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ABSTRACT: Carbon dioxide (CO,) can be converted to valuable HCOOH, .,
organic chemicals using light irradiation and photocatalysis. Today, ¢ ¢
light-energy loss, poor conversion efficiency, and low quantum EYENY B v i € 2 ¢
efficiency (QE) hamper the application of photocatalytic CO, ¢en o S oo >
reduction. To overcome these drawbacks, we developed an efficient COyaq) @ 3
photocatalytic reactor platform for producing formic acid
(HCOOH) by coating an iron-based metal—organic framework
(Fe-MOF) onto side-emitting polymeric optical fibers (POFs) and
using hollow-fiber membranes (HFMs) to deliver bubble-free CO,.
The photocatalyst, Fe-MOF with amine-group (—NH,) decoration,
provided exceptional dissolved inorganic carbon (DIC) absorption.
The dual-fiber system gave a CO,-to-HCOOH conversion rate of
116 + 1.2 mM h™! g_l, which is >18-fold higher than the rates in
photocatalytic slurry systems. The 12% QE obtained using the POF was 18-fold greater than the QE obtained by a photocatalytic
slurry. The conversion efficiency and product selectivity of CO,-to-HCOOH were up to 22 and 99%, respectively. Due to the dual
efficiencies of bubble-free CO, delivery and the high QE achieved using the POF platform, the dual-fiber system had energy
consumption of only 0.60 + 0.05 kWh mol ™', 3000-fold better than photocatalysis using slurry-based systems. This innovative dual-
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fiber design enables efficient CO, valorization without the use of platinum group metals or rare earth elements.
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1. INTRODUCTION

Greenhouse gases (GHGs) trap heat and lead to global
warming and severe effects of climate change." GHG increases
are mainly attributed to human activities, and the total GHG
emissions by the economic sector in 2021 were 6340 million
metric tons of CO, equivalents.” Carbon dioxide (CO,) is the
major GHG, and its capture before entering the atmosphere is
an important mitigation approach. Captured CO, from point
emission sources or via direct air capture (DAC) can be
geologically sequestered or converted biologically or via photo-
or electrocatalytic technologies into valuable chemical feed-
stock that can replace fossil feedstock.”

Photocatalytic valorization of CO, into organic chemicals,
mimicking natural photosynthesis, is a promising approach for
capturing and beneficially reusing CO,." The reduction of CO,
into one-carbon formic acid (HCOOH) or methanol
(CH;0H), two-carbon ethanol (C,H;OH), or longer-chain
organic products holds promise to replace petrochemical
sources or traditional agricultural processes.” Today, HCOOH
has emer(ged as a crucial precursor for value-added organic
products,” but the efficiency of CO, reduction to formic acid is
relatively poor” (typically higher than 10° kWh mol™ in
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photocatalytic-slurry reactions).® Developing a more efficient
and sustainable platform for CO, reduction to formic acid is an
essential step for CO, valorization.

While photocatalysis (PC) has the capability to harness the
entire solar spectrum, including ultraviolet, visible, and infrared
wavelengths, photocatalysts that respond to visible light are
preferred because visible light constitutes 45—50% of the solar
spectrum and the efficiency of irradiation from light-emitting
diodes (LEDs) is progressively increasing in the visible-light
spectrum,” which enables LED technology to be used in
nonsolar-based engineered reactor systems. Despite the recent
advances in photocatalysts, the reactor configuration for the
photocatalytic application (i.e., light-absorption plus con-
version of reactants to products) is still in an early
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Figure 1. Schematic illustration of photocatalytic HCOOH production in the dual-fiber reactor system, including polymeric optical fibers coated
with the NH,-MIL-101(Fe) photocatalyst and hollow-fiber membranes for CO, delivery.

phase.'"'* Current reactor configurations (i.e., slurry, photo-
catalytic film in glass, and membrane architectures) also limit
the effects of light-driven catalysis. Improvements in the overall
light-based conversion of CO, to beneficial organic carbon
products can be made in three categories: (1) material
properties of photocatalysts, (2) light delivery to the surface of
photocatalysts, and (3) CO, interactions with active sites of
the catalyst.”

