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Electrochemical processes powered by renewable power sources, such as sunlight, Will 035,06t 000577
become a cornerstone of the future energy infrastructure. Photoelectrochemical devices
combine light absorption and electrochemical conversion in a single device or even a single
material. While the efficiencies of new absorber materials and co-catalysts for
photoelectrochemical processes have markedly improved over the past years, scale-up
efforts to active areas larger than a few cm? are still hindered by mass transport limitations.
Such limitations manifest not only in reduced efficiencies but also in materials degradation
due to the formation of pH gradients. Other challenges include electrode deactivation due
to bubble formation and product crossover, especially in the case of membrane-less
devices. While some of these challenges are similar to those encountered for commercial
electrolyser systems, different solution strategies are needed because i) the requirement of
illuminating at least one the electrodes requires a different device architecture and ii) PEC
devices operate at 50-100x lower current densities. Numerical multiphysics simulations
have provided useful insights in these losses but are not (yet) able to capture all relevant
physical processes in PEC devices. There is, therefore, an urgent need for analytical tools
that provide direct experimental insight into mass transport-related phenomena in PEC
devices. This study presents recently developed experimental methods that can help to
close this gap.
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In situ measurement of mass transport in (photo)electrochemical
water splitting at device scale
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Understanding the transport of ions and dissolved gasses in aqueous solutions is crucial for the scaling-up of

DOI: 10.1039/x0xx00000x

photoelectrochemical (PEC) energy conversion devices. In this study, we performed in situ measurements of the pH

distribution and the dissolved oxygen concentration during water electrolysis, under realistic conditions for PEC water

splitting devices. The influence of forced electrolyte convection on the mass transport processes was analyzed using particle

image velocimetry (PIV) to capture the instantaneous electrolyte flow velocity fields. The measurements reveal a ApH of ~3

in 0.1 M KP; buffer solution (pH 7) at 10 mA cm, corresponding to a Nernstian overpotential of ~200 mV. While this

detrimental loss can be mitigated by recirculating the mixed electrolyte, the use of higher buffer concentrations is found to

be an even more effective strategy. At low flow rates, the pH gradient-induced overpotentials are significantly lower than

those predicted by previously reported 1D multiphysics simulations. In situ observations of dissolved oxygen during water

splitting demonstrate that the forced convection enhances oxygen removal and reduces the hazardous risk of product

crossover. These quantitative findings can guide the rational design of highly-efficient, scalable PEC water splitting devices.

Introduction

Photoelectrochemical (PEC) water splitting offers a direct
pathway to convert intermittent solar energy into chemical
fuels, such as hydrogen and hydrocarbons.' 2 The scaling up of
PEC water splitting devices remains challenging and several
approaches have been explored, including increasing the
photoactive area per device,® parallel operation of multiple
devices,* > and/or using solar concentration.® 7 Large-area
devices tend to deliver much lower STH efficiencies (by a factor
of up to ~5) compared to their small-area equivalents.® For
instance, it has been reported that the 6% STH efficiency of
small-area (0.24 cm?) BiVOs-based tandem devices decreases to
~2% when scaling up the active area to 50 cm?.3 This significant
loss of efficiency has been attributed not to any degradation in
materials quality of the large-area BiVO4 photoanode but to
mass-transport limitations in the electrolyte (proton/hydroxide
ions). Ohmic losses in the transparent conducting substrate also
play a role but account for only 10-15% of the voltage losses at
these relatively modest photocurrent densities. lon transport-
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related losses become increasingly important in PEC systems
operated at near-neutral pH conditions, which attract interest
due to the instability of many semiconducting materials in
highly acidic and/or highly alkaline solutions. At around pH 7,
the proton/hydroxide ion concentration is low (less than a umol
L1) and the reactants will be depleted rapidly. Moreover, at
such low concentrations resupply of the reactants from the
neighbouring bulk electrolyte will not be able to keep up due to
diffusion limitations. This results in concentration
overpotentials in addition to the kinetic overpotentials from the
electrocatalysts.® Although supporting buffer ions (e.g.,
phosphate, bicarbonate, etc.) can locally provide or take up
H*/OH-, the combination of the concentration and the diffusion
coefficients of these ions are typically too small to prevent the
formation of pH gradients.® 1 Complementary studies further
highlight that such mass transport heterogeneities are closely
coupled with bubble accumulation and interfacial degradation
behaviour, which severely compromise the long-term durability
and scalability of practical (P)EC systems.11-1> Understanding the
local pH shift during OER and HER reactions is therefore of
crucial importance for the development of efficient solar energy
conversion devices in near-neutral pH solutions.

In addition to the ion transport-related losses,
important yet often overlooked aspect is the transport of
dissolved species (e.g., H, and O3) during (P)EC water splitting.
For example, gas crossover during water electrolysis will lower
the purity of the products and may lead to safety concerns (the
explosion limit for hydrogen is only 4%). These considerations
are especially important for membrane-less PEC cell designs.
The removal of dissolved O, and/or H, product gases via e.g.
forced flow would mitigate these concerns and improve the
overall efficiency. Being able to measure the local
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concentrations of dissolved O, and/or H, would help the
development of effective gas removal strategies and to get a
better understanding of the overall reaction kinetics.
Theoretical models have been devised to simulate mass
transport and predict efficiency losses in energy conversion
systems. Singh et al. investigated the effect of various flow
schemes for near-neutral pH electrolytes in solar-fuel
generators, and showed that the convective mixing of anolyte
and catholyte can greatly reduce pH gradients and the
corresponding concentration polarization losses.'® 17 Using
multiphysics modelling, Obata et al. found that bubble-induced
convection can stabilize the pH gradients near gas-evolving
electrodes '® and that product crossover can be suppressed
using modest flow rates, even for devices with tilt angles of 30°
versus the horizontal plane.’® Abdi et al. investigated voltage
losses in a PEC device with 8 cm long electrodes, and reported
that about 25% of the 600 mV overpotential needed to sustain
a current density of 10 mA cm™? is due to concentration
polarization.?° Liang et al. explored the effect of device
operating pressure on the pH gradient-induced voltage losses,
and found that although bubble evolution can be effectively
suppressed by increasing the pressure, no significant impact of
pressure on the concentration overpotential is observed.!3 It
should be noted that these multiphysics simulations typically
require a large number of simplifying assumptions to be made
(e.g. laminar flow, constant bubble formation efficiency), which
means that rigorous validation is needed before they can be
used as guidelines for the actual design of PEC cells.
Complementary to modelling and simulation studies, several
experimental approaches have been reported to determine
local pH shifts using electrochemical methods, such as rotating
ring disk electrodes (RRDE) and scanning electrochemical
microscope (SECM) measurements,?t26 or spectroscopic
methods, such as surface-enhanced infrared absorption
spectroscopy (SEIRAS) and fluorescence spectroscopy.?’-3° Most
of those techniques utilize ultramicroelectrodes to directly
monitor the pH change in the vicinity of model electrodes,
providing detailed insights into interfacial processes at
electrode-electrolyte interfaces. Although many of the insights
are transferrable, the design of practical P(EC) devices requires
understanding of pH gradients and mass transport limitations at
macroscopic length scales. Various attempts have been
undertaken to visualize pH gradients and mass transport in real
systems. Obata et al. conducted in situ fluorescence
measurements to visualize the pH distribution in a static
electrochemical cell with cm-scale electrodes, and identified
the key role of buoyancy-driven convection in stabilizing the
local pH gradient.*® Radhakrishnan et al. were able to show
natural convective mass transfer of dissolved oxygen during
water splitting, for various electrode configurations.*!

