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Abstract

The electrolysis of dilute CO2 streams suffers from low concentrations of dissolved substrate
and its rapid depletion at the electrolyte-electrocatalyst interface. These limitations require first
energy-intensive CO2 capture and concentration, before electrolyzers can achieve acceptable
performances. For direct electrocatalytic CO2 reduction from low-concentration sources, we in-
troduce a strategy that mimics the carboxysome in cyanobacteria by utilizing microcompart-
ments with nanoconfined and concentrated enzymes in a porous electrode. A carbonic anhy-
drase accelerates CO:2 hydration kinetics and minimizes substrate depletion by making all dis-
solved carbon available for utilization, while a highly efficient formate dehydrogenase reduces
CO2 cleanly to formate; down to even atmospheric concentrations of CO2. This bio-inspired
concept demonstrates that the carboxysome provides a viable blueprint and strategy to achieve

the reduction of low-concentration CO2 streams to chemicals.



Introduction

As atmospheric COz levels continue to rise and emerging geopolitical issues threaten global en-
ergy supplies, novel methods of forming fuels sustainably and without geographic restrictions
are required for a secure energy supply in a future net zero carbon economy. The utilization of
low concentrations of CO2 holds considerable promise given its potential to both produce re-
newable fuels and prevent the release of CO: into the atmosphere through the conversion of
flue gases, or even directly remove excess COz from the atmosphere.! However, electrochemi-
cal COz2 reduction (COz2R) has so far focused on the utilization of saturated (100%) CO:2 streams
as state-of-the-art catalysts perform poorly under low COz concentrations due to the low availa-
bility of dissolved CO2 (12 uM at atmospheric CO2 concentrations, 420 ppm). As most synthetic
CO2zR catalysts exhibit first order kinetics, their activity decreases proportionally with CO2 con-
centration, meaning their activity is significantly reduced even at flue gas concentrations. Syn-
thetic catalysts also commonly suffer from side-reactions (in particular hydrogen evolution) that
are only marginally affected by CO2 concentration, thereby decreasing the proportion of energy
going towards forming the desired carbon products (i.e., the faradaic efficiency, FE) when utiliz-

ing CO- from low concentration sources.?

While there have been some reports of direct CO2 reduction at concentrations down to
1%, the low affinity of these systems limit their applicability for atmospheric CO2 and are often
accompanied by the production of significant side products.>® The limitations of current CO2R
systems therefore require emerging carbon capture technologies*’ to produce concentrated
CO2 gas streams in order to achieve acceptable performances. However, CO2 concentration
from atmosphere for this stepwise process must incur substantial energy and cost penalties
(projected to be 9 GJ ton™! and $94-232 ton™1)* to enable efficient carbon capture and utilization
from dilute gas streams. This must also be addressed alongside common challenges in capture

streams with impurities such as Oz, NOx and SOx.2°



Nature does not require such compromises and has evolved efficient approaches to uti-
lize atmospheric COzdirectly to make complex products (e.g. sugars) using the carboxysome —
a membraneless organelle used to efficiently fix CO2 within cyanobacteria.’®*? The rate limiting
step for cyanobacterial carbon fixation is catalyzed by ribulose-1,5-bisphosphate carbox-
ylase/oxygenase (RuBisCO), which displays a low catalytic rate under reduced CO: conditions
and competing utilization of 02.13* The carboxysome provides a microenvironment that over-
comes the limitations of RuBisCO by recruiting carbonic anhydrase (CA) and encapsulating
both enzymes within the organelle’s protein shell (Figure 1a). CA catalyzes the conversion of
HCOs™ to CO2 within the carboxysome, accelerating the kinetically slow interconversion of
HCOs™ and CO2 (eq. 1) from an uncatalyzed rate of 0.05 s~*to rates up to 1-10° s71.1° The fast
interconversion of HCO3™ and CO: provides a higher effective concentration of carbon for fixa-
tion as all dissolved inorganic carbon species can now be utilized to overcome the concentration

limits imposed by using CO: alone as the carbon source for RuBisCO.

