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Comparative Analysis of Solar-to-Fuel
Conversion Efficiency: A Direct, One-Step
Electrochemical CO, Reduction Reactor versus
a Two-Step, Cascade Electrochemical CO,

Reduction Reactor

lectrochemical and photoelectrochemical (PEC) CO,

reduction (CO,R) have the potential to produce

sustalnable, zero greenhouse gas emission fuels and
chemicals.'™® One of the key components in a PEC CO,
reduction device is the electrocatalyst materials for the CO,R
reaction. While significant research advances have been made
in the development of CO, reduction catalysts and in the
understanding of the reaction mechanisms, selective, active,
and stable catalyst materials have yet to be identified to directly
convert CO, into higher reduction products, such as ethanol
and ethylene.”’ ™ In contrast, several electrocatalyst systems
have exhibited promising selectivity and activity for the first
two-electron, two-proton process, such as CO,R to CO or
formate.”®'”'" For example, nanostructured silver electro-
des,"*™"* metal dlchalcogemdes,15 and single metal atoms in
graphene nanosheets'®'” exhibited high Faradaic efficiency
(FE) and high reaction rates for CO,R to CO. A Pd/C
nanoparticle-based catalyst incorporated in a 10% efficient
solar-to-formate conversion device also exhibited near-unity FE
at 10s of mA cm™2 for CO,R to formate.”® Hence, one
alternative strategy is to leverage the efficient first two-electron,
two-proton reaction by using a two-step, cascade CO, reactor,
in which the first catalytic reactor converts CO, into CO or
formate and the second catalytic reactor converts CO or
formate into higher-order reduction products such as ethanol
or ethylene. Herein, the solar-to-fuel (STF) conversion
efficiencies in a direct, one-step CO, reduction reactor and a
two-step, cascade CO, reduction reactor were analyzed and
compared for two distinctive device configurations.

In the first discrete device configuration, as illustrated for a
one-step reactor (Figure la) and a two-step reactor (Figure
1b), power matching between the power-generating compo-
nent, the photovoltaic cell, and the fuel-forming component,
the electrochemical cell, was achieved by using DC-to-DC
converters. In the discrete configuration, the STF conversion
efficiency, Ngre discreter i defined as the following'®

Nstr_discrete — pv TETE IDC—DC converter (1)

where #py is the solar-to-electric conversion efficiency of a
photovoltaic cell, #pc_pc converter 18 the efficiency of a DC-to-
DC converter, and #gpp is the electric-to-fuel conversion
efficiency of the electrochemical cell. The #py was set to be
42.4% for a tandem junction cell at the Shockley—Queisser
(S—Q) limit, and the pc_pc converter Was set to be 85%.'% The
1ETE one_Step @0 7ETE o step Were defined as the following for
the electric-to-fuel conversion efficiencies of the one-step
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reactor and the two step reactor, respectively. Note that while
the first and the second reactors in the two-step reactor are
connected in series, the #grp tyo step 15 10t simply the product
of the electric-to-fuel conversion efficiency of the first reactor
and the second reactor. The detailed derivation for the #prp
can be found in Supporting Information.

ECOZ to C,HsO
——FEco, 0

nETF?onefStep V.
CO, to C,HO (2)

;ECOZ to czHéo'FEco to C,HeO

METF _two_Step = FEo ey

Vi + V
o, oo | CO2t0CO T VCO to CiHO 3)

where Ecq , c,n,0 is the thermodynamic voltage window for
the CO, reduction to C,HsO reaction, FEco,oc,1,00
FE o, cos and FEcq ¢, c,1,0 are the FEs for the CO, reduction
to C,H,O, CO, reduction to CO, and CO reduction to
C,HO reactions, respectively, Vo, iocmu,00 Veo,tocor and
Vcotwc,no are the total voltages required for the CO,

reduction to C,H,O, CO, reduction to CO, and CO reduction
to C,HO reactions, respectively.
The total voltages, Vo, 1o c,n,00 Vo, t0cor and Voo cn,00

were calculated as the following
Veo, to c,H,0 = Eco, to c,1,0 T Vanode_loss

+ \[cathode_loss_COZ to C,HsO + V;.ranspon loss

(4)
‘/CO2 to CO — ECO2 to CO + ‘/anodefloss + ‘/cathodeflosstOz to CO
+ ‘/transport loss (5)