Forced electrolyte flow is widely recognized as an effective
strategy to mitigate pH gradient during water electrolysis.® 17.
20,42, 43 However, to the best of our knowledge, only one study
has experimentally quantified the impact of forced convection
on pH gradients during water splitting, employing in-line Raman
spectroscopy to measure the pH at the interface in real-time.**
These results, however, were obtained at high current densities

2| J. Name., 2012, 00, 1-3

EES Solar

(200 mA cm2) for a 0.5 cm? sample, whereas practical,REC sells
with cm-scale (photo)electrodes operate 8E¢UfHENOHHIRIESH AT
10 — 20 mA cm. Apart from this study, no quantitative PEC
reports exist on the effect of forced flow on pH gradient and
dissolved species. This gap represents a critical disconnect
between the mechanistic understanding of the mass transport
phenomena and the rational optimization of state-of-the-art
PEC cells and their components.4> 46

In this study, we build upon the previously reported
fluorescence measurement setup ° to enable in situ monitoring
of electrolyte flow effects on pH distribution and dissolved
oxygen concentration during water splitting. This setup,
integrated into a customized flow cell, is complemented by
particle image velocimetry (PIV) measurements to visualize the
velocity field of the electrolyte flow. We first demonstrate pH
changes in both acidic and neutral pH electrolyte solutions,
observing a ApH exceeding 3 units in both cases, even with
electrolyte recirculation at a flow rate of ~3.2 mL cm? s1. To
mitigate this, increased buffer concentrations are explored as
an effective approach to suppress pH shifts. Finally, we present
in situ measurements of the dissolved oxygen concentration
during water electrolysis, providing insights into reaction
kinetics and the effectiveness of strategies to mitigate gas
crossover risks. These findings offer valuable guidance for the
rational design of efficient, scalable solar fuel production
devices.

Results and discussions

pH gradient in acidic and neutral pH electrolytes during water
splitting

A schematicillustration of the fluorescence measurement setup
is shown in Fig. 1a. The water splitting cell is configured with
two vertically oriented platinum/FTO electrodes facing each
other, with the fluorescence foil sensor (width of ~8 mm)
immersed in between and perpendicular to the two electrodes.
The in situ pH measurements are conducted during
galvanostatic operation of the cell at a fixed current density of
10 mA cm2, representing typical operating conditions for
practical PEC water-splitting devices.*”> 48 Note that we
deliberately conducted these experiments on dark electrodes,
since photoelectrodes that can generate photocurrents of 10
mA cm2 and are stable for many hours are not easily available.
Moreover, (simulated) solar illumination would interfere with
the homogeneous blue illumination that is required for the
fluorescent foil sensors to work. Details about the setup and the
measurement parameters are documented in the Experimental
section. In brief, the electrolyte is recirculated using a rotary
pump and the electrolyte is mixed by flowing through a
homogenizer before re-entering the electrochemical cell. A
technical drawing and schematic illustration of the setup are
shown in Fig. S1, and digital photographs of the setup can be
seen in Fig. S2. The electrolyte flow rate is determined by
controlling the pumping power of the rotary pump. Unless
otherwise specified, the measurements were conducted under
atmospheric pressure. Two types of pH foil sensor were used,

This journal is © The Royal Society of Chemistry 20xx
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one with a pH detection range from 5 to 8, and another from 2
to 5. The calibration curves of the foil sensors are shown in Fig.
S3. The working principle of the fluorescence foil sensors is
explained in the Experimental section.

The spatially-resolved evolution of the pH during water
electrolysis in 0.5 M K,SO04 (pH 7) solution is shown in Fig. 1b, at
a current density of 10 mA cm and an electrolyte flow rate of
3.2 mLcm2 s, see also Supplementary video S1. Note that we
deliberately normalize the volumetric flow rate by the surface
cross section between the two electrodes; the indicated rate
thus corresponds to a linear flow velocity of 3.2 cm s™. Fig. 1b
clearly shows that the local pH shifts to more acidic and alkaline
values at the anode and cathode, respectively, as expected from
the half-reactions for water splitting under pH-neutral
conditions:

Cathode: 4H,0 + 4e™ —»2H, +40H™ (1)
Anode: 2H,0-0, +4H* + 4e~  (2)

Fig. 1b shows that a significant pH gradient (larger than 3 units)
develops within 10 minutes; such large changes are not
unexpected for an unbuffered electrolyte (0.5 M K,SO4) at pH 7.
Note that the local pH close to the electrode surface exceeds
the specified detection range of the sensor foil (pH 5 — 8), so the
accuracy is reduced in these regions.

