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Abstract

There is increasing interest in the possibility of photoelectrochemical (PEC) reduction of CO; to
C2+ products; however, the criteria for maximizing PEC solar-to-Co+ (STCo+) rates are not well
understood. We report here a continuum-scale model of PEC CO> reduction (CO2R) on Cu in 0.1
M CsHCOz and use it to optimize the design and operating conditions for generating C»+ products.
We demonstrate that the potential-dependent product distribution of CO2R on Cu requires
operating near the potential that maximizes C»+ generation rates (Vid), unlike PEC water splitting
that desires operation at the maximum photocurrent density. Because of this requirement, the
criterion for a high STC-+ rate includes high photocurrent semiconductors with photovoltages near
Vid and low series resistance. The STC»+ rate in these systems is enhanced by optimal CO>

transport and exhibits low sensitivity to solar irradiance variations from the diurnal cycle.



Photoelectrochemical (PEC) cells have attracted considerable attention for their potential
to convert solar energy directly into chemical bonds, easing storage and transport concerns.™®
While significant research focused on PEC water splitting to generate hydrogen,t-2°>-121314 pEC
carbon-dioxide reduction (CO2R) has only recently begun to receive substantial interest for

generating fuels and chemicals from CO; directly.'>2!

Prior PEC CO2R work has focused primarily on photocathodes producing single-carbon
(C1) products;>162022.23 however, the production of multicarbon (Cz-) products is more attractive
because of their higher energy density, large market demand, and compatibility with established
infrastructure.?>* Copper (Cu) has the unique ability to catalyze COzR to C+ products with high
faradaic efficiency (FE),?*?° leading to its examination for PEC CO2R.?%?32 While various Cu-
based oxides and chalcogenides have been investigated as photocathodes, these materials produce
primarily Hz and C; products.?® Alternatively, photocathodes containing metallic Cu deposited on

a semiconductor were reported to generate Co+ products at appreciable rates and selectivities.?12%26

The product distribution of electrochemical CO2R on Cu is highly potential dependent,?®
as is that of PEC CO2R on the photocathode potential.?>?" This inherent potential-dependent
selectivity presents challenges for the design and operation of PEC CO2R systems that are distinct
from those for PEC systems designed for water splitting. For water splitting, the single product Hx
generation rate is optimized by operation at the maximum photocurrent.!2?® By contrast, the CO2R
product distribution requires operation at the potential that maximizes the desired product rate (a
combination of selectivity and total rate), which may not occur at the maximum photocurrent.
Reactant transport is a more critical consideration for efficient PEC CO2R than PEC water splitting
as COz is sparingly soluble in aqueous electrolytes and it must transverse a boundary layer to reach

the electrode surface, whose thickness depends on the electrolyte flowrate (or the non-dimensional



Reynolds number).2® Because of these factors, CO transport can limit CO2R current densities to

~20 mA cm~2 in bicarbonate electrolytes.*

Previous PEC CO2R modeling efforts have explored device architectures,3 reaction
mechanisms,>*-%¢ and multi-scale modeling approaches.3*2® In this report, we build upon the prior
computational work by presenting a model for simulating the performance of PEC CO2R, which
accounts for photo-absorber performance, catalyst kinetics, and mass transport through the
boundary layer. This model is then used to define the operating conditions and design
considerations required for optimal solar-to-Cz+ (STC>+) rates, as well as reveal how the PEC
device performs with changing electrolyte environment directly adjacent to the catalyst surface
(microenvironment). Next, we examine impacts of solar irradiance on product selectivity and how
to mitigate it. A summary of the findings is provided in Table S4. A schematic of the modeled
system is shown in Figure 1A (see Sl Section S1 for details). CO, diffuses through a mass-
transport boundary layer and reacts on the surface of Cu to form Hz, C1 (HCOOH, CO, and CHa),
and Ca+ (CzH4, EtOH, PrOH, and AllylOH) products via the concentration-dependent Tafel
equation (kinetic parameters are provided in Table S3). The driving force for this process is the
semiconductor-generated photovoltage. The species concentrations at the bulk-electrolyte
boundary are those present in 0.1 M CsHCOj3 saturated with CO,.3"*® CsHCOs is chosen because
of its buffering capacity and high C.+ production rate due to Cs* electric-field stabilizing effect on
adsorbed intermediates.®®*! The solar cell is simulated by the ideal-diode equation in the
Shockley-Queisser radiative efficiency limit, assuming AM 1.5G solar illumination. The
governing equations are solved using COMSOL Multiphysics 5.5 software, and the photovoltaic

(PV) equations and the intersection point between the solar power curve of the PV and the load



curve for the electrolyzer is determined using the Python NumPy library (see SI Section S2 for

details and Tables S1-S3 for physical parameters).

