
Page 1/25

Photoelectrochemical CO2 Reduction Devices
Employing A Boundary Layer Flow for Direct Ocean
Carbon Capture and Conversion
Shu Hu 




Yale University

Bin Liu 
Zheng Qian 

Yale University
Xiang Shi 

Yale University
Haoqing Su 

Yale University
Yuze Zheng 

Yale University
Chengxing He 

Yale University
Rito Yanagi 

Yale University
Wentao Zhang 

Yale University
Atsu Kludze 

Yale University

Article

Keywords:

Posted Date: February 12th, 2024

DOI: https://doi.org/10.21203/rs.3.rs-3921865/v1

License:


This work is licensed under a Creative Commons Attribution 4.0 International
License.
 
Read Full License

https://doi.org/10.21203/rs.3.rs-3921865/v1
https://doi.org/10.21203/rs.3.rs-3921865/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/25

Additional Declarations: There is NO Competing Interest.



Page 3/25

Abstract
The capture and utilization of the dissolved inorganic carbon in seawater, e.g., bicarbonates, is a
promising strategy for accessing fuels on demand and anywhere. We report unbiased
photoelectrochemical (PEC) CO2 reduction (CO2R) devices, which can facilitate sustainable sunlight-to-
syngas conversion. However, there have been very few reports on the use of dissolved inorganic carbon
for direct light-driven CO2 conversion to produce solar fuels. In this work, we design and implement 3D-
printed PEC devices that employ a boundary layer flow. The flow over photoanode-photocathode pairs
facilitates the efficient transport of in-situ generated CO2(aq), which is produced upstream at BiVO4

photoanodes, to downstream CO2R Si photocathodes. In flowing seawater, the solar-to-fuels (STF)
efficiency improved from 0.4–0.71%, a record for PEC CO2R devices compared with BiVO4-Si systems

operating in static bicarbonate electrolytes with continuous CO2 purging. Even in 2.3-mM HCO3
−

seawater, CO selectivity significantly increased from 3–21% with flow. The boundary layer flow confines
the in-situ generated CO2(aq) to the surface of BiVO4 and Si photocathodes. Thus, an optimized flow field
can increase the CO2(aq) and proton transport flux and simultaneously reduce the CO2(aq) residence time
for its efficient utilization at Si photocathodes. Our process also features a high carbon efficiency: ~ 1
mmol CO2 is additionally released per 4 mmol CO produced.

Introduction
Carbon capture, utilization, and storage (CCUS) technology is crucial to managing the ever-increasing
anthropogenic carbon dioxide (CO2) emissions. CO2 is constantly emitted into the atmosphere from
transportation sectors and from point sources and flue gases originating from processes such as
fermentation, cement manufacturing, or natural gas combustion.1 The atmospheric concentration of CO2

is relatively low, currently at ∼ 420 ppm, making direct air capture processes energy-intensive and costly.
In contrast, there is an exchange of CO2 between the atmosphere and the surface of the seawater, with a

flux of ~ 0.4 Gt CO2 per year2,3. The air-seawater equilibrium, along with the presence of alkaline species

like Mg2+, Ca2+, HCO3
−, and OH−, results in seawater at a pH of 8.34,5. Bicarbonates (HCO3

−) are the
primary form of dissolved inorganic carbon (DIC) in seawater, with a concentration of 2.3 mM, ~ 140
times higher in carbon molarity than atmospheric CO2

6. Thus, capturing and converting the 2.3 mM

HCO3
− in seawater, using solar energy, emerges as an economically feasible alternative to the direct air

capture of CO2.

Photoelectrochemical (PEC) devices harness sunlight to directly convert water and CO2 into fuels. These
devices employ photoanodes and photocathodes designed to drive water oxidation and CO2 reduction

(CO2R) reactions without needing an electrical bias 7–9. Typically, the anodes and cathodes are arranged
in a tandem configuration, with the anode-cathode pairs arranged back-to-back10,11. Tandem
photoabsorbers allow for the effective utilization of the solar spectrum, optimizing light absorption. This
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configuration ensures that the incident light that strikes the top of the photoanode also reaches the
bottom photocathode, facilitating the generation of electrons and holes.

The operational photocurrent density per illumination area, , is determined by solar

insolation, at ~ 1 kW/m2 12,13. During water oxidation and CO2R reactions, protons are produced at the

anode and consumed at the cathode. For ion transport, protons (H+ and H3O+, referred to as H+ for
simplicity) generated from anodic sites are transported to the back-to-back cathodic sites for
consumption. For electrical conduction, photoanode and photocathode materials form ohmic contacts.
The interfacial photocurrents at each electrode match the operational ionic current in PEC devices. The
Eq. (1) below explains this relationship:

, where the total ionic current  is equal to the total current flowing in between the electrically
wired photoanode and photocathode, integrated over the surface area of photoelectrode A. During
operation, the electrochemical potential drop due to ionic currents across the PEC device and the
photocurrent are interdependent. Specifically, the potential drop due to ionic transport losses is due to
electrolyte resistance, pH gradients, and concentration overpotentials of reactants and products
(excluding protons). Kinetics losses at the cathodes and anodes also contribute to the total photocurrent
loss in a PEC device in addition to transport losses14–16.

Seawater, with its ionic strength of ~ 0.7 M, is a good ionic conductor17,18. Consequently, photocurrent
losses in PEC CO2R devices primarily stem from 1) kinetic losses associated with water oxidation and
CO2R, 2) the presence of a pH gradient, and 3) the presence of concentration overpotentials pertain to the
difference at cathodes and in bulk electrolytes, such as the concentration of dissolved CO2, i.e., [CO2(aq)].