CA
CO, + H,0 = H,C0; = H* + HCO, = 2H* + C02 (eq. 1)

Cyanobacteria further exploit the accelerated interconversion between HCOs™ and CO:>
for utilization by using HCOs™ pumps and maintaining an alkaline cytosolic pH. With these strat-
egies, cyanobacteria accumulate high levels of intracellular HCOs~, which can be converted to
CO2 by CA to replenish substrate depletion in the carboxysome.'®1” Together, the nanocon-
finement of RuBisCO, enzymatic acceleration of CO2 hydration kinetics, and accumulation of
high HCOs™ levels enable cyanobacteria to efficiently concentrate and utilize atmospheric CO>

within carboxysomes.
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Figure 1. Comparison between cyanobacterial carboxysome and designed bioelectrocatalytic
system. (A) Cyanobacteria enhance atmospheric carbon fixation by accumulating high levels of
intracellular HCOz™ through active transport and their basic cytosolic pH. As HCOs™ diffuses into
the nanoconfined carboxysome, CA rapidly dehydrates HCOs™ to CO: to raise local substrate
levels for RuBisCO, which serves as the inspiration for co-localizing CA and FDh within the
pores of mesoporous electrodes (B) in basic solutions for improved electrocatalytic fuel produc-
tion under atmospheric conditions.

Similar to its role in cyanobacterial carbon fixation, HCO3™ offers an energy efficient
method for CO2 concentration,'® which has been exploited for carbon capture in KOH solutions®

and has led to the development of bicarbonate!®-??2 and carbonate?® driven electrolyzers. These



HCOs™ based carbon capture technologies avoid the energy penalties of CO2 desorption and
separation by directly producing products from HCOs™. CO2 capture as HCOg3™ is a conceptually
simpler approach than CO: capture in amine solutions as carbamates where the CO2 can be
released or reduced directly to form products®*-2®, although this suffers from significant draw-

backs in terms of energy efficiency and selectivity.

Along with their use in biological systems, enzymes are being explored in electrochemi-
cal CO2zR primarily due to their high energy efficiency (low overpotential) and catalytic rates. En-
zymes also approach a selectivity of 100% and display a high affinity for CO2 due to Michaelis-
Menten kinetics. These properties offer potentially significant advantages but have not yet been
explored for the utilization of low CO2 concentrations. The fuel-forming enzyme formate dehy-
drogenase (FDh) has previously been combined with CA for enzymatic CO2R to demonstrate
that CO2 (and not HCOz3") is the substrate of FDh.?” In addition, CA has been used to catalyze
the conversion of CO2to HCOs", decreasing local CO2 concentrations and increasing HCO3~
and H* (directly contrasting its role in increasing CO2 concentrations in the carboxysome) either

to mitigate local pH changes in saturated CO2?8 or for the use of HCOs™ as a substrate.?°

Enzymatic COz2R at low CO:2 concentrations with CA has also relied on an energy ineffi-
cient NADH cofactor recycling system to transfer electrons from an electrode to enzymes in bulk
solution giving a low FE and offering no capability to mimic the nanoconfined environment of a

carboxysome on an electrode?®-3!

, & property that may be highly beneficial for CO2R at reduced
rates as it has been shown to improve enzyme’s affinity for substrate and kinetic rates.3? CA has
also been used in carbon capture systems®® to increase the kinetics of CO2 capture as HCO3~

and release of carbon capture, but the Faradaic Efficiency (FE) has been significantly reduced

when this capture media has been used for electrolysis.3*



While most carbon capture has focused on producing concentrated CO2 gas streams or
concentrated capture media,®*2¢ the integration of capture and utilization into a single system
that uses low concentrations of COz, ideally down to atmospheric concentrations, offers the po-
tential to minimize the energy and complexity requirements of this process in the manner of the
biological carboxysome. In this work, we adapt strategies employed by carboxysomes to en-
hance direct CO2R from low-concentration sources by increasing local CO2 concentrations (flue
gas to atmospheric concentrations, 10% — 420 ppm in N2). COzR is performed under nanocon-
finement within mesoporous indium tin oxide (ITO) electrodes (Sl Figure S1 and S2) to manage
the concentration of compartmentalized CO2, HCO3™, and H*, which are crucial to CO2R perfor-
mance. Within the porous electrode, CA accelerates the kinetically slow interconversion be-
tween HCO3z™ and COz, allowing for the utilization of the total dissolved carbon pool to offset lo-
cal CO2 depletion (Figure 1b). The buffer capacity and pH of electrolytes used in this work are
altered to raise local HCO3™ concentrations, which can be converted to CO2 by CA to mitigate
local substrate consumption. With these interventions we raise local CO2 levels within the nano-
confined electrode, offsetting diffusion gradients and substrate depletion that primarily limit en-
zymatic fuel production from dilute gas streams. Through these methods we have demonstrated
a nanoconfined carboxysome-inspired system for the reduction of low concentrations CO:2
streams, down to atmospheric levels, to formate. This produces quantifiable product concentra-
tions and is underpinned by the use of finite element modelling to provide an understanding of
how solution concentrations for all carbon components can be optimized for effective system