While the model presented here can predict general PV performance requirements for high
STCo+, it is inadequate for predicting specific semiconductor properties to achieve a set
performance level because of the simplicity of the semiconductor physics. Other factors, such as
dry- vs wet-side illumination, semiconductor doping concentration, band bending, interfacial
barrier heights, and surface defects, are neglected but will ultimately influence PV
performance.1>%1142 \We also do not address the form of the Cu catalyst, i.e., whether it is a thin
film or nanoparticles, recognizing that these factors also impact PEC performance by altering the
electrochemically active surface area, kinetics, fraction of reflected light, and the Schottky barrier
height.14>%% Incorporating such factors is outside the scope of this current study, which is to
provide general performance guidelines for achieving high STC»+ rates. Moreover, their impact on
PEC performance is implicitly seen when altering illumination intensity, series resistance, and
shunt resistance because they principally modify the photocurrent, photovoltage, and fill factor
(Figure S1). Therefore, incorporation of the above factors is not expected to change the

conclusions of this study.
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Figure 1: (A) Hllustration of modeled system. (B) Comparison of simulated and experimentally
measured product FEs (stacked bars) and total current densities (markers). (C) Partial current
densities of Hz (green), C1 (blue), and Co+ (orange) as a function of cathode potential. (D)
Intersection of electrochemical load curve and solar power curves for high-current (1.5 eV
bandgap) and high-voltage (2.0 eV bandgap) PVs that each intersect the load curve at Vig, the
voltage that maximizes C,+ formation rate.

Figure 1B compares the effect of cathode potential on the product distribution obtained
from the electrochemical model to the data of Kim et al.** for a roughened, planar Cu cathode
performing dark electrolysis in 0.1 M CsHCOz. The good agreement validates the electrochemical
model and fitted kinetic parameters, which are taken to remain the same irrespective of
illumination.?! Figure 1C displays the simulated partial current densities of Hz, Ci, and Co+

products as a function of potential, showing that the rate of C,+ generation peaks at Vig. The



decreased C»+ current density at high potentials is a result of the low surface CO, concentration
and a shift to CH4 because of its high transfer coefficient (Table S3).2° For PEC systems, the
operating point is the intersection between the total electrochemical load and solar power
curves, #1432 as shown in Figure 1D for semiconductors with bandgaps of 1.5 and 2.0 eV. Both
semiconductors lead to PEC operation at Vig¢, which maximizes the STC»+ rate. Semiconductors
with bandgaps other than 1.5 and 2.0 eV lead to solar power curves that do not intersect the
electrochemical load curve at Vig, and, as a result, will not lead to the maximum STC>. rate,
although they could lead to higher total current densities (e.g., as would be desired for water
splitting) (see Sl Section S5 and Figures S2-S4); only semiconductors with bandgaps of 1.5 eV
and 2.0 eV are considered for the remainder of the analysis, and are referred to as high-current and
high-voltage photocathodes, respectively. While InP, GaAs, and CdTe and GalnP, GaAsP, and
InAlAs semiconductors have ~1.5 eV and ~2.0 eV bandgaps, respectively,*>*6 these materials may
not lead to the maximal STC». rate because of differences in Vig between systems and/or poor
carrier transport across the metal-semiconductor interface. To promote high STC,: rates,
identifying Viq and iiq for the Cu catalyst of interest and integrating it with semiconductor(s) that

can operate near those conditions is paramount.

Solar-to-hydrogen efficiency is a key variable being optimized in PEC water splitting, and
is maximized at the max power point (Pmax) On the solar power curve.l?? For PEC CO;R,
however, Pmax is likely not to occur at Vig, which gives rise to a maximum STC,. efficiency not
located at Pmax. Figure S3 shows that operating at Pmax leads to a STCo- rate of ~0.5 mA cm~2 but
operating at Vig generates a STCo+ rate of ~9.5 mA cm2, a 19x greater STC>+ efficiency. This
further emphasizes the distinct requirements for high performing PEC water splitting and CO2R

systems. While STC,+ efficiency is a key figure of merit, we choose to focus on STCa- rates instead



to separate changes in Co+ current density from changes in other factors that influence efficiency
(i.e., solar insolation). In general, the trends in STCo+ rates presented here will correlate to STCo+

efficiency, since they are directly related (see Section S1 for definitions).*"?