Recent studies on unbiased CO2R have reported solar-to-fuel (STF) conversion efficiencies of 0.08%19,

0.43%20, 0.63%21, and 0.7%22. In those reported PEC devices, proton transport from the anode to the back-
to-back arranged cathode via diffusion 19,20. As the protons diffuse in buffered electrolyte solutions, they
interact with the buffer anions and subsequently generate an ionic current driven by the transport of
major mineral species, i.e., Na+, Cl−, Mg2+, and Ca2. This creates a pH gradient, leading to a higher pH at
the cathode and reducing local [CO2(aq)]. PEC devices previously reported have been evaluated by
bubbling CO2 gas in bicarbonate solutions at pH ~ 7, saturating the bulk electrolyte with CO2(aq). In static
electrolytes, CO2 produced through acidification can only reach the cathode through diffusion. As

CO2(aq) diffuses towards the cathode, it gets consumed in acid-base reactions such as CO2 + OH− →
HCO3

−. Even with continuous CO2 bubbling, [CO2(aq)] at the cathode during operation is very low, limiting
the CO2R partial current. Moreover, feeding gaseous CO2 for sunlight-driven CO2 conversion over a large
area may not be practical. Thus far, reported PEC devices that leverage flowing electrolytes without CO2

bubbling remain largely unexplored.

jphotoelectrode

∬ jphotoelectrodedA = iioniccurrent

iioniccurrent
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Implementing engineering design approaches such as flowing seawater in PEC devices presents several
opportunities for improving the efficiency of direct ocean capture and conversion. We present a 3D-
printed photo reactor, designed for the unbiased PEC capture and in-situ conversion of CO2 from
dissolved bicarbonates in flowing seawater. This reactor is comprised of a BiVO4 photoanode for
generating CO2(aq) from seawater in real-time and a Si photocathode for its subsequent reduction into
fuels. We couple solar-driven CO2 conversion with CO2(aq) transport, where the primary mode of transport
is convection. In this device, the ionic current flows upstream to downstream while the electric current
runs between the back-to-back photoanodes and photocathodes. This configuration can be periodically
repeated to achieve scaled-up, solar-driven, direct ocean CO2 conversion.

The flow of seawater is expected to improve electrolyte conductivity and reduce ion conductivity losses.
The benefit of flowing seawater will be quantified in a stepwise fashion through combined in-situ
fluorescence spectroscopy and multi-physics modeling. Our designs are informed by finite element
modeling and simulations and allow for precise control over local pH, [CO2(aq)], and CO2(aq) flux.

Controlling the interactions of CO2(aq) and (bi-)carbonate species is critical in CO2R reactions23,24.
Adjusting the local pH at the photoanodes to ≤ 6 sufficiently leads to the conversion of dissolved
bicarbonate and carbonate into CO2

25. Besides, the flow replaces the H+ diffusional transport with the H+

convective transport, which is expected to significantly reduce the pH gradient from the anode to the
cathode. Thus, more CO2(aq) is made available at the cathodes by minimizing the pH difference and
reducing transport time.

Well-defined convective flow over the planar surfaces of upstream photoanodes and downstream
photocathodes, known as Poiseuille’s flow or a boundary layer flow, is also expected to confine the
generated protons near the photoanode surface. This flow limits the seawater acidification process to the
photoanode’s surface, thus allowing for effective delivery of in-situ generated CO2(aq) to the cathodic
CO2R active sites. We hypothesize that CO2(aq), generated by photoanodic acidification can live long
enough in the CO2R photocathode’s locally alkaline environment. Thus, well-defined convective flow
reduces the residence time of the CO2(aq) within the photocathodes’ local alkaline environment.
Compared to static electrolyte systems, the proton flow approach is expected to co-optimize both solar-to-
fuel conversion efficiency and CO2R selectivity. Eventually, we match sunlight-driven photocurrent flux

with CO2 transport flux in a flow of locally acidified seawater containing only 2.3-mM HCO3
−.

Results and discussion
Design and construction of seawater flow reactor for CO2  capture and in-situ conversion

Simulated seawater was prepared by dissolving 35.5 g of simulated seawater salt (Instant Ocean®, see
table S1 for detailed chemical compositions) in 1 L 18 mega ohm deionized water. The chemical
composition of this simulated seawater solution was designed to simulate the chemical, electronic, and
ionic properties of natural seawater (Table S1). Although Na+ and Cl− ions are the primary carriers of the
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ionic current in this solution, it is essential for protons generated at the upstream photoanodes to be
transported downstream photocathodes for consumption. To address these issues, we developed an
original vortex reactor design and 3D-printed the flow reactor (Fig. 1a, photographs in Fig. S1a and S1b).

The 3D-printed vortex reactor design features a periodic array of photoanode-photocathode pairs, each
configured back-to-back and aligned in parallel to each other. In each pair, a Si photocathode and a BiVO4

photoanode are positioned back-to-back, maintaining a distance of 2 cm apart. The BiVO4 photoanode is
2 cm in length and 1 cm in width, while the Si photocathode is 0.5 cm in length and 0.5 cm in width. Ag-
Au/CrOx catalysts are deposited on the Si photocathode for CO2R (fabrication details in the Methods
section). Each BiVO4-Si pair is oriented at an angle towards the sun and arranged horizontally in parallel
to optimize light capture. This design, where parallel pairs of photoelectrodes are utilized, can be
indefinitely repeated for manufacturing scale-up. Electrical contacts are made between the back-to-back
photoanode and photocathode pairs, while the ionic currents are between the upstream photoanode and
the downstream photocathode. The seawater flow over each photoelectrode pair is identical.