performance.



Results and Discussion

The tungsten formate dehydrogenase (FDh) from Desulfovibrio vulgaris Hildenborough was
chosen as the CO:2 reductase for its quantitative selectivity, electrochemical reversibility, non-
linear substrate dependence, and high affinity for CO2 (Kv: 0.42 mM), which makes this FDh
ideally suited for the direct utilization of low concentration CO2 streams (S| Figure S3).2” FDh
can also be co-immobilized with or without CA on mesoporous ITO electrodes (40 nm patrticle
size, 8.5 um thickness, and 0.19 cm? geometric surface area) at lower fuel forming enzyme con-
centrations than in the natural carboxysome (Table S1, 9.52 mM vs 0.63 mM, 40 pmol total
concentration immobilized in the porous electrode) due to FDh’s higher activity, with the non-
redox active enzyme CA (40 pmol) at comparable concentrations to the carboxysome, catalyz-
ing CO2 hydration kinetics within the porous electrode. The CO: purged aqueous solutions used
in this study have a total dissolved carbon concentration that is greater than that of CO. alone
due to its equilibration to form HCOs~ and COs?~ (eq 1), species that cannot directly be utilized
as substrates for FDh.?” Given its commercial availability and fast kinetics, CA from bovine
erythrocytes was chosen to accelerate HCOz™ dehydration, allowing for the utilization of the total
inorganic carbon pool to offset CO2 depletion within the porous electrode. Enzyme electrochem-
istry experiments informed the development of finite element models (FEM), which demonstrate
how experimentally inaccessible components of the local electrochemical environment (com-
partmentalized CO2, HCOs~, and H* concentrations) change with applied potential and electro-

lyte composition to improve formate production under reduced CO:2 conditions.

Bicarbonate as a semi-artificial carboxysome electrolyte

When the only buffer system in the electrolyte was CO: and its conjugate base HCOz3", which is
inherently present when CO:is purged into solution at neutral pH (eq. 1), CA co-immobilization
at concentrations comparable to the natural carboxysome (~mM, 40 pmol loaded, Table S1)

had no significant effect on the enzymatic COzR rate with negligible difference in reduction cur-



rent densities from cyclic voltammetry (Figure S4a). Constant potential electrolysis was per-
formed in triplicate for product quantification at each applied potential and formate quantified
using ion chromatography to calculate FEs and average partial current densities (Figure 2a).
The formate partial current density of CO2R by immobilized FDh (jformate, points, Figure 2a) in 1%
and 10% CO2 purged solutions with Nz as the balance gas, unlike when purged with concentrat-
ed CO2%8, was not affected by CA co-immobilization. Formate was the quantitative product as no
other liquid or gas phase products (such as Hz, CO or CHa4) were detected by ion chromatog-
raphy or headspace gas chromatography, respectively (for total and partial current densities
from all experiments including controls see Table S2). At 10% CO2, the co-immobilization of CA
increased the jomae from -63 + 17 pA cm™ to -72 + 37 pA cm™? and at 1% the co-
immobilization of CA decreased the jiomae from =10 + 4 yA cm™2to -8 + 4 pA cm™ at =0.6 V vs

SHE. The FE for HCOO™ at —0.6 V vs SHE was 83 + 8% at 10% CO2 and 54 + 7% at 1% COa.