The effect of forced convection of electrolyte flow is clearly
visible in Fig. 1b; the bulk electrolyte remains pH neutral due to
the constant supply of mixed electrolyte from the inlet at the
bottom of the cell. Along the height of the electrodes, the effect
of electrolyte flow becomes less pronounced due to the
hydrodynamic pressure drop. The electrolyte flow velocity field
is examined in more detail using particle image velocimetry
measurements, see Experimental and Fig. S4 for technical
details. The results, shown in Fig. S5a, show that the electrolyte
velocity gradually decreases along the electrode height. This is
indeed consistent with the trend in the pH gradient distribution
shown in Fig. 1b.

We then changed the pH of the electrolyte to 3.5 by adding
H,SO4, while keeping all other parameters the same as for
Fig. 1b. We speculate that with a significantly higher proton
concentration (~3 orders of magnitude higher compared to pH
7) and the same current density of 10 mA/cm?, the local
changes in pH will be much less pronounced. However, as
shown in Fig. 1c, after 10 min the pH changes by about +1.2
units near the cathode surface, similar to the change of about
+1.5 units observed for the pH 7 solution. In contrast, the pH
changes about 0.3 units close to the anode, compared to the
more than 2 units shift observed for the pH 7 solution. The much
smaller pH shift at the anode side is due to the fact that 0.5 M
H,SO4 was used to adjust the electrolyte to be the desired pH
(3.5). H2S04 fully dissociates (pKa1 = -2) and the resulting HSOZ
ions act as a buffer. The buffering reactions near the cathode
and the anode can be expressed as follows, respectively:

HSO; —»S0%~ + HY; pKay=1.99  (3)
S0%~ + H,0—HSO; + OH™; pKy, = 12.01 (4)

The starting pH of the solution (pH 3.5) is much closer to the
pKaz than to the pKpz, which means that the buffer capacity for

This journal is © The Royal Society of Chemistry 20xx
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H* is much larger than for OH". This explains why thepHshifts
near the anode are much smaller than the9& Held¥ tHEERPSde
in Fig. 1c.

a
WE: PYFTO
CE: PY/FTO
Fluorescence
Fluorescence = foil sensor
camera .. _
Electrolyte flow Not to scale
(circulated and mixed)
b
t=0s t=60s t=180s t=300s t=450s (=600s
ApH
+2.3
© - +1.7
3 3 +12
= c +0.6
3] < 00
-0.6
5mm 1;
- 23
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0.7
5 mm :1-3
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Flow rate: 3.2 mL cm? s

Fig. 1. Schematics of the in situ pH measurement setup and the distribution of local pH
change (ApH) during water electrolysis at 10 mA cm and a bottom-to-top flow rate of
~3.2 mLcm? s, (a) Schematic illustration of the measurement setup, (b) ApH evolution
in 0.5 M K;SO4 with an initial pH of 7, (c) ApH evolution in 0.5 M K;SO4 with an initial pH
of 3.5 (electrolyte pH of ~6.8 as prepared, titrated to pH 3.5 by adding 0.5 M H,SO,). The
water splitting cell is configured with two parallel-facing platinum/FTO electrodes, with
a gap of 8 mm. Two different types of pH foil sensor are used, one with a pH detection
range from 5 to 8 (used for panel b), and another from 2 to 5 (for panel c). The
experiments are conducted at atmospheric pressure (0 barg).

With a pH shift well over 2 pH units—and possibly more, in view
of the limited pH range of the sensor foil—the Nernstian
overpotential is significant (> 120 mV) and will adversely affect
the overall efficiency of the PEC device. Several possibilities
exist to mitigate this loss mechanism. One option is to apply a
higher electrolyte flow rate.1® 42 4% The flow rate used in Figs. 1b
and 1cis 3.2 mL cm2 s'1, which translates into an average linear
fluid velocity of ~3.2 cm st in the electrode region. Numerical
calculations by Abdi et al. showed that an inlet velocity of
4 cm st is sufficient to limit the concentration overpotential to
less than 20 mV, although these calculations assumed a higher
buffer concentration (2 M KP;).2° A second option is to use
stronger acid or alkaline electrolyte solutions. For PEC water
electrolyzers, however, this option is of limited use due to the
instability of many semiconducting materials in strong acidic or
alkaline solutions. A more realistic option is to use a pH buffer
with stronger buffer capacity.®® Phosphate and borate buffers,
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for example, have been shown to effectively minimize pH shifts
during water splitting, even for relatively low buffer
concentrations of 0.1 M.4°

Effect of flow rate on pH gradient

We now change the electrolyte to 0.1 M KP; (pH 7) and
investigate the effect of flow rate on pH gradient, again at a
current density of 10 mAcm2. The evolution of the pH
colormaps during the in situ measurements at electrolyte flow
rates of 0, 1.5, and 3.2 mLcm=2s? are shown in Fig. 2a-c. The
corresponding pH profiles between anode and cathode,
recorded at different times, are shown in Fig. 2d-f. As shown in
Fig. 2a, even at zero flow, the use of a 0.1 M KP; buffer
significantly reduces the pH gradient compared to that in 0.5 M
K,SO4 at ~3.2 mLcm?2s? (see Fig. 1b). This confirms our
previous findings*® and illustrates the effectiveness of using
suitable pH buffers, even at relatively high current densities (the
10 mA cm2 current density used here is about 10x higher than
in Ref. 40). Figures 2a-c also indicate that the pH gradient
decreases as the flow rate increases. This is further quantified
in Fig. 2d-f, which shows that the total pH gradient between the
cathode and anode reduces from 2.5 pH units under static
conditions (zero flow) to about 1.5 units at a flow rate of 3.2
mL cm2 st A higher flow rate also means that steady state
conditions are reached faster; about 180 s in the absence of
flow (Figs. 2a, d) compared to 60 s at a flow rate of 3.2 mL cm™
s (Figs. 2c, f). Note that a total pH gradient of 1.5 pH units
implies polarization losses of about 100 mV, which is still
considerable. In other words, even a combination of mixing,
recirculation, and the use of a pH buffer with low concentration
(e.g., 0.1 M KPj) is not sufficient to fully suppress polarization
losses in PEC water splitting cells with an electrode spacing of 8
mm and operating at 10 mA cm2.

As shown in Figs. 2a-c, the average width of the ApH layer
decreases with increasing flow rate, consistent with a more
rapid removal of (de)protonated species by the bulk flow. Figs.
2a-c also reveal that there are strong local variations in the pH
gradient due to bubble evolution at the electrode surface. As
previously reported, the local stirring effect induced by
ascending bubbles strongly disturbs the near-electrode
distribution of H* and OH- ions.'® These local variations also
explain the unexpectedly large thickness of the ApH layer width
in Fig. 2e, which was determined from three lines-of-interest
along the electrode height and is therefore relatively sensitive
to local variations.