The effect of mass transport on PEC CO2R operation is presented in Figure 2A for the
high-current and high-voltage photocathodes as a function of Reynolds number (Re). Changing
Re varies the CO; diffusion length and changes the electrochemical performance. For the high-
current photocathode, intersection of the load curve occurs on the steep, nearly vertical segment
of the solar power curve, and, consequently, the operating current density of this PEC device
increases with Re, whereas the operating potential changes very little. However, the high-voltage
photocathode is photocurrent limited and, therefore, the operating current density is constant with

Re, resulting in considerable operating potential changes.
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Figure 2: (A) PEC operating point for the high-current (1.5 eV bandgap) and high-voltage (2.0
eV bandgap) systems at various Reynolds numbers. (B) Operating potential (Vop), (C) electrode
surface CO concentration, (D) electrode surface pH, and (E) C2+ current density (Cz+) as a
function of Reynolds number for the high-current (blue line) and high-voltage (orange line) PEC
systems.

As seen in in Figure 2B, significant operating potential changes (~ 200 mV) occur for the
high-voltage photocathode, but < 80 mV for the high-current photocathode. It is important to note
that Vig increases logarithmically with Re; although, beyond 10 mL min~?, the shift is small (< 70
mV) and, thus, Viq is approximately constant (Figure S6). In addition to altering the operating
potential, varying the Re also modifies the local CO, concentration and pH adjacent to the Cu
surface; high values of both variables are known to enhance C,+ product selectivity.2***4447 Figure
2C demonstrates that the CO concentration at the Cu surface increases with Re regardless of the
semiconductor properties due to the thinner mass-transport boundary layer (decreasing from 100
to 40 um as the Re increases from 1.9 x 103 to 1.1 x 10*). For the high-voltage photocathode,
the surface CO> concentration increases non-linearly with Re, as opposed to the linear trend for
the high-current photocathode, because the change in operating potential shifts the product
distribution to more C: products, which consumes less CO- than C.+ products. The surface pH,
however, is relatively constant for the high-current photocathode but decreases ~1 pH-unit for the
high-voltage photocathode when the Re increases an order of magnitude, see Figure 2D. This
decrease in the surface pH is attributed to the thin boundary layer at high Re, reducing the distance
between the surface and bulk electrolyte. Species concentration profiles within the boundary layer
are provided in Figure S10. Despite the improved surface CO> concentration, the low operating

potential for the high-voltage photocathode system hinders STC»- rates at large Re, Figure 2E.

The STC»+ rate for the high-voltage photocathode increases marginally just above

1.9 x 103 Re but reduces with Re beyond 2.5 x 103. However, the relatively stable operating



potential of the high-current photocathode enables this system to access a state of enhanced local
COz concentration and high surface pH while operating near Viq, thereby significantly improving
the rate of STC>+, underscoring the importance of potential on product selectivity. The decreasing
slope in the STC,+ rate for the high-current photocathode seen in Figure 2E results from minor
reductions in operating potential, indicating a threshold Re beyond which the rate of STC»+ does
not increase. These results are highlighted further in Figure S5, which shows a ~1.5 eV bandgap
(high-current photocathode) is the only system that experiences significant enhancements in STC>+
rates with Re because its operating potential remains near Viq. The results shown here emphasize
the importance of effective cathode potential when seeking optimal mass transfer for improved

rates of STCo+ in PEC CO2R systems.

An analysis similar to that given above is conducted for bulk CsHCO3z concentration and
is shown in Figures S7 and S8. Upon increasing the CsHCO3 concentration from 0.1 to 0.4 M, the
high-current photocathode experiences a ~2.5 mA cm2 increase in STCo« rate due to greater
electrode surface CO> concentration; further increases in electrolyte concentration decreases the
rate of STC»+ because of the decrease in operating potential. For the high-voltage photocathode,
the significant decrease in operating potential causes the STC»- rate to decrease with increasing
CsHCOs concentration. A detailed discussion on the effect of bulk electrolyte concentration on

STCo-+ rates is provided in Section S8.

Because of the dependence of product distribution on operating potential, changes in solar
illumination intensity can also alter the STCo+ rate. Figure 3A and B shows the operating point
for the high-current photocathode is relatively stable at > 50 mW cm~2 intensity whereas the high-
voltage photocathode operating point changes substantially for all intensities up to one sun,
neglecting any changes in light wavelength. As a result, the high-current photocathode reaches Viq

10



and the largest STCo+ rate at much lower intensities than the high-voltage photocathode, and
remains fairly stable, see Figure 3C and D. This difference results from the larger photocurrent
generated by the high-current photocathode, enabling device operation closer to Vig at lower
intensities compared to the high-voltage photocathode. Further disparity between high-current and
high-voltage photocathodes exists with variable series and shunt resistances as seen in Figure S9,
which demonstrates that high-current and high-voltage photocathodes must have low series and
low shunt resistances, respectively, to achieve high STC.. rates (see Section S9 for details). These
findings indicate that PEC devices operated with a high-current photocathode and low series
resistances are superior to high-voltage photocathodes under conditions of dynamic illumination

intensity due to their lower sensitivity to changes in operating potential.