While we have previously shown that FDh produces formate with nearly 100% FE under pure
CO2 on ITO,?%38 the reduced FE under low CO2 concentrations can be tentatively attributed to
the residual background reduction of the metal oxide electrode.3*~*! This can be observed in the
absence of enzymes with no liquid or gaseous products being detected by lon or Gas Chroma-
tography, respectively (Figure S5) at current densities that match well with the unattributed FE
under low COz concentrations. As the reduction products of ITO cannot be quantified by liquid
or gas phase techniques during electrolysis with enzymes a FE is not reported for this reaction.
However, in the absence of any other detected solution or gas phase products it is expected
that ITO reduction, which has a current density that is invariant on CO2 concentration, is a signif-
icant contribution to the remaining FE and is consistent with the trend for decreased formate FE

with reduced total current densities.

A Finite Element Model (FEM) using a previously reported approach?®3® was used to

model the local environment that was experimentally inaccessible (Figure S6).*? This uses well



understood physical and analytical equations, with enzyme properties determined from solution
assays,® solved over a mesh that represents the geometry of the system to model the response
and was in good agreement with experimentally observed currents (lines, Figure 2a), allowing

the concentrations of species within the porous electrode to be determined (Figure 2b—c).
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Figure 2. The electrochemical performance and simulated local environment of FDh (40 pmol)
with and without CA (40 pmol) co-immobilization in NaHCOz containing solutions at 10 and 1%
CO2. (A) Experimental and simulated partial formate current densities from constant potential
electrolysis between -0.3 and -0.6 V vs SHE for NaHCOs3 purged with 1% (blue) and 10% (or-
ange) CO:z at pH 7. (B+C) Volume average local concentrations of CO2 (orange), HCO3™ (blue)
and pH (purple, right y axis) within the porous electrode domain from FEM at all tested overpo-
tentials in 10% (B) and 1% (C) purged solutions. Local pH (D) and CO:2 (E) obtained from FEM
at the highest tested overpotentials and their relative impacts on the pH (D) and CO2 concentra-
tion (E) dependent activity of FDh for CO2R determined from solution assays.®’ Solution condi-

tions: NaHCO3 containing 50 mM KCI purged with 1 or 10% CO2 and adjusted to pH 7.0 with



NaHCOs3 after gas equilibration. Solid and hollow squares represent conditions with and without

CA respectively.

It is apparent that the comparable currents with and without accelerated CO> hydration
kinetics are due to very different local environments at both 10 (Figure 2b) and 1% CO: (Figure
2¢). In both cases the local pH and [CO¢] are reduced, and the [HCOz7] is increased when CA is
co-immobilized. These changes can be attributed to the accelerated conversion of CO2 and H20
to HCO3™ and H* promoted to mitigate the local pH increase within the mesoporous electrode.
The basic local environment results from the catalyst depleting CO2 and H* within the electrode

to produce formic acid which dissociates to HCOO™ and H*, consuming 1 net proton (eq. 2).

FDh
CO, + 2H* + 2¢” — HCOO™ + H* (eq. 2)

Without CA, the interconversion of CO2 and HCOs™ is slow, and the depleted CO2 and H*
are predominantly replenished by diffusion from the bulk solution, as opposed to the equilibra-
tion of CO2 with HCOs™. When CA is present, the rate of CO2 and HCO3™ interconversion is in-
creased, allowing the CO2 and HCO3s™ concentrations to follow the chemical equilibria in solu-
tion. The more basic pH formed within the electrode favors the conversion of CO2 to H* and
HCOs", in competition with the depletion of CO: favoring the reverse reaction. In both 10% and
1% CO2 purged solutions (bulk [COz] = 3.2 and 0.32 mM, respectively), local CO2 concentra-
tions are further depleted with fast CO: hydration kinetics (0.55 vs 0.26 mM at -0.6 V vs SHE
with 10% CO2 and 28 vs 19 pM at -0.6 V vs SHE with 1% COz2), due to the conversion of CO2
into HCO3™ and H* to mitigate the local pH change. This leads to a lower local pH at all CO2
concentrations (8.61 vs 8.12 pH and 8.65 vs 8.26 at —0.6 V vs SHE for 10% COz2and 1% CO,

respectively), at the expense of CO2 concentration when CA is introduced.

10



Although the decreased local pH marginally increases FDh activity (Figure 2d), the addi-
tional consumption of CO:2 required to mitigate the local pH change decreases enzymatic COz2R
(Figure 2e). These effects on enzyme activity counteract one another and are responsible for
the lack of improved rates of fuel production with increased CO2 hydration kinetics. FEM ex-
plains why CA does not improve formate production in these solutions as CO: acts as both the
substrate and primary buffer, highlighting the trade-off in maintaining an optimal local pH and

high substrate levels under reduced CO2 concentrations.