Seawater flow was designed to sweep across the surface of BiVO4 photoanode, carrying H+, HCO3
−, and

CO2(aq) from the photoanode surface to downstream photocathodes that facilitate CO2(aq) capture and
in-situ CO2 reduction. The seawater flow field, confirmed through computational simulations, is
characterized by laminar seawater flow across the BiVO4 photoanode surface, which oxidizes seawater to
O2 (Fig. 1b). Consideration was also given to the time needed to generate CO2(aq) and its limited lifetime
when its concentration exceeded its equilibrium concentration in the bulk solution. To manage this, a
vortex flow is created for CO2(aq) to pass over Si photocathode surfaces (Fig. 1c) mounted and
electrically wired to the back of a BiVO4 photoanode (shown in supporting movie S1). This design
enables the direct transport of the generated CO2(aq) to the Si photocathode without hindering light
absorption. Moreover, this flow tunes the residence time of CO2(aq) on the surface of the Si
photocathodes: an excess of CO2(aq) can undergo subsequent reduction into valuable chemical products

before it diffuses into the bulk seawater solution or reacts with alkaline species (OH−, CO3
2−) near the Si

photocathode. Gas bubbles are continuously emitted from photoelectrode surfaces (Fig. 1d, see
supporting movie S2), underscore the importance of well-defined convective flow for solar-driven ocean-
based CO2 capture and conversion.

The effect of proton convective transport on the photoelectrochemical CO2 reduction rate and the overall
solar-to-CO conversion efficiency was investigated by systematically varying the flow velocities during
PEC device operation under AM 1.5G illumination (100 mW/cm2). During the process of seawater
oxidation at the BiVO4 photoanodes, protons are generated in quantities exceeding their equilibrium
concentration in the bulk seawater solution. This leads to a reduction in the local pH and drives the
conversion of HCO3

− to CO2(aq) as it moves along the path of convective transport. The enhancement
effects of convective proton flow were experimentally measured and then supplemented with analysis
from numerical simulations.
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In this study, flow rate was measured using the average volumetric rate at which seawater solution left
the inlet nozzle, which was 0.3 cm away from the closest photoelectrode pair (Fig. S1c). To quantify the
flow velocity, the volumetric flow rate was divided by the cross-sectional area of the tubing. The fuels
produced in this system include CO and H2 gases, with liquid products falling below the detection limit, as
confirmed by nuclear magnetic resonance (NMR) spectroscopy (Fig. S29). Analysis of the gas product
composition at a flow velocity of 0 m/s, revealed that the Faradaic efficiency for CO and H2 are 3% and

97%, respectively. The low CO selectivity suggests that there is a preference for electrons to reduce of H+

to form H2 under static flow conditions, where [CO2(aq)] is expected to be around 2-µmol. Increasing the
flow velocity to 0.77 m/s, resulting in a CO Faradaic efficiency increase from 3–19%. This significant
increase in CO production underscores the crucial role that flow plays in both the in-situ generation and
mass transfer of CO2(aq) from the upstream photoanode to the downstream Si photocathode for in-situ
CO2 conversion (Fig. 2a). Under static flow conditions, CO generation over a period of 4.5 hours was

determined to be 2.97 µmol per cm2 illumination area. However, CO generation over the same period
significantly increased to 14 µmol/cm2, when the flow velocity was increased to 0.77 m/s (Fig. 2c). Other
flow velocities also increased the CO production rate and Faradaic efficiency, as shown in Fig. S2. The
increase in CO production can be attributed to the elevated [CO2(aq)] at the cathodic surfaces.

A similar trend was observed when measuring gaseous CO2 generation (Fig. 2b). Under static flow

conditions, CO2 generation was determined to be 1.85 µmol per cm2 illumination area over a period of 4.5
h. When the flow velocity was increased to 0.77 m/s (see other flow velocities shown in Fig. S2), the
amount of CO2 extracted over the same timeframe increased to 3.5 µmol/cm2. Excess CO2(aq) at the
headspace-seawater interface may eventually be released as CO2 gas. Correspondingly, the STF
efficiencies increased from 0.4–0.71% with the increase in flow velocity. This level of performance serves
as our benchmark STF for BiVO4-based devices for unbiased CO2R (Table S6). The STF efficiency
reached a maximum at a flow velocity of 0.77 m/s (Fig. 2d). This increase in efficiency highlights the
importance of convective flow in improving ionic transport and minimizing concentration overpotentials,
which are in systems without flow. The observed increase in CO2 generation supports our hypothesis that
in-situ generated CO2(aq) has a sufficient lifetime to participate in CO2R downstream. To summarize, this
BiVO4/Si vortex reactor in seawater demonstrates the first instance of utilizing an unbiased PEC tandem
device to simultaneously capture and convert utilize dissolved inorganic carbon in seawater.

Construction of BiVO4 photoanode for extracting CO2 from
seawater
BiVO4 was chosen to serve as the photoanode material for its ability to provide the high oxidation
potential per charge transfer required for seawater oxidation. Thin-film BiVO4 photoanodes (Fig. 3a) were
fabricated on fluorine-doped tin oxide (FTO) glass via a metal-organic decomposition method (see
Methods with the photograph in Fig. S3). The thickness of the BiVO4 photoanode was approximately 200



Page 8/25

nm (Fig. S4). X-ray diffraction (XRD) (Fig. S5) measurements were consistent with what has been
previously observed in relevant studies13,26. Scanning electron microscopy (SEM) images (Fig. 3b)
revealed the nanoporous morphology of the BiVO4 photoanode, which can increase the photoanode’s
contact area with seawater, improve charge transfer efficiency, and induce surface pH variations. The
presence of Bi and V was confirmed through SEM element mapping (Fig. 3c and 3d). To enhance oxygen
evolution kinetics in seawater, NiFe(OH)x catalysts were deposited on the photoanode’s surface by dip

coating27. A thin CrOx layer was then photodeposited onto the NiFe(OH)x catalysts to prevent chlorine
oxidation and the subsequent corrosion of the BiVO4 photoanodes in seawater.