VCO to C,H,O — ECO to C,HsO + V;node _loss

+ Vcathode_loss_CO to C,HO + Vtransportloss (6)

where Eco wco and Ecoycno are the thermodynamic

voltage windows for the CO, reduction to CO and CO

reduction to C,HsO reactions, respectively, V,,ode 1oss is the
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Figure 1. Scheme illustrations of the series-connected photovoltaic and electrochemical cells in a one-step reactor (a) and in a two-step
reactor (b). STF conversion efficiency of the one-step reactor (c) and the two-step reactor (d) of CO, reduction to C,HsO at different
cathodic overpotentials and FE combinations. (e) Relative percentage increase of the STF conversion efficiency of the two-step CO,
reduction reactor cell relative to the one-step CO, reduction reactor.

anodic voltage loss for water oxidation, Vmode loss CO, to C,H,09

VcathodeilossiCOZ to CO» and VcathodeilossiCO to C,H,0 ar€ the catholic

voltage losses for CO, reduction to C,HsO or CO and CO
reduction to C,HcO, respectively, and Vigngportioss 1S the
transport loss from the electrolyte and membrane separators in
the device. In this analysis, the anodic overpotentials for the
oxygen evolution reaction (OER), the transport losses in the
cell, the overpotential and FE for CO, reduction to CO in the
two-step reactor, as well as the thermodynamic voltage
windows for the reactions are given in Table 1. On the basis

Table 1. Reaction Voltage Window and Voltage Loss
Assumptions in the Analysis

one-step reactor

(mV) two-step reactor (mV)
first second
reactor reactor
reaction window 114V 1.33 V 1.0S V
anodic overpotential 300 300 300
cathodic overpotential variable 100 variable
transport losses in the 100 100 100

cell

of the demonstrated performances, the transport loss in the
cell'”*” and the anodic overpotential loss*"** in both reactors
were assumed to be 100 and 300 mV, respectively. On the
basis of the state-of-the-art catalyst performances,' >~ **** the
cathodic overpotential and FE for CO, reduction to CO were
assumed to be 100 mV and 90% for the first step reaction in
the two-step reactor, respectively. The cathodic overpotential
and FE for CO, or CO reduction to ethanol were the two
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parametric variables in the study. Figure lc,d shows the
ST discrete @S @ function of the FE and overpotential for CO, or
CO reduction into C,H¢O for the one-step reactor and the
two-step reactor, respectively. The 5grp values in both reactors
were highly dependent on the FE and overpotentials for the
fuel-forming reactions. In the discrete device configuration,
nsrr values as high as 21.4 and 22.3% can be achieved in the
one-step reactor and the two-step reactor, respectively. The
electrochemical cell efficiencies, 7gTE one step 20 7ETE two_Steps
as a function of the overpotential and FE for CO, or CO
reduction were also plotted in Figure S1. Because in the
discrete device configuration the power-generating component
and the fuel-forming component can be optimized independ-
ently, #gr for more realistic PV cells with different #py values
can be obtained readily (see Figure S2 for Si-based PV cells™”).
Figure le shows the relative percentage increase of the
NsTE discrete Of the two-step reactor compared to the one-step
reactor. The 7grp giscrete Of the two-step reactor was higher than
that of the one-step reactor at all reduction overpotential and
FE combinations. In the high overpotential region in which the
catalyst performed poorly, a relative percentage increase as
high as 45% was observed between the two reactors. The low
overpotential and high FE for CO, reduction to CO, which
have been demonstrated in experimental reports,'*~7>*** add
the first two electrons and two protons onto CO, very
efficiently for the subsequent reaction and, hence, improve the
overall conversion efficiency of the device in the two-step
reactor.