Maintaining local CO2 concentrations using Good’s buffers for pH regulation

Under all conditions, the addition of the kinetically fast Good’s buffer 3-(N-morpholino)propane
sulfonic acid (MOPS) substantially improves the CO2R current density. This buffer system was
chosen because the pKa of MOPS is close to the optimal pH for FDh (7.1), and the electrolyte
does not affect the FDh activity.*® CA co-immobilization significantly increased the observed jror-
mate 1.7% from —135 + 26 to —235 + 37 pA cm™2 in 10% CO- purged pH 7 MOPS solutions at —0.6
V vs SHE (Figure 3a), with a FE of 91 + 5 and 9616 % from 2 h experiments to produce suffi-
cient product for quantification in the presence and absence of CA co-immobilization respective-
ly. Exemplar CVs are also shown in Figure S4b. In 1% CO: purged pH 7 MOPS solutions, a
larger increase in jiomae Of 3.1x from -16.3 + 0.35 to =51 + 7 pA cm™2 was observed upon CA
co-immobilization, with FEs of 63 £ 2 and 74 +5 % in the absence and presence of CA co-

immobilization, respectively.

11
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Figure 3. The electrochemical performance and simulated local environment of FDh (40 pmol)
with and without CA (40 pmol) co-immobilization in 0.1 M MOPS solutions at 10 and 1% COs..
(A) Experimental and simulated current densities from constant potential electrolysis between
-0.3 and -0.6 V vs SHE for 0.1 M MOPS purged with 1% (blue) and 10% (orange) CO: at pH 7.
(B and C) Local concentrations of CO2 (orange), HCO3™ (blue) and pH (purple, right y axis)
within the porous electrode from FEM at all tested overpotentials in 10% (B) and 1% (C) purged
solutions. Local pH (D) and CO: (E) obtained from FEM at the highest tested overpotentials and
their relative impacts on enzymatic COzR. Solution conditions: 0.1 M MOPS containing 50 mM
KCI purged with 1 or 10% CO:2 and adjusted to pH 7.0 with NaHCO3 after gas equilibration.
Solid and hollow squares represent conditions with and without CA respectively.

In the absence of CA, the addition of MOPS reduces the pH increase within the elec-
trode compared to NaHCOs (pH 8.61 vs 7.15 and pH 8.65 vs 7.03 at —0.6 V vs SHE, bulk pH=
7.0). A slightly increased local pH was witnessed in the FEM when CA was immobilized (7.34 vs
7.15 and 7.10 vs 7.03 for 10 and 1% CO2 purged MOPS, respectively (Figure 3b—c)). The de-
pletion of CO2 within the porous electrode dominates the observed electrochemical response
(Figure 3d) and the minimal increase in local pH has little effect on the enzyme activity (Figure
3e). The addition of CA promotes the conversion of HCOs™ and H* into CO: to offset local sub-

strate consumption in MOPS containing solutions, increasing the local [COz2], reducing the

12



[HCO37] with only a small increase in the local pH (Figure 3b—c). This contrasts the activity of
CA observed in solutions without MOPS in which the large local pH increase promoted the re-
verse reaction to liberate H* and consume CO:2 to resist the pH change. The co-immobilization
of CA results in significantly elevated local CO2 concentrations (1.03 vs 0.29 mM and 66 pM vs
18 pM at -0.6 V vs SHE for 10% and 1% bulk COz2, respectively (Figure 3e)), causing a large

improvement in the rate of enzymatic CO:zR.

While the relative increase in local CO2 concentration is similar when CA is introduced at
10 and 1% COg2, the improvement in COzR current density is greater at 1% COz since the rate of
fuel production becomes more dependent on available substrate concentrations as purged CO2
levels decrease below the Km of FDh towards atmospheric concentrations. Much like the co-
localization of CA and RuBisCO within carboxysomes, fast CO2 hydration kinetics improve en-
zymatic COzR within the nanoconfined mesoporous electrode by increasing available COz con-
centrations through the utilization of HCO3™ as an indirect carbon source in well buffered solu-

tions that remove the requirement of the carbon pool to act as a buffer system.