11
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Figure 3: Operating points at various illumination intensities with a Re of 1.9 x 103 for the (A)
high-current and (B) high-voltage photocathodes. (C) Operating potential and (D) solar-to-C.- rate
(C2+) for the high-current and high-voltage photocathode.

The influence of Re and solar irradiance on the rate of STC»+ suggests that CO> transport
management could minimize losses in STC»- rates due to solar-irradiance variations. To explore
this strategy, we identified the hourly optimal Re for the two PEC systems assumed to be in
Barstow, CA (Figure 4A provides the calculated irradiance from NREL TMY 3 datasets for 2020

summer and winter solstices)*® which currently hosts a large-scale PV power generation facility.*°
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It should be noted that AM 1.5G results in 100 mW cm~ and no spectral data shift with time is
assumed as discussed in Figure S11. Figure 4 demonstrates the influence of hourly Re tuning at
the two extremes of the sun’s annual cycle. For comparison, a constant 1.9 x 103 Re operation is
also considered since both PEC systems operate at Vig under full-sun illumination at this Re (see
Figure 2A). The hourly optimum Re (Figure 4B) for both systems change in a similar manner
with hourly irradiance. This is because of the increase in photocurrent with increasing intensity,
which enables higher CO2R rates at Vi4 through improved surface CO- concentration (high Re),
see Figure S13. However, the high-current system results in optimal Re that greatly exceed the
constant 1.9 x 103, whereas the high-voltage device operates at < 1.9 x 103 for both the summer
and winter solstices. Figure 4C demonstrates that only the high-current photocathode benefits

substantially from dynamic tuning of CO; transport.
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Figure 4: (A) Measured hourly solar irradiance (I) for Barstow, CA during the 2020 summer and
winter solstices. Hourly (B) Reynolds number (Re) and (C) solar-to-C»- rate (Cz+) for the summer
and winter solstices.

For a constant electrolyte Re of 1.9 x 103, the rates of STCa+ for both systems reach the
same maximum value at full sun during the summer solstice, as expected from Figure 2, but the
high-current photocathode retains the maximum rate of STC,+ for longer durations (see Figure
4C). During the winter solstice, the rate of STC»+ for the high-current device is about double that
of the high-voltage device at full sun, due to the lower sensitivity of the high-current system to
variations in solar irradiance (Figure 3). The total amount of C+ products generated in a day for
the high-current device operating with an optimized Re is double that of the constant Re condition
during the summer solstice and 1.2x greater during the winter solstice. The high-voltage system,
on the other hand, experiences < 1.1x enhancement in C,+ products generated when operated with
an optimized Re during the summer and winter solstices. This greater enhancement in STC»+
conversion with the high-current photocathode results from the significantly higher Re that are
accessible while remaining near Viq (see Figure S12). Thus, for operation near Vg, tuning the

CO- transport only enhances the STC,+ rate when the device is not photocurrent limited.

In summary, this study has used a multiphysics model to simulate the electrochemical and
photovoltaic performances of PEC CO2R systems using a Cu catalyst to promote the reduction of
CO- to C»+ products. Management of the operating potential is key to achieving high solar-to-Ca+
(STC»+) rates. Furthermore, a PEC device with low series resistance that generates a high
photocurrent at photovoltages near the potential for which the generation of C.+ products is
maximized is ideally suited for high rates of STCz+. This is because the slope of the solar power
curve is steep and, consequently, limits variations in operating potential under dynamic conditions.

As a result, such a device is capable of maximizing the rate of STC»+ throughout the day by

14



synchronizing the rate of CO- transport to the sun’s diurnal and annual cycles. Such an optimum
is different than the max power point as desired for solar water splitting, due to the dependence of
product selectivity on local concentrations and potential. To improve predictions and design
criteria, model improvements include incorporating band bending, metal-semiconductor
interfacial barrier heights, surface defects, and semiconductor doping concentration. The findings
of this study have critical implications for the practical design and operation of PEC CO2R devices

to achieve high rates of STC>-.

Supporting Information

Outline and description of modeled physics; computational methods; summary of the
impact of studied variables on C+ generation rates; qualitative depiction of the influence of
neglected factors on the solar power curve; C,+ formation rate change with bandgap and Reynolds
number; variation of ideal operating potential; influence of varying bulk electrolyte concentration;
PEC operation variations with varying photovoltaic performance; concentration profiles
throughout boundary layer; AM 1.5G and Barstow spectral irradiance comparison; change in

hourly operating point; operating point variations with Re and light intensity.
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