtained
in 3 M K-phosphate at pH 7.2. This value decreased with
increasing solution pH. —jjim-narea Values in buffer solutions
with larger pK, values were significantly larger at the same pH.
This difference arises from the decreased concentration of
protonated buffer species in the bulk as the pH exceeds the
pK, of the buffer species, as shown in Fig. S12(b). Therefore, pH
may not be the primary factor contributing to the differences
between phosphate and carbonate.

A quantitative analysis of the pK, dependence was also
conducted using a single-step buffer equilibrium while varying
pK.. The buffer electrolytes were 3 M K, sH,sA; pH values
corresponded to pK, values. The simulated jjim-parea. is illu-
strated in Fig. 3(a). This figure shows that there was a signifi-
cant increase in —jjim-pared as the buffer pK, increased. Fig. 3(b)
shows the local concentration profiles of protonated buffer
species at 25 °C as a function of distance from the electrode
surface. The inset figure is a magnified version focusing on the
diffuse layer. In 3 M solutions with a pK, of 7, the concentration
steadily decreased toward the electrode, and there was full
depletion at the surface. As in K-phosphate, jijim-pared. Was
governed by the diffusion of protonated buffer species when
the pK, was low. On the other hand, three phases in the buffer
with pK, 12 were observed: a steep decline in concentration
from 150 to 100 um, followed by an approximate plateau at
0.35 mM until 1 nm, and then a sharp drop at the surface. A
larger concentration of protonated buffer species in the diffuse
layer results in a higher obtainable current density in the buffer
with pK, 12. Buffer species with larger pK, values have a larger
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Fig. 3 (a) Calculated limiting current density of direct buffer reduction.
We assumed that the buffer was 3 M Ky sHg sA, which means that the pH
value was equal to the pK, value. The Pt rotating disk electrode was
assumed to rotate at 100 rpm. The dotted lines are the fit lines. (b) The
simulated concentration profile of the protonated buffer species in the
solutions as a function of distance from the electrode surface in 3 M buffer
electrolytes. The inset figure shows the concentration profiles in the
diffuse layer.

backward rate coefficient in reaction (4) thanks to the linear
free relationships as reported in a previous study.”’ Thus,
deprotonated buffer species can easily be converted to proto-
nated buffer species in solutions with a pK, of 12, leading to a
higher concentration at the surface than that in solutions with
a pK, of 7. As a result, the surface flux of protonated buffer
species is enhanced.

At 80 °C, —jiim-narea Was larger even at the same pK,
(Fig. 3(a)). The viscosity and density parameters of K-
carbonate at 80 °C were used. As noted above, higher tempera-
tures increase water dissociation, which results in a pK,, of 12.6
at 80 °C, and the rate coefficients of buffering actions were
determined using eqn (26) and (27) irrespective of temperature.
Considering the reduction of viscosity at high temperature
(Fig. S10), the main cause of the increase in —jjim-parea With
temperature can be attributed mainly to the pK,. Acceleration
of water dissociation makes the basic buffering action
(reaction (4)) occur more easily. Previous studies have shown that
when two buffer species with similar pK, values are combined, the
maximum buffer capacity occurs at a pH between their intrinsic
PK, values.”” In this framework, the self-ionization of water can
act as a buffer with a pK, of 13.995 at 25 °C or 12.613 at 80 °C.
Similarly, as a buffer’s pK, nears pK,, the self-ionization of water
can offer additional proton donors, which increases the buffer
capacity, even under alkaline conditions.

Using the proton limiting current densities calculated with
previously reported methods,*® Fig. $13 summarizes the reac-
tion during the HER in 3 M K-buffer electrolyte where pH = pK,.
Under extremely acidic pH conditions (i.e., pH < 1), free proton
reduction is possible until a high current density. As buffer pH
(pK,) increases, protons can be supplied via buffer protolysis.
Even so, a current density above approximately 170 mA ¢cm >
should be attained only with direct water reduction at 25 °C.
Direct reduction of protonated buffer species becomes effective
in buffer with pK, > 5, which is enhanced as pkK, increases
thanks to reaction (4). At high temperature, the limiting current
can be further enhanced.
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Modeling of the limiting current density of the OER in buffer
electrolytes