Increasing pH to increase local total carbon concentrations

As CA consumes HCOs™ to increase local CO: levels, the concentration of HCOs™ becomes im-
portant to the performance of the system due to its contribution to the total inorganic carbon
pool. Since the bulk concentration of HCOz" is intrinsically linked to the concentration of CO2
and pH, HCOs™ levels are low in solutions purged with dilute CO2 and are further depleted within
the porous electrode when coupled to fast CO2 hydration kinetics serving to offset local sub-
strate consumption. In pH 7 MOPS, FEM shows that CA significantly reduces the HCOz3™ levels
within the electrode at 1% CO2 (0.59 vs 1.91 mM at -0.6 V vs SHE; bulk [HCO3™] = 1.96 mM)
(Figure 4a). Since the predicted local HCO3™ concentrations in 1% COz experiments are much

lower than the Km of CA for HCO3™ dehydration (8.3 mM), the consumption of HCO3~ within the

13



electrode pores begins to limit CA’s ability to replenish local CO2 concentrations during electro-

catalysis.*®
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(orange) and 1% (blue) bulk CO2 concentrations obtained from FEM at —0.6 V vs SHE and its
effect on CA activity (Kmncos-= 8.3 mM). (B) Local pH (purple) and concentrations of CO2
(orange) and HCOs™ (blue) obtained from FEM at —0.6 V vs SHE for 1% CO:2 at a range of bulk
pH with CA co-immobilization. (C) Experimental (points) and simulated (lines) current densities
for COz2R by FDh with CA co-immobilization at a range of bulk pH, showing an optimal at pH 7.5.
(D) Effect of bulk pH on simulated relative activities for CO2R by FDh with CA co-immobilization,
showing a shift in the optimal pH as the bulk CO2 concentration is reduced from 10% (orange) to

1% (blue) and 0.042% (atmospheric concentration, purple).
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As the concentration of dissolved CO: is fixed by Henry’s law and the [HCOz37] is de-
pendent on the pH equilibrium between CO2 and HCOs™ in solution (pKa: 6.28, Figure S7a), in-
creasing the solution pH shifts the CO2/HCO3s™ equilibrium by elevating dissolved HCOz3™ levels
while keeping dissolved CO2 concentrations relatively constant (Figure S7b). As a result, raising
the solution pH increases the total dissolved carbon pool available for CO2R ~10x per pH unit
when paired with fast CO2 hydration kinetics. This bulk increase gives higher local HCOs™ con-
centrations as a result of increasing the solution pH (Figure 4b). The increased local carbon
concentrations at higher bulk pH values act to increase activity, but the associated local pH in-

crease is detrimental to enzymatic CO2R (Fig. 3d).

To manage this tradeoff between local pH and local carbon concentration, the bulk pH
determined from FEM to optimize CO2R at 1% COqincreases to 7.5 (Figure 4c), a result con-
firmed experimentally. As CO2 concentrations are reduced, the bulk pH that leads to the great-
est improvement in enzymatic COz2R with CA present can be shown by FEM to move to more
basic values as the importance of increased substrate concentration outweighs the requirement
to optimize the local pH for optimal activity (Figure 4d). This improvement in enzymatic COzR is
contingent on the presence of CA as without fast COz hydration kinetics, the increased local
HCOs™ concentrations cannot be used to elevate local substrate concentrations and the more

basic bulk pH is merely detrimental to the activity of FDh.
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Atmospheric concentration CO2 reduction

When CO2 concentrations are further reduced to the ultimate goal of atmospheric concentra-
tions (420 ppm), optimization of the chemical environment within the porous electrode becomes
vital to the performance of the carboxysome inspired system. FEM identified an optimal pH of
7.75 to offer a 2.8x improvement in fuel production over pH 7 (Figure 4d), with a reduced MOPS
concentration of 25 mM to aid formate quantification. From the model, it was apparent that CA
acts to greatly increase the current density for COzR at atmospheric CO2 concentrations (7.8x at
the optimal of pH 7.75 and 3.7x at pH 7), and that the bulk pH should be optimized to provide
sufficient dissolved carbon without an overly basic pH that would reduce activity. At atmospheric
concentrations, the concentration of CO: is below that of CA, as such the steady state assump-
tions of the Michaelis-Menten equation may no longer be valid, however modelling of natural
carboxysomes have used unmodified Michaelis-Menten kinetics.*4*% At atmospheric CO2 con-
centrations, effective CO2R at quantifiable rates becomes exceedingly challenging, and in-
creased CO:2 hydration kinetics become crucial to its viability. To allow for quantification, FDh
loading was increased to 100 pmol and experiments were performed for increased times (48 h)
on TiO: electrodes (30 nm anatase, 12 + 0.8 um thickness, 0.196 cm?, Figure S8) that give neg-
ligible background currents in constant potential electrolysis (Figure S9) at the expense of poor