The ApH profiles in 1 M KP; buffer are shown in Fig. 3 for three
different electrolyte recirculation rates: 0 mLcm=2s?, 1.5 mLcm-
251 and 3.2 mLcm2 sL. The colormaps are shown in Fig. S6 and
a movie of the process can be seen in Supplementary video S2-
S4. With the higher KP; buffer concentration, the pH gradient is
indeed suppressed. For example, without recirculation of the
electrolyte, the total ApH decreases from 2.5 for the 0.1 M KP;
buffer solution (Fig. 2d) to less than 1 for the 1 M KP; buffer
solution (Fig. 3a). The ApH can be reduced further by increasing
the flow rate and becomes negligible at a flow rate of 3.2 mL
cm2 s (see Fig. 3c and the colormaps in Fig. Séc). These findings
clearly show that the formation of pH gradients can be almost
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completely suppressed by combining a sufficiently high buffer
concentration with a high enough flow raf& HOWRIEEGESKOaTd
be noted that changing the buffer concentration will also affect
the gas bubble dynamics during (P)EC water electrolysis.
Specifically, the average bubble diameter decreases with
increasing buffer concentration, as reported by Qiu et al.> For
PEC water splitting devices, especially in cell configurations in
which the light needs to pass through the electrolyte to reach
the photoelectrodes, a higher density of small gas bubbles is
generally problematic as they tend to attenuate the light more
than larger bubbles.’> 52 Therefore, more quantitative
investigations are required to assess the tradeoffs associated
with choosing the optimal buffer concentration.

@ ¢=0s t=60s t=180s t=300s (=450s (=600s
ApH
+2.3
+1.7
+1.2
+0.6
0.0
-0.6
5mm 1;
— 23
b t=0s t=60s t=180s t=300s t=450s {=600s
ApH
+2.3
+1.7
+1.2
+0.6
0.0
-0.6
-1.1
A7
-23
c t=60s t=180s t=300s t=450s {=600s
d 0 -2 g1 e -2 g1 -2 g1
5 mLcm?s 20.-1.5mLem? s 50, ~3.2mLcm? s
Time (s) Time (s) ) Time (s}
15 —60 15 ——60
— 180 —
10 & —300 0 —ggg

60 15
——180 10
— 300
. 8600 05 600
T o

- - 00 o -
05 \
1.0
15 15 A5

20
0.00 0.25 0.50 0.75 1.00
Distance from Cathode (-)

2.
0.00 0.25 0.50 0.75 1.00
Distance from Cathode (-)

2.
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Fig. 2. The change in the pH distributions (ApH) and pH profiles during water electrolysis
in 0.1 M KP; buffer solution at 10 mA cm2. Colormaps of ApH of the electrolyte (a) in
absence of electrolyte flow, (b) 1.5 mL cm? st electrolyte flow rate, (c) 3.2 mLcm2 s
electrolyte flow rate. (d)-(f) show the pH profiles at electrolyte flow rate of 0, 1.5, and
3.2 mLcm?s?, respectively. The pH profiles are measured along the horizontal distance
between the two electrodes, and averaged among at least three lines-of-interest along
the electrode height. The initial pH of the electrolyte is 7. Note that the distance between
the cathode and anode is 8 mm, with panels d-f showing the normalized values.
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Fig. 3. Evolution of ApH during water electrolysis in 1 M KP; buffer solution. ApH profiles
(a) in absence of electrolyte flow, and at electrolyte flow rates of (b) 1.5 mL cm2 st and
(c) 3.2 mL cm? s, The initial pH of the electrolyte is 7. The current density is kept
constant at 10 mA cm2.

Effect of elevated pressure on pH gradient

We recently evaluated the influence of operating pressure on
the efficiency of PEC devices.'347.48 While operation at elevated
pressure can benefit the overall efficiency, the simulations
showed that pressure does not have a significant effect on the
pH gradient-induced overpotential. Specifically, for an
electrolyte flow rate of 12mLcm2s? and assuming fully
developed laminar flow, the simulated concentration
overpotential increased by about 1 mV when increasing the
pressure from 1 bar to 10 bar.!® To experimentally verify these
simulations, the pH gradient was measured in situ during water
electrolysis at ambient pressure (0 barg) and at elevated
pressure (4 barg). The ApH profiles after 10 minutes of
measurement are shown in Fig. 4 for various flow rates, while
the colormaps are shown in Fig. S7. Although there is some
scatter in the data, the ApH profiles do not show large
differences at 0 barg vs. 4 barg. This confirms that increasing the
operation pressure of PEC devices has a negligible influence on
the concentration overpotential. As discussed earlier, the use of
electrolyte flow has a much larger influence; the ApH between
anode and cathode decreases from ~2 under zero flow (Fig. 4a)
to about 1 at 3.2 mLcm2 s (Fig. 4c). This corresponds to a flow-
induced reduction in the Nernstian overpotential of about 60
mV, independent of the operating pressure.

a 20, OmLomZs! b ~1.5mL cm? s c ~3.2mLcm? s
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Fig. 4. ApH profiles after 600 s of water electrolysis at operating pressures of 0 barg (red)
and at 4 barg (black). ApH profiles (a) in absence of electrolyte flow, (b) 1.5 mL cm2 s?
flow rate, (c) 3.2 mLcm2 st flow rate. A 0.1 M KP; buffer solution (initial pH of ~7) is used
as the electrolyte in both cases, and the cell is operated in galvanostatic mode with a
current density of 10 mA cm™2.

pH recovery measurement

Forced electrolyte convection also affects the recovery of the
pH when the (P)EC process is stopped. We investigated this by
conducting the following experiment. First, water electrolysis is
conducted at 10 mA cm™2 in 0.1 M KP; buffer (pH = 7) for 10

This journal is © The Royal Society of Chemistry 20xx

minutes, at a flow rate of 1.5 mL cm2 s'1. Then, the, gurrent;is
switched off while the electrolyte is kept Eir¢ulafing foraBeut/i
hour, see the J-t curve in Fig. 5a. The pH gradient is monitored
in situ during the entire process. The purpose of this experiment
is to check how fast the pH gradient disappears due to
recirculation and mixing. The flow rate of 1.5 mL cm2 s is
selected because previous simulation work has demonstrated
that the near-electrode pH gradient becomes negligible under
these flow conditions.’® To minimize the influence of gas
bubbles, this experiment is conducted at an overpressure of 4
barg (=5 bar absolute pressure). Under these conditions, the pH
gradient is mainly determined by the interplay between
buoyancy-driven  convection*® and forced convection.
Colormaps of the pH gradient at different times are shown in
Fig. 5b, with the average pH at the electrode surfaces shown in
Fig. 5a. The recorded movie can be found in Supplementary
video S5. The corresponding electrolyte flow velocity field is
shown in Fig. S8.