To clarify the plausible reactant during the OER, the simulation
was conducted while varying the boundary conditions consid-
ering reaction (6) and (8). For simplicity, single-step buffering
action (HA /A>7) was considered and deprotonated buffer
species, A*>~ were assumed to be divalent anions similar to
carbonate (HCO; /CO;>7) and phosphate (H,PO, /HPO,*")
cases. The pH of the buffer electrolytes was fixed at the buffers’
pK.. Parameters such as viscosity and density were taken from
values measured in 3 M K-carbonate. Fig. 4 shows the simu-
lated limiting current density of hydroxide ion oxidation,
Jiim-oHoxi. in 3 M K-buffer electrolytes. At pH > 13, jiim-oH oxi.
increases since the alkaline condition increases hydroxide
concentrations. For pK, values from 10 to 13, jiim-omoxi. Was
almost independent of electrolyte pH or the buffer’s pK,, which
suggests that the diffusion of buffer species purely determined
the obtainable current density. The rate of the backward reac-
tion of reaction (4) might be fast enough to supply hydroxide
ions close to the electrode due to the linear free relationship
with pK,."*

On the other hand, jiim-om oxi. decreases below pK, 10. This is
due to the slow rate of the backward reaction in reaction (4).
Considering that the plateau current measured in the phos-
phate solution at pH 7 (Fig. 1(b)) was at a similar level with
those in carbonate and borate solutions, the plateau current is
not likely determined by hydroxide ion oxidation solely. In the
phosphate solution at pH 7, the reactant switching may occur
before the current reaches a plateau.

Therefore, the limiting current of water oxidation supported
by deprotonated buffer species (reaction (5)) was considered. As
shown in Fig. 4, above pK, 10, the limiting current of water
oxidation supported by buffer species (purple line), jiim-aoxi. iS
identical to that of hydroxide ion oxidation (blue line). Because
of the facile backward reaction in reaction (4) in this pK, range,
they cannot be distinguished just from the limiting current
density. Between pK, 8 and 10, jiim-aoxi. f€émains almost con-
stant, indicating that the experimentally observed limiting

1000

4AT+2H,0/0,+4HA" 80°C
800 11140H7/0,+2H,0
q
§ 6001
<
€
\E 400
=
2001
0

6 7 8 9 10 11 12 13 14
PH (= pK,)

Fig. 4 The limiting current density of hydroxide ion oxidation (reaction
(6)) and water oxidation supported by deprotonated buffer species (reac-
tion (8)) during the OER in 3 M K-buffer (HA=/A%7) solutions. Electrolyte pH
values were assumed to be the same as the buffer's pK, values. Ni RDE was
assumed to rotate at 100 rpm. Properties such as electrolyte viscosity,
density, diffusion coefficients, and ion sizes were taken from 3 M
K-carbonate solutions.
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current shown in Fig. 1(b) might just reflect the mass transport
limitation of deprotonated buffer species regardless of the
reactant (hydroxide ions or water molecules). Because the
experimentally obtained limiting current density in a borate
solution at pH 9 and a phosphate solution at pH 7 are larger
than those coming from hydroxide ion oxidation, the anodic
reaction may have shifted to water oxidation supported by
buffer ions.

Jlim-a oxi. increases at pK, < 8. jiim-aoxi. at PK, 8 is 189 mA cm™?,
reaching 1156 mA cm ™ at pK, 6. Fig. S14 describes concentration
of deprotonated buffer species as a function of distance from the
OHP at the limiting current density. In buffer solutions with pK,
10, the concentration profile of deprotonated buffer species clearly
matches the diffusion limited profile. It starts to decrease from
around 70 pm to the depletion at x = 0. In solutions with pk, 6, on
the other hand, the usage of deprotonated buffer species starts
earlier (90 um) and the concentration profile reaches a plateau.
Buffer species with smaller pK, values have larger forward rate
coefficients thanks to the linear free relationships as reported in a
previous study.>* Thus, protonated buffer species can easily be
converted to deprotonated buffer species in solutions with a pK, of
6, leading to a higher concentration at the surface than that in
solutions with a pK, of 10. As a result, the surface flux of
deprotonated buffer species is enhanced.

The limiting current was also simulated at the elevated
temperature of 80 °C (orange line in Fig. 4). When temperatures
increase, the viscosity of the electrolyte decreases, making
diffusion coefficients larger following the Stokes-Einstein equa-
tion, as shown in Fig. S10(a). The enhancement of jiim-4oxi. at
PK, < 10 is reasonable. At a pK, > 10, further enhancement is
observed. The log scale of water ionization constant, pK,,
decreases thermodynamically according to temperature
changes, thus, the amount of hydroxide ions in the solution
is greater even at the same pH, resulting in an enhancement of
the limiting current of the OER.