electrochemical performance at more positive potentials >-0.45 vs SHE.

While the experimental currents and charge densities were lower than simulated (Table
S3), the trends were closely matched, demonstrating that while the model is approaching its
useful limits for predicting the local environment and current densities it can still be highly bene-
ficial for system design and optimization. Formate production after 48 h with CA was determined
by IC quantification to be 0.22 + 0.008 umol cm™ with a FE of 29 + 7 at pH 7 and 0.69 + 0.04
pumol cm™2 with a FE of 37 + 4 at pH 7.75 at -0.6 V vs SHE. Product quantification was not pos-

sible without CA as the HCOO™ was below the quantification limit (13 uM, corresponding to for-
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mate production of 0.20 pmol cm™ in a minimized solution volume of 3 mL, Figure S10), how-
ever was detectable in pH 7 with a concentration above the detection limit of 4.2 uM (64 nmol
cm™2) but below the quantification limit. This fits the expected trend from the model and high-
lights the benefit of this carboxysome inspired approach to manage the local environment. While
the achieved current densities are low, these experiments demonstrate that CO2R at atmos-
pheric concentrations is greatly enhanced with higher dissolved HCO3s~ concentrations. This can
be used to increase local CO: levels and current density when coupled to fast CO2 hydration
kinetics to remove the kinetic limitation that prevents HCO3™ being utilized for enzymatic CO2R
at low CO2 concentrations. This offers insights to the development of future catalyst systems as
they approach the properties of enzymes, making the composition and availability of inorganic

carbon in solution vital to their effective performance when integrated into real world systems.

Conclusions

The strategies employed by cyanobacteria to optimize carbon fixation can be used to develop
effective systems for CO: utilization from low to atmospheric CO2 concentrations. The co-
immobilization of CA with FDh at concentrations comparable to the natural carboxysome allows
the fast interconversion of HCOz™ and COz, following the pH equilibrium. Without additional buff-
ers, CA does not improve the COzR activity as its presence leads to a lower local pH that in-
creases the FDh activity but is directly counteracted by the decrease in local CO2 concentration
that reduces the activity as the concentration drops below the Km. Additional buffers such as
MOPS are required to mitigate changes in local pH and prevent the increase in local pH that
drives the HCO3™/CO: equilibrium towards HCO3™. CA improved the current density when MOPS
was added to the solution, with a greater current density increase as the bulk CO2 concentration
decreased. This was due to an increased local CO2 concentration, as HCOz3™ can act to replen-
ish depleted CO2 without large local pH changes. By raising the bulk pH, the amount of dis-

solved inorganic carbon is increased, leading to increases in CO2R and demonstrating an ap-
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proach that can be used to mimic the carboxysome for atmospheric concentration CO2R. At at-
mospheric CO2 concentrations, CA co-immobilization at an optimal pH of 7.75 allowed quantifi-
able formate production of 0.69 + 0.04 umol cm™ for direct CO2R without preconcentration at
atmospheric concentrations. In this designed bioelectrochemical system, the co-immobilization
of CA and FDh within mesoporous electrodes mimics the nanoconfinement of CA and RuBisCO
within the carboxysome’s protein shell, and the alkaline pH mimics the cyanobacterial cytosol.
Together these interventions greatly enhance COzR at low CO2 concentrations minimizing sub-
strate depletion at the electrode. This carboxysome inspired strategy for the direct reduction of
CO:2 at atmospheric concentrations may advance the long-standing goal of atmospheric CO2R
by elevating substrate concentrations that can limit fuel production from low-concentration

sources.
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