The second device configuration contained wireless,
integrated photoelectrodes for a one-step reactor (Figure 2a)
and a two-step reactor (Figure 2b). The #sre integrated one_step
and  7sTF integrated two_step Vvalues can be calculated as the
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Figure 2. Schematic illustrations of the integrated photoelectrodes for PEC CO,R in a one-step reactor (a) and in a two-step reactor (b).
STF conversion efficiency of the one-step reactor (c) and the two-step reactor (f) of CO, reduction to C,H¢O at different cathodic
overpotentials and FE combinations when the tandem photoabsorbers behave at the S—Q_limit. STF conversion efficiency for different
bottom and top junction band gap combinations of the one-step reactor with a cathodic overpotential of 0.2 V and a FE of 70% (d) and a
cathodic overpotential of 1.2 V and a FE of 30% (e). STF conversion efficiency for different bottom and top junction band gap combinations
of the two-step reactor with a cathodic overpotential of 0.2 V and a FE of 70% (g) and a cathodic overpotential of 1.2 V and a FE of 30% (h).

following, and a detailed derivation is included in the
Supporting Information

](302 to czHéoECOZ to CZH(,OFECOZ to C,H,O
nSTF?integratedfonefStep -

B,
(7)
rlSTF?integratedftwofStep
_ 3Eco, to ¢,1,0FEco to c,H,0
1 2
Rn FE + FE
Jeo, tocoFEcoy oo Joo to g0 FECO to CaHg0 (8)

where Jco, o c1,00 Jco,ocor ad Jeotoci,0 are the operating
current densities for CO, reduction to C,H40O, CO, reduction
to CO, and CO reduction to C,H4O, respectively, and P,, is
the incident illumination intensity. The incident illumination
intensity was set to be 100 mW cm™% The anodic
overpotentials for OER, the transport losses in the cell, the
overpotential and FE for CO, reduction to CO in the two-step
reactor, as well as the thermodynamic voltage windows for the
reactions were assumed to be the same as the discrete device
configuration and are tabulated in Table 1. Figure 2c,f shows
the optimal STF conversion efficiency, 751 integrateas Of the one-
step reactor and the two-step reactor as a function of the
reduction overpotentials and FEs in the integrated device
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configuration. For each overpotential and FE combination, all
of the permutations of the band gaps in the tandem
photoabsorbers were calculated, and the optimal 7gre inegrated
(Figure 2c,f) was achieved by using the optimal band gap
combinations in the tandem photoabsorbers. In the integrated
device configuration and among all of the overpotential and FE
combinations, the two-step reactor exhibited higher STF
conversion efficiency than the one-step reactor (the relative
percentage increase was plotted in Figure S3). At two typical
overpotential and FE combinations, 0.2 V/70% and 1.2 V/
30%, the 1srr integratea Values as a function of the top junction
band gap and bottom junction band gap were shown in Figure
2d,e,gh. As the overpotential for the reduction reaction
increased, the band gap values in the tandem photoabsorbers
also increased to accommodate the increase of the total
operating voltage in order to achieve the optimal g1 integrated-
Note that the optimal band gap combination for CO,
reduction to CO in the two-step reactor was 1.7 eV/1.0 eV,
which was very similar to the optimal band gap combinations
for the solar-driven water-splitting cell’® due to similar
cathodic voltage losses in the two systems. The optimized
top and bottom band gap values of the two-step reactor were
slightly lower than those of the one-step reactor (Table S1),
which was due to the lower voltage window for the CO
reduction to C,HO relative to the CO, reduction to C,HO.
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Figure 3. STF conversion efficiency of the one-step reactor (a) and the two-step reactor (b) of CO, reduction to C,HO at different cathodic
overpotentials and FE combinations with high-performing tandem junction photoabsorbers. (c) Relative percentage increase of STF
conversion efficiency of the two-step CO, reduction reactor relative to the one-step CO, reduction reactor with high-performing tandem

junction photoabsorbers.