The PEC oxygen evolution measurements were performed under AM 1.5G illumination (100 mW/cm2) in
seawater with a of pH 8.3 at ambient conditions. The BiVO4 photoanode with NiFe(OH)x/CrOx catalysts
biased at 0.6 vs RHE exhibited the same onset potential of 0.2 V vs RHE but at a higher current density of
1.8 mA/cm2 than the 0.5 mA/cm2 without cocatalysts (Fig. 3e). The NiFe(OH)x catalyst increased the
oxidation reaction’s rate, allowing for applied bias photon-to-current efficiencies (ABPE) of 0.51% to be
achieved (Fig. S6). BiVO4 photoanodes with CrOx exhibited the same onset potential and saturated
current density (Fig. 3f), indicating that the thin CrOx layer does not impede photogenerated hole charge
transfer. Under AM 1.5G illumination, an O2 Faradaic efficiency of 94.5% at 0.6 V vs RHE over a 2 h period
was achieved, suggesting that the majority of the photogenerated holes were utilized for oxygen
evolution, with significant oxygen bubble formation also observed (Fig. S7). Additionally, the BiVO4

photoanode with NiFe(OH)x catalysts exhibited a robust photocurrent density after 10 h (Fig. 3g). The

generation of hypochlorite (ClO−) was negligible, as confirmed with hypochlorite detection.28,29

Furthermore, the color of the seawater remained clear after 10 hours of operation (Fig. S8). The high O2

FE and the excellent stability were attributed to the CrOx layer, which may behave as a Lewis acid to
effectively modulate the local reaction microenvironment of the NiFe(OH)x’s water-oxidation sites to

effectively prevent chloride attack28,29.

pH map above photoelectrodes reveals spatial confinement
effects of flowing seawater
The concentration of reactants is often used as a quantitative indicator for the limiting electrochemical
currents. Applying this concept to our system, if diffusion were the predominate transport mechanism,
bulk [CO2(aq)] in seawater would act as our indicator for the CO2(aq) flux, and consequently the CO2R
partial current. In this study, it is important to note that the convective flux of in-situ generated CO2(aq)
substantially contributes to the downstream CO2R currents. Calculations reveal that the bulk seawater
[CO2(aq)] remains at the 0.11 mmol level near the Si photocathodes. In other words, the diffusive
transport of mmol-level CO2(aq) does not sufficiently account for the measured CO2R partial current

density of ~ 0.2 mA cm− 2. To elucidate the coupled processes of light-generated excess proton
generation and acid-base reactive transport, we employed experimental pH mapping and numerical
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calculations. We took this approach to quantify and visualize both the concentration and flux of CO2(aq)
that is otherwise difficult to measure.

To measure the pH spatial distribution in a seawater flow over the BiVO4 photoanode surfaces, we
developed an original in-situ photo-fluorescence technique using confocal fluorescence spectroscopy
(Fig. 4a). Carboxy SNARF-1 was selected as the fluorescent pH indicator due to its emission spectrum
exhibiting a pH-dependent wavelength shift. pH at a given point was measured by calculating the
fluorescence intensity at two different emission wavelengths (580 and 650 nm)30,31. To mitigate the
potential influence of illumination (415 nm laser) on the pH indicator dye’s peak intensities and position,
back-illumination was employed (photographs of the apparatus used in the pH measurement are shown
in Fig. S9, and S10). The pH indicator was first calibrated using various standard solutions (Fig. S11). An
immersion water lens (60 x) was used for high resolution spectra acquisition, and the Raman laser was
focused on the top surface of BiVO4 photoanodes (Fig. 4b and Fig. S12). Spatial mapping revealed
uniform pH of ~ 8.3 across the entire BiVO4 photoanode at open circuit potentials (Fig. 4c). This
observation suggests that the introduction of flow confines the acidification process that the BiVO4

photoanode surface uniformly generate H+, whereas the pH of the seawater at > 100 µm above the
photoanode surface plane remains identical to the inflow seawater pH. Each pH data point was
determined from the pH-indicator emission spectra, with an emission peak at 650 nm indicating a pH
value of ~ 8.35 (Fig. S11), which is consistent with the seawater’s pH of 8.30 measured by a pH meter.
When a 0.6 V vs RHE potential was applied to the BiVO4 ohmic back contact, flowing seawater was

oxidized at a current density of 0.5 mA/cm2. Under these conditions, the near-surface fluorescence
spectra revealed an increase at the 580 nm emission peak, indicating a decrease in pH during seawater
oxidation (Fig. S13).

To illustrate the effect of flow velocities on spatial pH differences, we mapped spatial pH variations from
0–100 µm above the BiVO4 photoanode surface during PEC seawater oxidation at a current density of

0.5 mA/cm2. At a flow velocity of 0 m/s (Fig. 4d), protons generated by water oxidation diffuse from the
BiVO4 photoanode surface to the bulk solution, driven by a concentration gradient. Protons accumulate
near BiVO4 surface for ~ 5 minutes and diffuse outwards. The pH is lowered to ~ 4.3 at 0–100 µm above
the BiVO4 photoanode surface, indicating that the water oxidation reaction at the BiVO4 photoanode
surface significantly alters the local pH. When the flow velocity is increased to 0.16 m/s, pH mapping
revealed four distinct regions colored blue, green, yellow, and red. Near the BiVO4 photoanode surface
was the blue region, corresponding to lower pH and attributed to the higher proton concentration at the
photoanode surface (Fig. 4e). The random pH variation within the blue region (Fig. 4e and 4f) was
attributed to random voids in BiVO4 thin film’s nanoporous structure (shown in Fig. 3d).

At 60-µm above the photoanode surface, there was a gradual increase in the pH, indicated by the yellow
region that continued until it approached the red region. As the flow velocity increased from 0.16 to 0.77
m/s, there was a corresponding increase to red region’s area on the pH maps (Fig. 4e – 4h). This
suggests that convective flow serves to effectively confine generated protons to the photoanode surface,
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to prevent their diffusion into the bulk seawater solution, and to enhance CO2 extraction from seawater
(Fig. S14). Modeling indicates that the downstream pH increases are due to proton consumption at the
cathode. Furthermore, the pH variations downstream are significantly less under flow conditions than
when there is no flow. The overall effect of convective flow is to reduce ionic conductivity, pH gradient,
and CO2(aq) concentration overpotential losses. Subsequent analysis will focus on the effects of the flow
field on non-equilibrium CO2(aq) transport flux, and the rate and selectivity of CO2R at the photocathodes.