Clearly, as shown in Fig. 5b, a significant pH gradient (ApH = 2)
develops after 10 minutes at 10 mA cm2. A closer look at the pH
colormaps reveals more distinct features in the pH gradients
near the cathode and the anode. The pH gradient near the
cathode widens at about half the height of the cell and becomes
narrower at the upper half. In contrast, at the anode side a mass
transport boundary layer appears that continuously thickens
towards the outlet of the channel (see Fig. 5c). This difference
can be explained as follows. During electrolysis, the local pH at
the cathode becomes more alkaline. In a phosphate buffer
solution, this is compensated by an increase in the
concentrations of dibasic (K;HPO4) and tribasic (K3POa)
phosphate. Since K;HPO4 and KzPO4 have a higher mass density
than the 0.1 M KP; buffer solution in the bulk,20 53 54 the
electrolyte near the cathode’s surface initially flows downward.
When approaching the inlet, the flow is directed upward again
under the influence of forced convection in the bulk, see Fig.
5b,c and Supplementary video S5. The opposite is true for the
electrolyte near the anode, i.e., the electrolyte near the anode
becomes less dense. The forced electrolyte flow (visible in Fig.
S8) thus confines the electrolyte to the vicinity of the anode,
thereby forming boundary layer that impedes mass transfer.
By continuously recirculating the mixed electrolyte after
terminating the water electrolysis reactions, the pH gradient
gradually reduces. As shown in Fig. 5a, b and Supplementary
video S5, it takes about 12 minutes for the pH gradient to
(almost) completely disappear in the region near the cathode
after stopping the electrolysis reactions. Recovery at the anode
is slower, with the gradient remaining present even after more
than one hour. Such a slow pH re-equilibration process is
somewhat unexpected, as the electrolyte is recirculated and
well mixed. The reason for the slow recovery at the anode is the
presence of the boundary layer, where the large velocity
difference between the bulk electrolyte and the near-stagnant
region impedes mass transfer. The much faster recovery at the
cathode is primarily due to the low electrolyte velocity (Fig. S8)
in the region where the upward and downward flows mix (white
arrows in Fig. 5b). A lower velocity difference between two
distinct flow regions enables faster mass transfer across the
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boundary between the regions. The mass transfer is thus
primarily limited by the presence of these boundary layers and
less by the bulk flow rate.

We briefly note that we also checked the response time of the
foil sensor itself. As shown in Fig. S9, it takes less than a minute
for the foil sensor to indicate local pH changes, both for the
anode and the cathode side. This is consistent with the response
time according the foil sensor specification (<30 seconds). Thus,
the temporal evolution of the pH shown in Fig. 6 is not limited
by the response time of the sensor foil.
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Fig. 5. pH gradient recovery measurement. (a) J-t curve during the pH recovery
measurement and the average pH at the electrode surfaces. (b) Time-sequenced ApH
colormaps. (c) Schematic illustrations of the different pH equilibration processes at the
cathode and anode. The white arrows in (a) indicate electrolyte flow at the vicinity of the
cathode. Note that the electrolyte flow near the cathode initially proceeds downward
and is subsequently directed upward under the influence of forced convection in the
bulk. The cell is operated at a constant current density of 10 mA cm for the first 10
minutes, after which the current is switched off. The electrolyte flow rate is fixed at 1.5
mL cm2 st for the entire duration of the experiment. The electrolyte is 0.1 M KP; (pH 7)
and the experiment is conducted at room temperature, at a pressure of 4 barg.

Implications for device design: what matters most?

To better understand which factors have the largest influence
on the pH gradient, we have consolidated the data by plotting
the maximum pH differences that occur in the cell as a function
of various operational conditions. The results are shown in Fig.
6a-d. The first parameter of interest is the pH of the solution. As
shown in Fig. 6a, an excessive pH gradient (exceeding 3 pH
units) can form in a neutral, unbuffered electrolytes, even when
the electrolyte is recirculated at a flow rate of 3.2 mL cm™ s,
Fig. 6a also shows that this pH gradient can be effectively
suppressed by titrating the solution to a lower pH. An even
approach to reduce concentration
overpotentials is to use pH buffers (Fig. 6b). However, this

more  effective
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often-employed strategy becomes ineffective whep,the buffer
concentration is too dilute; the example &P/Fig.16° SHoWOthat
reducing the buffer concentration from 1 M to 0.1 M KP;
increases the ApH from less than 0.5 units to about 1.5 units.
The third parameter that can be varied is the pressure at which
the device is operated. Fig. 6¢ shows that operation at elevated
pressure exerts a minimal impact on the pH gradient, consistent
with the discussion above and with our previous report.’® The
final parameter is the flow rate, shown in Fig. 6d. As expected,
the pH gradient reduces with increasing flow rate. However,
with a ApH decrease of only 20% when increasing the flow rate
from 0 to 3.2 mL cm™2 s, the effect is relatively small. Clearly,
the most effective way to minimize pH gradients and
concentration overpotential losses in PEC devices is to operate
them at either low or high pH, or to use pH buffer with a
sufficiently high concentration (>0.5 M).