Combination of the HER and OER

Combining results of the HER and OER, the achievable current
densities in the presence of buffer are summarized in Fig. 5. Of
note, the combined limiting current densities can be obtained
when two decoupled or distant half-cells operate. The condi-
tions are 3 M K-buffer solutions containing ion pairs of
HA/A>" at 100 rpm, with the pH set equal to the buffer’s
pK,. When the pK, is small (<8), the limiting current for the
OER side (the data is from Fig. 4) increases, but the HER cannot
be helped beyond the diffusion of buffer species from the bulk.
Similarly, the limiting current for the HER side (the data is
from Fig. 3) increases in buffer solutions with large pK, values
(>8), and the limitation occurs at the OER side. The limiting
current of the HER and OER crosses around pK, 8, where both
the HER and OER are simply limited by the diffusion of buffer
species from the bulk.

Elevated temperature enhances the limiting current, while
the achievable current densities of these reactions remain <
400 mA cm 2, which is not sufficient in terms of the indus-
trialization requiring 600 mA cm 2. Therefore, it is necessary to
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Fig. 5 Summary of limiting current density in 3 M K-buffer (HA™/A%")
solutions. The solid line is the limiting current of water oxidation supported
by buffer species, and the dashed line is the limiting current of direct
reduction of buffer species. The results of the HER are from Fig. S13 and
the results of the OER are the same as those in Fig. 4. (a) 25 °C. (b) 80 °C.

improve the diffusion of buffer species to enhance the perfor-
mance of water electrolysis under non-extreme pH conditions.
While optimizing the species charge was suggested in previous
studies,**® the OER and HER are incompatible. For the HER,
positively charged buffer species are preferable since the cath-
ode is negatively charged, and the OER favors negatively
charged species. Therefore, it is necessary to take different
actions to enhance the mass transport. A detailed discussion
of charge is provided in the SI.

One of the ways to increase the mass transport of species is the
convection, which is the rotation speed of the RDE in this study.
Fig. S16(a) describes the enhancement of the jiim-onox. in 3 M
buffer solutions at pH = pK, = 10. The jiim om oxi. iS 400 mA cm ™2
under static conditions at 80 °C, surpassing 1 A cm™ > at 1000 rpm,
which is a reasonable applied rotation speed for RDE experi-
ments. The fluid velocities at the surface are shown in Fig. S16(b).
At 50 um, the fluid velocity on RDE rotating at 1000 rpm becomes
24 times as fast as that at 100 rpm. These results highlight the
importance of convection and accelerating the fluid flow in flow
cells for industrialization.

In conclusion, Fig. 6 summarizes how optimization of
electrolyte conditions increases jiim-onoxi.- In unbuffered solu-
tions, the obtainable current density is below 0.1 mA cm >
under non-extreme pH conditions, which causes a large pH
shift at the surface. Adding buffer species can enhance the
limiting current, while concentration and temperature need to
be increased. To meet the industrial demand, electrolyte flow
also has a significant impact. Therefore, further studies on the
electrolyte flow in the commercialized flow cell and how it can
be connected to the RDE configuration are essential. In the flow
cell, the porous separator divides the anode and cathode, thus
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Fig. 6 Summary of how electrolyte engineering increases jim-omHoxi. iN
solutions at pH 10. Non-buffer solutions: 0.1 M KClO4 + KOH. Buffer
solutions: pH = pK, = 10. The potential of Ni RDE was assumed to be 1.5V
vs. RHE. Properties such as electrolyte viscosity, density, diffusion coeffi-
cients, and ion sizes were taken from x M K-carbonate solutions at that
temperature.

the mass transport among the separator is also influential.
Furthermore, this study neglected bubble-induced convection,
which is known to help to minimize the local pH shift.>!
Particularly at high current density, lots of bubbles are pro-
duced at electrodes, enhancing the fluid flow close to the
electrodes. Conducting multiphase fluid dynamics will lead to
further understanding of the fluid flow impact toward the mass
transport of species. Nevertheless, this study highlighted the
importance of electrolyte engineering in consideration of over-
all water splitting.

Conclusions

This study provides a quantitative framework for understanding
the mass-transport limitations of buffer electrolytes in water
electrolysis under non-extreme pH conditions. By numerically
resolving ion transport using the GMPNP equations, we elucidate
how electrolyte composition and operating conditions govern the
attainable limiting current densities for both the HER and OER.
While acid-base equilibria, reflected by buffer pK, and water
pKy, influence the individual half-reactions, our analysis reveals
that diffusion of buffer species becomes the dominant constraint
when the HER and OER are considered together in a full
electrolysis system. Importantly, increasing buffer concentration
and temperature, in combination with enhanced electrolyte
convection, effectively overcomes these transport limitations
and enables current densities relevant to industrial operation.
These results provide quantitative guidance on electrolyte com-
position and operating conditions, and establish electrolyte
engineering—through deliberate control of buffer chemistry
and mass transport—as a viable strategy for realizing high-
performance water electrolysis using buffer-based electrolytes
under non-extreme pH conditions.
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