Modeling time-dependent CO2(aq) convective-diffusive
transport coupled with the non-equilibrium generation and
neutralization of protons
We modeled our PEC reactor as a flatbed device, with an upstream photoanode and downstream
photocathode arranged side-by-side. The modeling was conducted in 2D as the electrode behavior across
the width dimension is uniform. Both the anode and cathode were 1 cm long and 2 cm apart at the
bottom of the seawater chamber, with the electrolyte above the electrodes 1 mm in height (Fig. 5a). These
dimensions match the dimensions of the 3D printed vortex reactor (Fig. 1a). Electrolyte flow velocity in
our model was determined from our experimental data, with the chamber walls modeled with no-slip
boundary conditions. To develop an understanding of the flow within our system, we first determined the
flow field at varying velocities: 0.16 m/s, 0.34 m/s, 0.56 m/s, and 0.77 m/s. The resulting Reynolds
numbers for these flow velocities were 320, 680, 1120, and 1540 respectively, all below 2000, confirming
that our vortex reactor operates under laminar flow conditions.

The simulated PEC reaction was conducted in 2 mM HCO3
− with pH 8.3. The H+ and OH− generation

rates, alongside the CO2(aq) consumption rate were based on the partial current density of CO2R on the Si
photocathode (Fig. 2d). This model only considers convective and diffusive transport across anode and
cathode near the surface of electrodes and in the bulk solution, because the flux contribution from electric
field-induced migration is negligible: the distance between the photoanode and photocathode is 2 cm;
and in seawater, ions such as K+, Na+, Mg2+, and Ca2+ drive the conductive ion flux. The model tracked
the path of the protons generated at the photoanode as they transported toward the photocathode via
convection and diffusion. During transport, the protons may encounter OH–, HCO3

–, and CO3
2– ionic

species. The flow field also allows for “in situ”-generated CO2 to be transported to the cathodic sites for
CO2R. The concentration of a specific chemical species i, denoted as ,were calculated using multi-
physics simulations. Equations (2) and (3) were used to describe the reactive transport of reactive
species i, such as CO2(aq), H+, OH–, HCO3

–, and CO3
2–:

2

Ci

= −∇ ∙ Ni + Ri
∂Ci

∂t
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3
, where  represents the concentration of species i,  is the flux,  is the net influx (with the
divergence of the flux is taken as a negative value), and  is the net rate of production from chemical
reactions per unit time,  is the diffusion coefficient of species i, and  represents the local
velocity. The reactive transport of seawater DIC species (e.g., CO2(aq), HCO3

−, and CO3
2−), protons, and

hydroxides were analyzed to determine whether a species is being produced ( ) or consumed (
) in a chemical reaction. Using  as an example, details of  for are provided in the

supporting information. According to Eq. (3), the Nernst-Planck equation,  considers contributions from
diffusion, convection, and a negligible migration flux. The boundary conditions, kinetic rate constants,
diffusion coefficients, and electric charge of species are shown in Fig. S15b, tables S2 and S4.

A seawater flow confines photoanode-generated protons
within boundary layers
The pH mapping at the BiVO4 photoanodes revealed that varying the seawater flow velocity leads to
significant changes in pH spatial distribution (Fig. 4e - f), and consequently affects [CO2(aq)] generated
through acidification. We employed an analytical model that considers the convection and diffusion of
H+ in a semi-quantitative manner to analyze the principle of flow-induced confinement of H+ produced at
the photoanode. We then utilized COMSOL Multiphysics to couple mass transfer with acid-base
reactions. Our COMSOL model considered the diffusion of all chemical species dissolved in seawater,
while accounting for the real-time acid-base speciation reactions of all dissolved carbon species. H+ and
OH− were actively generated at the anodes and cathodes, respectively. The in-situ generation of CO2(aq)
and the measurement of the CO2 flux are performed under non-equilibrium conditions.

In our analytical model, for simplicity, we start by assuming [H+] in bulk seawater solution is zero.
Drawing inspiration from Pohlhausen's integral approach to solve for boundary layer thickness, we
proposed a linear concentration distribution for the CO2 flux as a function of distance from electrode

surfaces32. This approach, combined with a series of boundary conditions elaborated on later, allows us
to estimate the boundary layer thickness. We theorize that at a given point along the x-axis, the
concentration exhibits a linear distribution relative to the distance from the cathode, z, as described in
Eq. (4). This linear distribution matches closely with the results obtained from COMSOL Multiphysics
(Fig. S16). Within this framework, the boundary layer is defined as the envelope where c > 0, and the
thickness of the boundary layer is denoted as δ(x).

4

Ni = −Di∇Ci + \varvecvCi − DiCi∇φ
ZiF

RT

Ci Ni −∇ ∙ Ni

Ri

Di \varvecv

Ri > 0

Ri < 0 RCO2 Ri

Ni

c (x, z) = c0 (x)(1 − )
z

δ (x)
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This model is constrained by two boundary conditions: proton generation and their transport by
convection and diffusion. We assume a uniform generation rate of H+ from seawater oxidation as
described in Eq. (5). The number of protons flowing through the cross-section at x = x0 is equal to the total
number of protons generated at the anode at x < x0, as stated in Eq. (6). Furthermore, the electrolyte flow
between the two parallel plates conforms to Poiseuille flow, as described in Equations (7), where u0, k, z,
and d are the average flow velocity among the reactor, velocity gradient, the height above the anode, and
thickness of the reactor, respectively.

5

6

7
Equations (4) to (7) are combined to solve the thicknesses of the H+ boundary layer as a function of the
flow velocity u0 and flow distance x0 (Fig. 5a).