The relatively modest change in ApH when increasing the flow
rate seems surprising when comparing our data to the
numerical simulation studies of Singh and co-authors.1® They
reported a sharp decrease in the ApH above certain minimal
flow rates, as illustrated in Fig. 6e. Their calculations were done
using a 1D multiphysics model, assuming similar conditions as
our experimental data in Fig. 6f (10 mA cm?, pH ~7, 1 M
phosphate buffer, recirculated and well mixed electrolyte). At
flow rates below 0.02 mL cm2 s, their calculated ApH value
rapidly increases to several units, whereas our measured ApH
at zero flow remains below 0.5 units. One important difference
in both methods is that numerical simulations report the pH
values directly adjacent to the electrode,** >> whereas the
experimentally determined pH values represent the
environment at larger distances from the electrode surface
(typical a few tens to hundreds of micrometers, due to the
limited optical resolution of the camera and limited precision in
the placement of the pH sensor foil). To verify which approach
best describes the actual electrochemical behavior, we
compare chronopotentiometry data recorded at two different
flow rates (Fig. 6g). The potential difference is less than 30 mV
(which corresponds to a ApH smaller than 0.5), which suggests
that the experimentally measured pH gradients are the more
relevant ones. A possible explanation for the overestimation of
the ApH by the numerical simulations is the use of a ‘fixed wall’
boundary condition. This implies zero electrolyte velocity at the
solid-liquid interface and tends to overestimate near-electrode
pH heterogeneities under low-flow conditions.

These findings highlight the need of combining both
experimental data and numerical simulations. Numerical
simulations can be easily implemented to obtain a good first-
order estimation of the concentration overpotentials. However,
the rapid increase of the pH gradient at flow rates lower than
~0.05 mLcm?s?! seems inconsistent with the measured
electrode potentials and suggests that pH gradient simulations
at such extremely low flow rates should be treated with caution.
Measuring pH gradients with fluorescent pH foil is arguably
more cumbersome and lacks the spatial resolution of numerical
methods but the data are consistent with the measured
overpotentials even at very low flow rates. Moreover,
experiments can capture pH gradients under conditions that are

This journal is © The Royal Society of Chemistry 20xx
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still difficult to capture in numerical simulations (such as non-
fully developed laminar flow or turbulent flow conditions).
Finally, we note that the fluid dynamics in our experimental cell
might be affected by the presence of the foil sensor. We
therefore checked the electrolyte flow velocity field with and
without inserting the foil sensor using PIV measurements and
three-dimensional fluid dynamics simulations. The results are
shown in Fig. S5. While the inserted physical foil does disturb
the local flow velocity, its influence on the overall flow field is
minor, as evidenced by the mid-plane velocity colormaps.
Specifically, the average mid-plane flow velocity slightly
decreases from 4.76 cm s to 4.7 cm st after inserting the foil
sensor, see Fig. S5e-f. Therefore, the disturbance of the foil
sensor to the electrolyte flow can be safely ignored in our
measurements.
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Fig. 6. Electrode pH and the ApH as functions of different operational conditions. (a)-(d)
show the ApH as functions of the initial pH of the unbuffered solution, flow rate, KP;
concentration, pressure, respectively. (e) Simulated electrode pH at anode and cathode
as a function of flow rate (data from 1-dimensonal multiphysics simulation reported in
ref.’®) compared with (f) the measured electrode pH in our experiments. (g)
Chronopotentiometry curves at 0 and 3.2 mL cm™2 s, respectively. Note that the current
density is kept at 10 mA cm for all cases. A 1 M NaP; buffer solution (initial pH = 7.21) is
used as the electrolyte in the simulation of ref. 16, while 0.1 or 1 M KP; (initial pH = 7)
solutions are used for our experiments.

in situ observation of the dissolved oxygen during water
electrolysis

Understanding the effect of forced convection of the electrolyte
solution on the transport of the dissolved product species
during electrolysis is essential to better understand the reaction
kinetics and to identify the risk of the hazardous gas product
crossover in (P)EC water splitting devices, especially when a
membrane-free design is considered. We used our fluorescence
measurement setup to investigate the lateral transport of the
dissolved oxygen between the two electrodes for static
conditions and using forced electrolyte flow. The calibration
results of the oxygen foil sensor are shown in Fig. S3c. The
dissolved O; concentration profiles are shown in Fig. 7, and the

This journal is © The Royal Society of Chemistry 20xx

colormaps can be found in Fig. S10 (see also Supplementary
videos S6-S7). Fig. 7a presents the results &Zere oW PateOAFeér
about 5 minutes, the dissolved oxygen has already reached the
middle of the channel and starts to become a potential safety
hazard. When introducing a flow rate of 3.2 mL cm™2 s, the
presence of dissolved oxygen gas is almost fully confined to the
anode side of the cell (Fig. 7b). The suppression of the dissolved
O, crossover is more clearly visible in Fig. 7c, where the oxygen
concentration at the middle of the flow channel (x = 0.5XL,) is
found to be greatly reduced at a flow rate of 3.2 mLcm=2 s, This
confirms that gas separation can be improved through
hydrodynamic control, as reported in several numerical
studies.® 1942 |n addition to preventing crossover, the data in
Fig. 7a,b also show that the use of forced flow reduces the
dissolved oxygen concentration near the anode by a factor of 4,
from about 1600 uM to slightly over 400 uM. This favors the gas
evolution reaction by shifting the equilibrium of reaction (2) to
the right, thereby reducing the thermodynamic potential for the
oxygen evolution half-reaction. While the change in potential is
modest (about 9 mV for a 4x lower dissolved oxygen
concentration according to the Nernst equation), operating
(P)EC water splitting devices using a flow cell thus offers a
thermodynamic advantage. To judge whether flow-enhanced
designs are viable in practice, these benefits need to be
carefully balanced against the increase in parasitic power
consumption for pumping. A full techno-economic assessment
of the net system efficiency is, however, beyond the scope of
this work.
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Fig. 7. Profiles of the dissolved oxygen concentration during water electrolysis, obtained
from 2D fluorescence imaging data. Dissolved oxygen concentration profiles in the
electrolyte (a) in absence of electrolyte flow and (b) at 3.2 mL cm? s electrolyte flow
rate. (c) shows the dissolved oxygen concentration at x = 0.5 X Ly as function of time
under different flow rates. The data represent the average of at least three lines-of-
interest along the height of the electrode. The dashed lines indicate the midline of the
flow channel. The electrolyte is 0.5 M K;SO4 (pH = 7), and the electrochemical water
splitting cell is operated in galvanostatic mode with a current density of 10 mA cm2. The
distance between the electrodes is 8 mm. The experiment is conducted at room
temperature and at atmospheric pressure. Prior to the experiment, the electrolyte was
purged by overnight N, bubbling to remove any dissolved oxygen. Note that the
concentration values are consistent with the reported solubility of O, in pure water at 25
°C and atmospheric pressure (1.18-1.25 mM).%6 57
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We note that the crossover of dissolved hydrogen can also lead
to efficiency losses and potential safety risks. While the
solubility of dissolved hydrogen is less than that of oxygen (0.8
vs. 1.38 mmol L' at 293 K°8), its diffusion coefficient in water is
more than twice as large as that of oxygen (5.0x10° cm? s vs.
2.4x10° cm? s at 293 K>°). Assuming a perfect sink of H, and
0; and the anode and cathode, respectively, filling these
numbers into Fick’s first law of diffusion yield a 30% higher
molar crossover flux for dissolved hydrogen than for dissolved
oxygen. While this is within the same order of magnitude, it is
clear that hydrogen crossover should be taken into
consideration. Unfortunately, fluorescent hydrogen-sensitive
foil sensors are not commercially available. Moreover,
determining the concentration of dissolved hydrogen in water
is actually rather challenging®® and beyond our current
capabilities.