The 7g1E integratea Was also calculated using more realistic and
high-performing photoabsorbers. Figure 3a,b shows
1ISTE integrated Of the one-step reactor and the two-step reactor
as a function of the reduction overpotentials and FEs with
high-performing tandem photoabsorbers. For high-perform-
ance semiconductors, we assume that 90% of incident photons
above the band gap of the semiconductor were absorbed, and
there is a semiconductor external radiative efficiency (ERE; see
the Supporting Information for the definition of ERE) of 3%,
meaning that the radiative recombination represents 3% of the
total recombination. The optimal #7s7p jntegrated Values for both
reactors with high-performance light absorbers were ~20%
lower than photoabsorbers simulated at the S—Q_limit due to
light reflection and nonradiative recombination losses. Figure
3c shows the relative percentage increase of the optimal
1ISTE integrated Of the two-step reactor compared to that of the
one-step reactor as a function of the reduction overpotentials
and FEs. Similarly to the discrete system as shown in Figure 1e,
the optimal 7grp inegrared Of the two-step reactor was higher
than that of the one-step reactor at all reduction overpotential
and FE combinations. In some electrocatalytic performance
regions, a relative percentage increase as high as 54% was
observed between the two reactors. The first two-electron,
two-proton reduction reaction from CO, to CO with a high FE
and low overpotential significantly improved the overall
optimal 757 inegratea- 10 addition, the CO reduction to
C,H4O reaction had a lower voltage window than the direct
CO, reduction to C,HO, which eased the requirement for
large-band-gap light absorbers.

In addition to the higher overall STF conversion efficiency
in the two-step reactor, different electrolytes, electrocatalysts,
and membrane separators could be used and optimized
individually in the two-step reactor at different reaction rates.
For the direct, one-step reactor, the catholyte pH window is
limited to near-neutral pH values due to the acid—base
equilibrium of CO, in the solution.””*® The concentration of
dissolved CO, at the electrode surface would quickly approach
zero in high-pH electrolytes, which would significantly limit
the partial current density for CO,R.*>** In contrast, the CO
reduction in the two-step reactor does not have such
constraints, and in fact, CO reduction often exhibited higher
selectivity and higher reaction rates in high-pH electrolytes due
to the suppression of the hydrogen evolution reaction (HER).”
On the other hand, the two-step reactor also introduces
additional engineering complexities relative to the one-step
reactor. For instance, the CO produced from the first step
needs to be purified and separated from other reduction
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products, and the production rate of CO from the first reactor
needs to be matched with the consumption rate of CO in the
second reactor. From the technoeconomic point of view, the
two-step reactor will likely to have a higher initial installation
cost and capital expenditure (CapEx) than the one-step
reactor. In the discrete device configuration in particular, the
choice between the two-step reactor and the one-step reactor
will likely be based on the cost of the renewable electricity and
the CapEx differential of the electrolysis units.

In summary, the STF conversion efliciencies of a direct, one-
step reactor that electrochemically reduces CO, to C,H4O and
a two-step, cascade reactor that electrochemically reduces CO,
to CO followed by a subsequent electrochemical reduction of
CO to C,H4O were evaluated and compared quantitatively. By
leveraging the efficient and selective first two-electron, two-
proton process from CO, to CO, the optimal STF conversion
efficiency of the two-step reactor was higher than that of the
one-step reactor at all cathodic overpotential and FE
combinations. The analysis shows that in some electrocatalyst
performance regions with high cathodic overpotentials a
relative improvement in STF conversion efficiency as high as
54% can be obtained by using the two-step reactor. The
alternative, two-step CO, reactor design can provide new
pathways to efficient and selective CO, reduction to higher
reduction products.
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