8
Equation (8) provides a semi-quantitative expression for calculating the thickness of the concentration
boundary layer. As the flow velocity increases, the CO2(aq) boundary layer thickness decreases (Fig. 5a)
and the CO2 flux produced by acidification becomes concentrated within the narrowed region. At the
same flow velocity, the boundary layer downstream is thicker than upstream (Fig. 5a). This can be
attributed to higher downstream CO2(aq) and proton concentrations. At a fixed position in the x0 direction
(take x0 = 0.8 cm as an example), the boundary layer thickness decreases from 77 µm at a flow velocity
of 0.16 m/s to 40 µm at flow velocity of 0.77 m/s (Fig. 5a). This reduction is due to an increase in the
convective mass transport flux in the z-direction as the velocity increases, resulting in a thinner boundary
layer.

Quantitative analysis of CO2(aq) transport flux to Si
photocathodes

−D |z=0 =
∂c

∂z

i

F

∫
δ(x)

0

c (x0, z)u (z) dz = x0
i

F

u (z) = 6u0 ⋅ (−( )
2

+ ) ≈ kz(k = 6 )
z

d

z

d

u0

d

δ ≈ ( ) = ( )
6Dx0

k

1

3 x0Dd

u0

1

3



Page 13/25

The COMSOL numerical model allows us to precisely define boundary layer thicknesses (definition shown
in supplementary materials section). Our COMSOL model considers reversible CO2-speciation reactions
that can occur during transport. The dashed line in Fig. 5b shows the linear distribution assumption for
CO2(aq) flux, which is consistent with the linear flux-position relationship that exists outside the boundary
layer according to our model calculation. This allows for our numerical model to be compared against
our analytical boundary layer analysis: based on Eq. (8), the boundary layer thicknesses at x = 0.8 cm
along the anode at flow velocities of 0.16, 0.34, 0.56, and 0.77 m/s are 80, 60, 50, and 40 µm, respectively
(Fig. 4e - h). In comparison, the numerical boundary layer thickness at the same position and flow rates
are 77, 60, 51, and 45 µm. Furthermore, the pH map contours match the quantitative flow boundary (see
supplementary materials). These strong correlations not only indicate that the assumptions proposed
during our numerical calculations are reasonable but also confirm the accuracy and applicability of in-
situ spectroscopy for monitoring local pH during PEC water splitting and CO2R.

Across all flow velocities, the observations made from our pH mapping using in-situ fluorescence
measurements (Fig. 4e – 4h) closely matched the trends of the COMSOL-simulated boundary layers
(Fig. 5a). This validates our model and allows us to visualize CO2(aq) generation, transport flux, and
consumption behavior, along the photoanode-photocathode flow path. The cross-section located 1 cm
from the anode’s far end (x = 1) was taken to illustrate the distribution of CO2(aq) flux (Fig. 5b). At this
specific cross-section, CO2(aq) flux peaks within a 40-µm range from the photoelectrode surface in the z-
direction. The peaking of the CO2(aq) flux was observed at all flow velocities. As the flow velocity

increased from 0.16 to 0.77 m/s, the CO2(aq) flux increased from 11.7 to 18.8 mmol·m− 2·s− 1,
demonstrating the ability of the flow field to enhance the CO2(aq) flux. The CO2(aq) flux is primarily
driven by convective mass transfer. CO2(aq) generated through acidification was concentrated within a
specific height range, closely matching what was determined with our semi-quantitative model. During
CO2(aq) transport at flow velocities of 0.77 and 0.16 m/s from the anode to the cathode, the CO2(aq)

fluxes at the front end of the cathode were 13.53 and 7.5 mmol·m− 2·s− 1 were achieved respectively (Fig.
S20). This indicates that higher flow velocities correspond to higher CO2(aq) flux near the cathode
surface, which is consistent with our findings that the CO2 selectivity and STF efficiency increased at
higher flow velocities (Fig. 2a). Moreover, the vector profile of CO2(aq) flux at 0.77 m/s provides an
overview of CO2 generation, transportation, and conversion (Fig. 5c). The arrows indicate a downward
CO2(aq) flux on the cathode surface, indicating the presence of diffusive mass transfer when CO2(aq) is
transported to the cathode surface (other flow rates shown in Fig. S21), driven by the CO2R reaction
occurring on the cathode surface that lowers the local CO2 concentration. As a result, downward diffusion
contributes to CO2(aq) transport within the boundary layer.

Chemical-species confinement via a boundary layer flow
allows photoanodes to generate CO2(aq) flux effectively
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By applying a seawater flow, the H+ produced at the anode and the CO2(aq) generated from these H+ can
be confined within the boundary layer. We further experimentally benchmarked the effect of CO2

compensation on CO2R Faradaic efficiency using a model flat-plate flow reactor. Electrocatalytic
electrodes are side-by-side in a flow-by configuration. Instead of photoelectrodes, we have the opportunity
to arbitrarily turn on and turn off proton generation upstream.

An Ag-Au/CrOx cathode and an FTO/NiFe(OH)x/CrOx anode were employed (fabrication details in the
Methods), and the catalysts used are the same as photoelectrodes. To compare the current density and
selectivity of cathodes with and without acidification effects from upstream anodes, the terminology
used is as follows: “with CO2 compensation” means that the anode was placed side-by-side with the
cathode within the same reactor, while “without CO2 compensation” indicates that the anode was situated
outside the cell, separate from the cathode. The flow rate-dependent chronoamperometry data reveals
that under static conditions, both with and without CO2 compensation configurations exhibit comparable
current densities (Fig. 5d). However, as the experiment progresses, the current densities steadily decline.
This trend suggests an insufficient mass transfer of reactants, i.e., H+ and CO2, to adequately sustain the
reductive current. The scenario takes a different turn when introducing the flow into the cell. In this case,
the current densities remain stable and exhibit an increase with the ascending flow rate within the range
of 0 to 0.77 m/s, implying that the mass transfer is enhanced. Notably, the reductive current densities
observed with adjacent anodes (with CO2 compensation) are greater than those observed when no
acidifying CO2 is transferred to the cathode (without CO2 compensation). This promotion in current can
be attributed to the elevated CO2 concentration on the cathode surface in our configuration. The gas
composition analysis indicates that, under a flow rate of 0 m/s, the faradaic efficiency for CO and H2 is