Once the local concentrations of hydrogen or oxygen exceed
their respective solubility limits, gas bubbles are formed. The
formation and detachment of bubbles induces convection that
can benefit mass transport but can also block active sites and
scatter light, decreasing the overall device efficiency. These
effects have been studied in some depth by us and others in
recent years.1#% 15 18,48,61,62 \While bubble formation causes local
variations in the thickness of the the ApH layer (see discussion
of Figs. 2a-c,e above), the flow rate has only a minor influence
on the size of the bubbles®3 and will not lead to large variations
in bubble morphology.

Limitations and scope of applicability

Despite some limitations in spatial resolution, the data
presented above demonstrate that 2D imaging of pH gradients
and oxygen concentration profiles using fluorescent foils
provides a powerful tool to investigate and understand mass
transport limitations in (photo)electrochemical water splitting
at device scale. The next steps would be to investigate the
influences of electrode spacing, cell height, and tilting angle of
the cell, since PEC cells will typically not be oriented vertically
(90°) but at an angle that matches the incident angle of sunlight
(between 32 — 36° in northern Europe).®* All these factors will
affect the interplay between buoyancy-driven and forced
convection, which will in turn affect the pH gradients, bubble
dynamics, and transport of dissolved gaseous species.'® The
material and the morphology of the electrodes can also play a
role. For example, the use of (nano)structured or porous
electrodes will likely lead to different surface wettability and
electrolyte flow behaviour. We believe that these factors,
however, play a less critical role than buffer concentration and
flow rate in affecting pH gradients at device scale. Furthermore,
the electrodes in this study were oriented in a parallel ‘face-to-
face’ manner, since it represents the most extensively adopted
configuration for fundamental (P)EC investigations.®> Other PEC
designs, however, may be based on back-to-back,** louvered,®
67 or super-tube arrangements.®® Also for those designs, the in
situ mass transport measurements described here can
complement and validate numerical simulations ° and offer key
insights into the performance bottlenecks of next-generation
PEC devices.
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Finally, we note that although a higher buffer concentration
effectively suppresses pH gradients, it TRaviEalBRP/irfrgtiieds
additional trade-offs. For instance, pH-neutral buffered
electrolytes can induce band-edge pinning,®® which can be
either favorable or unfavorable. Moreover, our previous work
revealed that elevated buffer concentrations enlarge bubble

size and decrease bubble number density, consequently

exacerbating  bubble-induced  optical losses.’*  Such
performance compromises thus require comprehensive
evaluation when selecting buffered electrolytes for

(photo)electrochemical water splitting applications.

Experimental

Electrochemical measurements

A customized (photo)electrochemical flow cell was designed
and constructed in our workshop, see the technical drawing and
schematic illustration of the system layout in Fig. S1. Digital
photographs of the setup are shown in Fig. S2. The technical
drawing of this cell is available from the corresponding authors
upon reasonable request. The electrolyte was circulated using a
laboratory gear pump (LAB-9, GATHER Industrie). The
electrolyte reservoir located at the bottom has an approximate
volume of ~400 mL, and a 3D printed plastic structure (Visilet
M2S-HT90) was installed to serve as a flow homogenizer (or
flow distributor), as shown by the exploded view of the flow cell
in Fig. S1. The electrolyte was mixed in the flow homogenizer
before re-entering into channel between two electrodes. Note
that the electrolyte flow is driven at a fixed pumping power,
such that its volumetric flow rate (mL s!) remains constant; in
contrast, the average flow velocity (mL cm2 s'1)—defined as the
volumetric flow rate divided by the cross-sectional area—varies
with changes in cross-sectional area. For instance, the cross-
sectional area of the two-electrode section measures
approximately 62 cm?. Pt-coated FTO electrodes were used as
both the anode and cathode. The electrodes were prepared by
depositing 100 nm of Pt onto FTO-coated glass substrates
(thickness 3 mm, ~10 Q/sq, Sigma-Aldrich). Before Pt
deposition, the FTO substrates were cleaned via sequential
ultrasonic rinsing in a soap solution, acetone, isopropanol, 1 M
KOH, and Milli-Q water (10 minutes per bath). The Pt deposition
was done by electron beam evaporation in a customized high
vacuum deposition chamber (Telemark) with a base pressure of
2 x 107 mbar. A deposition rate of 0.5 A s was used. To form
an electrical connection with the electrodes, a small part of the
Pt surface was connected to an electrical wire with a conductive
tape (3M), after which the contacts were sealed using epoxy
(101RF, purchased from Microset). Potassium phosphate (KP;)
buffer solutions of 0.1M and 1M were prepared from KH;PO4
(Sigma-Aldrich, 299.0%) and K;HPO4:3H,O (Sigma Aldrich,
>99.0%) to obtain the desired pH (7). An unbuffered 0.5 M
potassium sulfate solution (pH 7) was prepared by dissolving
K250, (Sigma Aldrich, 299.0%) in water without adjusting the
pH, while a pH 3.5 version of the 0.5 M K,SO4 solution was
prepared by titrating 0.5 M H,SO4 (Fluka Analytical, pH = 0) into
the unbuffered solution. The pH of all electrolyte solutions was

This journal is © The Royal Society of Chemistry 20xx
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measured using a calibrated pH meter (FiveEasy pH meter F20-
Std-Kit, Mettler Toledo) before each experiment. The water
used in all experiments was obtained from a Milli-Q Integral
system with a resistivity of 18.2 MQ cm. The electrolyte solution
was purged in a beaker by N, bubbling for half an hour before
pouring it into the flow cell. All the electrochemical
measurements were performed using a two-electrode
configuration in galvanostatic mode using a VersaSTAT 3
potentiostat/galvanostat (AMETEK). The current density was
kept constant at 10 mA cm™.