3% and 97%, respectively, which suggests that electrons primarily favor the reduction of H+ to form H2

under these conditions. The CO Faradaic efficiency increases from 3–21% as the flow rate rises,
highlighting the crucial role played by mass transfer and CO2 compensation for CO2 in-situ conversion
(Fig. 5e). The partial current for CO production increases proportionally with the flow rate, providing
further evidence that the precisely controlled seawater flow serves to accelerate both the overall reaction
rate (current density) and enhance CO selectivity (Fig. 5f). Figure 5e shows a higher CO2R FE than Fig. 5f.
The flat plate reactor (Fig. 5e and 5f) and vortex flow reactor (Fig. 2b – 2d) exhibit comparable CO2R
performance, indicating that vortex flow can effectively enhance convective mass transfer to confine the
CO2 in the boundary.

Conclusion and Outlook
In summary, this work reports an original 3D-printed photoelectrochemical solar fuel production device
designed with a well-defined flow field for CO2 capture and in-situ conversion using seawater and sunlight
as the only inputs. Specifically, the optimized seawater flow is designed to pass over the BiVO4

photoanodes surface, carrying H+ and CO2(aq) to reach the surface of the Si photocathodes where the
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CO2 reduction reaction occurs. For solar-driven unbiased CO2 reduction in seawater, the CO Faradaic
efficiency exhibits a notable improvement, increasing significantly from 3% at a flow rate of 0 m/s to 21%
at a laminar flow rate of 0.77 m/s. These critical enhancements point out the important role of managing
H+ mass transfer and CO2(aq) flux supplied to CO2R cathodes in unbiased PEC solar fuel production. The
reactor developed in this study bridges the gap between single-component systems (such as artificial leaf
structures) and device-level configurations.

The role of the flow field is to confine the CO2 generated at the anode within the boundary layer. A higher
flow rate corresponds to a thinner boundary layer. While the total CO2 production remains constant, this
leads to an increased CO2 flux near the electrode surface. This facilitates an effective constraint of
CO2(aq) near the cathode surface and benefits the back diffusion of CO2(aq) within the boundary back to
the cathode surface, which has a lower CO2 concentration than everywhere else. Consequently, it
enhances the selectivity of the cathodic CO2R. A similar approach is to use electrolytic cation exchange

modules and bipolar membrane electrodialysis6,33. Both approaches have recently been reported to
innovatively extract CO2 from carbonate solution by using protons produced from anodic reactions.
However, this process may be limited by the high energy consumption due to water dissociation in
addition to the energy input for subsequent CO2 conversion steps.

The performance and analysis reported herein promise practical potential for ocean-based carbon
capture and utilization. So far, photoanode-photocathode device configuration operating in strong acid
and base has shown ~ 20% solar-to-fuel conversion efficiency34,35, and can be immediately applied to
this flow PEC scheme for near neutral pH seawater. Our combined modeling and experiments suggest
that the convective mass transfer compresses the consumption of dissolved inorganic carbon from
seawater within a < 100-µm thin region. Thus, we can design multiple flow passes, employ high-surface-
area photoelectrodes, and add convective mixing to effectively utilize seawater’s ~ 2 mM carbon
concentration. Furthermore, our reactor can draw inspiration from industrial tidal energy devices, reducing
the energy consumption of flowing seawater and supplying seawater in real-time. For the capture and
conversion of CO2 using actual seawater in practice, it is necessary to pre-treat the seawater to prevent
scaling and fouling. Our reactor currently produces a mixture of CO, CO2, H2, and O2. If we separate O2

through size sieving membranes and in real-time combine membrane separation36 with flow photo-
reactor, we can generate syngas, which undergo hydrogenation reactions for liquid fuel production37,38.

Methods
Materials. Seawater salt was obtained from Instant Ocean. Vanadyl acetylacetonate (VO(acac)2, 99.0%)
and Bismuth nitrate pentahydrate (Bi(NO3)3•5H2O) are supplied by Millipore Sigma. Dimethyl sulfoxide
(DMSO, AR) is obtained from Sigma-Aldrich. 18.25 MΩ cm ultra-pure water supplied by a Millipore
system was used in the entire experimental process. All the reagents were used directly without further
purification.
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Characterization. The thickness of the a-Si on the polished Si (100) monitor substrate was obtained by a
spectroscopic ellipsometer (M-2000 DI, J. A. Woollam Co., Inc.). The morphology and microstructure of
the samples are characterized by field emission scanning electron microscope (FE-SEM, Hitachi S-8100, 5
kV). The UV-vis spectra are obtained on a SHIMADZU UV-2550 spectrophotometer. XPS measurements
were performed using a PHI Versa Probe II Scanning XPS Microprobe equipped with a monochromatic Al
source. The crystal structures were confirmed by XRD 271 using a Rigaku SmartLab X-ray Diffractometer
in a grazing incident mode. Raman spectra were collected using a confocal Raman microscope (LabRAM
HR Evolution, Horiba Jobin Yvon). The excitation source was a 532 nm laser. A 60X water-immersion
objective (LUMPlanFL, Olympus) was used. For the in situ pH measurement, the Blue LED light with 415
nm single-wavelength light excitation (Item# M475L4h, FWHM = 17nm, Thorlabs) was used as the light
source for BiVO4 photoanode.

PEC measurements. PEC measurements were carried out using a three-electrode configuration with the
prepared electrode as the working electrode, saturated Ag/AgCl as the reference electrode, and carbon as
the counter electrode. The potentials obtained from each measurement were converted into values
against the reversible hydrogen electrode using the Nernst equation: ERHE(V) = EAg/AgCl + 0.059 × pH + 
0.197. A SP-300 Biologic potentiostat was used to control the potentials and record the data. The J-V
curves of the samples were measured with a scan rate of 50 mV s− 1 under irradiation with a 300 W
Xenon lamp (Newport) equipped with an AM 1.5G filter. The gas products were analyzed by a gas
chromatograph (Shimadzu, GC-8A) equipped with a thermal conductivity detector. Ar was used as a
carrier gas.

Chlorine detection. After the stability test, the addition of 15 mL of 0.5 M KI (potassium iodide) to 10 mL
of seawater would result in a color change if hypochlorite ions (ClO−) are present. The reaction between
ClO− and iodide ions (I−) would lead to the following color-indicative reaction: ClO− + 2I− + 2H+ = I2 + Cl− +
H2O.

Fabrication of BiVO4 photoanodes. BiVO4 photoanodes were synthesized by metal organic
decomposition methods, Bi and V precursors with 1 M dissolved DMSO simultaneously. Then, the
precursors solution was filtered by a 0.45 µm pore size filter. After that, the precursors solution is
deposited onto FTO by spin coating at 1000 rpm for 20 seconds followed by 3000 rpm for 40 seconds,
calcined in a tube furnace at 500 ℃ (ramping rate of 5 ℃/min) for 2 h in the air. NiFe(OH)x catalyst with
conformal coverage was deposited by citrate assisted method.

Fabrication of Si photocathodes, n+-Si electrode, and Ag/Au/CrOx. Czochralski (CZ) n-type Si substrates
with a resistivity of 1–5 Ω cm, 155 µm thickness and (100)-orientation were used as the substrate. The
silicon substrate was first textured using a mixture of potassium hydroxide and isopropyl alcohol, and
then it was cleaned via standard RCA cleaning methods and finally dipped in 5% HF for 60 s to remove
the surface native oxide layer. Followed by the cleaning process, the intrinsic a-Si passivation layers with
5 nm were deposited on both sides of Si by plasma enhanced chemical vapor deposition (PECVD). p+-a-



Page 17/25

Si and n+-a-Si were deposited on the a-Si to enhance the driving force by constructing the heterojunction.
After that, ITO layers were deposited on the highly doped a-Si layer as the current collect layer and anti-
reflection layer. Ag paste with 20 µm thickness was scribbled on ITO layer by hand. 5 nm Au layer was
deposited by magnetron sputtering. CrOx was deposited onto Au layer by photoelectrochemical method,
the potential was set to -0.2 V vs RHE, deposition time was 5 min. For the fabrication of Ag/Au/CrOx dark
electrode, the Ag, Au, and CrOx were deposited onto the Ag plate.

The back contact of Si photocathode was made by connecting the copper tape with Ag paste. For n+-Si
electrode fabrication, the Ag paste was scribbled on the Si surface after HF treatment. The back contact
of n+-Si electrode was scratched by Indium/Gallium eutectic and connected with copper tape. When the
connection was secured, it was further encapsulated by epoxy.

Fabrication of BiVO4/Si tandem decives. The Indium was used to solder the back contact of BiVO4

photoanode together with the Si photocathode to allow the charges to transfer to the ohmic back contact.
Then, it was further encapsulated by epoxy.
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Figure 1

Ocean reactor with enhanced flow field for CO2 extraction and in-situ utilization in seawater. a, The
schematic illustration of in-situ generated CO2 in a floating reactor in seawater. b, The flow field
simulation. c, the vortex flow pattern which is highlighted by black ink. d, Photograph of CO2 capture and
in-situ conversion in seawater under 1 sun AM 1.5G.
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Figure 2

Flow velocity dependent performance and activity for CO2 extraction and in-situ utilization in seawater. a,
The Faradaic efficiencies of CO and H2 at various flow velocities. The error bars represent the standard
deviations of three independent measurements of the same samples. b, Time course of CO2 gas
production. c, Time course of CO gas production. d, Solar-to-Fuel and solar-to-CO efficiencies at different
seawater flow velocities measured at 0.3 cm above the surface of the BiVO4 photoanode near the inlet.
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Figure 3

BiVO4 photoanodes for seawater oxidation. a, The schematics of BiVO4 photoanodes. b, The scanning
electron microscopy image, and corresponding element mapping of Bi (c) and V (d). e, J-E curves of
BiVO4 photoanode with or without catalysts under illumination and in the dark. f, Time course of O2 gas
production. g, Stability of BiVO4 photoanode at 0.6 V vs RHE.
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Figure 4

In-situ pH measurement on BiVO4 photoanode for water oxidation. a, The schematics of in situ Raman
set-up for pH measurement. b, The zoom-in illustration of water oxidation and CO2 reduction reaction
during in-situ Raman measurement. The data collected at x=0.8cm at the anode along the length of the
anode. c, pH profile on BiVO4 photoanode under OCP. pH profiles on BiVO4 photoanode at 0.5 mA/cm2

under flow velocities of 0 (d), 0.16 (e), 0.34 (f), 0.56 (g), and 0.77 m/s (h).
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Figure 5

Convective mass transfer flux calculation and experimental validation for CO2 capture and conversion. a,
the calculated boundary layer thickness of anode at different flow velocity, u0 and flow distance x0,
labeled as X-axis. b, convective flux of CO2 at the end of anode (X = 1 cm) at different flow rates; c, vector
flux profile of CO2 at 0.77 m/s. d, flow rate dependent current density with and without CO2 compensation
at -0.5 V vs RHE. (e) Faradaic efficiency of CO and H2 at different flow rates with CO2 compensation. (f)
Faradaic efficiency of CO and H2 at different flow rates without CO2 compensation. The current density

applied in (a-c) was 0.5 mA/cm2. The voltage applied in (d-f) was -0.5 V vs RHE
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