Fluorescence measurements

Fluorescence measurements were conducted by inserting
different types of fluorescence foil sensors (pH or O
concentration) in between (and perpendicular to) the two
electrodes. The fluorescence images were recorded using the
VisiSens™ TD Basic System (PreSens), and the schematic
illustration and the digital photograph of the setup are shown
in Fig. 1a and Fig. S2, respectively. Two different types of pH foil
sensors were used for the acidic (initial pH = 3.5, foil sensor: SF-
LV1R, PreSens) and neutral (initial pH = 7, foil sensor: SF-HP5R,
PreSens) pH electrolyte solutions. The dissolved oxygen
concentration was measured using an O sensor foil (SF-RPSu4,
PreSens). To eliminate the interference of ambient O;
dissolution during the oxygen concentration measurements,
the headspace of the cell was constantly purged with
compressed nitrogen throughout the tests, as illustrated
schematically in Fig. S11. As a result, the outflowing gas mixture
is primarily N, with only trace amounts of evolved O, and H..
The calibration results of the foil sensors can be found in Fig. S3.
The pH foil sensor for neutral pH conditions (SF-HP5R) was
calibrated with 0.1 M KP; buffer, and the pH foil sensor for acidic
conditions (SF-LV1R) was calibrated with 0.5 M K;SO;4 solution.
The oxygen concentration foil sensor was calibrated in 0.5 M
K2SO4 solution at 1 bar, and purged with N (Air Liquide, purity
>99.999%, O, impurity < 2 ppm), compressed ambient air, or O3
bubbling (Air Liquide, purity = 99.99%), to achieve 0%, 20.9%,
and 100% O, concentration in the electrolyte, respectively. The
pH foil sensors incorporate green fluorescent pH indicator dyes
and inert red fluorescent dye as references. The luminophores
were excited by the blue LEDs incorporated with the camera
detector. The ratio between the green and the red fluorescent
signals, which were collected through the wavelength-
separated channels in the RGB camera detector and processed
with VisiSens ScientifiCal 1.10 (PreSens), were used for the
calibration and the measurements. To guarantee high-quality
imaging, the blue LEDs were positioned facing the fluorescent
foil sensor, as visualized in the provided photographs and
schematic diagrams in Fig. S2. The whole setup was placed in a
custom-built ‘black box’ equipped with laser safety curtains. All
laboratory ambient lights were switched off during
measurements, and these precautions effectively minimized
the influence of the ambient light.

Particle image velocimetry measurements

The flow velocity field between the two parallel electrodes was
examined using particle image velocimetry (PIV, LaVision). A

This journal is © The Royal Society of Chemistry 20xx

schematic illustration and digital photographs of the, RPlV setup
are shown in Fig. S4. Polyamide particl&(dia&tereE200 M,
density: 1.03 g cm3) were suspended into the electrolyte (0.1 M
KPi, pH = 7, particle density: ~1 million particles per mL) by
overnight stirring. A 532 nm laser (Bernoulli PIV) was used to
generate the laser ‘sheet’ that illuminates the suspended
particles. The motion of these particles was captured with a
macroscopic camera (Imager MX, LaVision) while the flow
velocity of the particles was obtained by software-processing
the time-sequenced images (DaVis, LaVision). Since the density
of the seeded particles and the electrolyte (0.1 M KP;, ~1 g cm"
3) are nearly identical, the velocity of the electrolyte can be
represented by the motions of the particles. An example of the
PIV results is shown in Fig. S5.

Conclusions

In summary, we conducted in situ measurements on the
transport of charged species (e.g., protons and hydroxide ions)
and uncharged species (e.g., dissolved oxygen) in aqueous
solutions during water splitting under operating conditions that
are relevant for practical photoelectrochemical devices. A
combination of particle image velocimetry (PIV) and 2D pH
measurements using fluorescent foils provided new insights on
the influence of electrolyte flow on mass transport processes.
Our quantitative findings revealed that the pH gradient can
exceed 3 units in unbuffered solutions at 10 mA cm2, even
when mixing and recirculating the electrolyte at a flow rate of
3.2 mLcm?s?t This leads to detrimental concentration
overpotential losses that can be mitigated by titrating the
electrolyte to lower pH, or by using buffered electrolytes with a
sufficiently high concentration (e.g., 1 M KP; buffer solution). At
such high buffer concentration, forced electrolyte convection
only showed a minor impact on the pH gradient. Moreover, the
experimentally observed changes in pH and electrode potential
at very low flow rates (<0.05 mL cm™ s'1) are much smaller than
those predicted by previously reported 1D multiphysics
simulations. This suggests that these simulations cannot yet
capture all the physics and should be treated with some caution
in the low flow rate regime. An increase in the operating
pressure of the device by 4 barg was found to have a negligible
effect on the pH gradient. Furthermore, in situ observations of
dissolved oxygen concentrations during water electrolysis
helped identify gas crossover risks in membrane-less devices
but also revealed that gas crossover has negligible influence on
the reaction thermodynamics (i.e., the Nernst potentials).
Collectively, these results demonstrate that integrating
straightforward yet powerful characterization tools like
fluorescence imaging and PIV provide insights that complement
those which can be obtained by numerical modeling and allow
identification of critical features such as mass transport
limitations and flow dead zones in (P)EC cells under realistic
working conditions. The quantitative results from this work help
bridge the gap between the fundamental understanding of the
mass transport phenomena in (photo)electrochemical reactions
and the rational design of scalable energy conversion devices.
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