Metal—organic frameworks (MOFs), a class of compounds
consisting of metal ions or clusters coordinated with organic
ligands to form one-, two-, or three-dimensional structures, are
visible-light responsive and increasingly being used in electro-
catalysis and photoreaction.'” As CO,-reduction catalysts,
MOFs have numerous advantages over common photo-
catalysts, such as TiO, and C;N,, in terms of physiochemical
properties: higher porosity, better thermal stability, a more
durable nanostructure, and better adsorption capacity for
CO,.">"*'° Among the MOFs, Fe-based MOFs have proven to
be highly effective for photocatalytic CO, reduction, out-
performing other isostructural MOF candidates (e.g.,, Cu-MOF
and Ni-MOF) and producing valuable organic products with
superior conversion efficiency.''® Photocatalytic CO, reduc-
tion should be improved even more by having a photocatalyst
surface with a higher CO, affinity. Decorating the Fe-based
MOF with the functional group —NH, creates a resonance
effect with the carbonyl group (C=0), which increases CO,
adsorption.'” Thus, we hypothesize that an NH,—Fe-based
MOF will enhance the CO,-reduction kinetics.
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For simultaneous light delivery and CO, interactions, most
catalysts have been evaluated in either slurry or coated flat-
plate systems with a high-power light source that irradiates the
entire liquid reactor in which CO,g) was delivered via
bubbling. We hypothesize that >10-fold improvements in
light conversion efficiency of CO, to a valorized product can
be achieved with a new photocatalytic reactor, the dual-fiber
reactor, illustrated in Figure 1. The dual-fiber reactor combines
a polymeric optical fiber (POF) onto which the MOF-based
catalyst is coated and hollow-fiber membranes (HEM)'® to
deliver CO, gas without bubble formation. Bubble-free
delivery of dissolved CO,(,) through HFMs enables close to
100%-efficient CO,,) transfer by eliminating CO, off-gassing
associated with bubble sparging.'” Compared to current
systems for catalysis with CO, delivery, the dual-fiber platform
should greatly improve light-harvesting efficiency; interactions
among molecular CO,(,q), photogenerated electrons (e7), and
protons (H*); and the catalyst reuse.'>*’

The aims of this study were to (1) integrate the
nanostructured NH,-MIL-101(Fe) onto the POF to improve
the light-harvesting and CO, adsorption ability; (2) quantify
photocatalytic CO,-to-HCOOH evolution and production
stability within the process; and (3) evaluate the quantum
efficiency and selectivity for carbon-based products. We also
discuss the research’s potential for scale-up and its environ-
mental implications.

https://doi.org/10.1021/acs.est.3c10274
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2. MATERIALS AND METHODS

2.1. Fabrication of POF-NH,-MIL-101(Fe). Poly(methyl
methacrylate)-polymeric optical fibers (POF, CK-120, 3.0 mm
diameter, refractive index of 1.49) were obtained from
Industrial Fiber Optics (AZ, USA). The parameters and
pretreatment process (i.e., polishing of the cut surface) were
the same as in the previous research.'* Figure S1 shows that
the cut surfaces on both sides of bare and modified POFs had
uniform surfaces that reproducibly transmitted light into the
lumen of the fiber.

NH,-MIL-101(Fe) was attached to a POF by a dip-coating
method using a prepared slurry of the MOF. NH,-MIL-
101(Fe) was prepared by following previously reported
procedures with some modifications, and the characterization
methods (i.e., XRD, FTIR, XPS, UV—visible, UPS, and SEM)
are described in Figures $2—S7."** A well-dispersed slurry
with concentrations from 1 to 10 g L™' was produced by
adding fixed NH,-MIL-101(Fe) masses into 30 mL of
isopropanol containing 15% of a 5% Nafion polymer solution;
this mixture was stirred and sonicated for 2 h in an ice bath.
As-received POFs were dip-coated into the NH,-MIL-101(Fe)
solution for 2 seconds, followed by oven-drying for 2 min at 60
°C, rinsing with DI water, and drying for 12 h at 60 °C. The
modified POFs were decorated with NH,-MIL-101(Fe) using
dip-coating twice into NH,-MIL-101(Fe) slurries, with
concentrations ranging between 0 and 10 g L™'. MOFs were
well affixed to the POF surface in a semiporous coating, similar
to other nanoparticle-coated POFs."'® Mass loadings (ug cm™?)
of iron (Fe) ranging from 10 to 56 ug cm™> (Table S1) were
quantified by ICP-MS.

2.2, Membrane Carbonation Using Hollow-Fiber
Membranes. To deliver bubble-free CO, into the reactor, 8
composite hollow-fiber membranes (200 ym inner and 280 um
outer diameter with 15 cm length; Model MHF 200TL,
Mitsubishi Rayon, Japan) were bundled together at both ends
using polyurethane tubing (1/4 inch diameter, Surethane NSF-
51, ATP, USA) (details are in Supporting Information). Prior
to use, fiber bundles underwent a leak test at 10 psig
(corresponding to 24.7 psia or 1.68 atm) of N, gas by
submerging the fiber bundle in the DI water. For quality
control of bundle fabrication, the gas flow of tested bundles
(Alicat, USA) was verified; gas flow was 318 + 59 cm® min™"
obtained at the open end of the hollow-fibers with 10 psig of
applied N, gas. 100% CO, gas was delivered through the
hollow-fiber membranes at various gas-supply pressures.
Following a previous study,” the CO, flux (mg-C min™")
was obtained using an 8-fiber membrane bundle at desired
pressure supply from 2 to 10 psig with 100% CO, (Matheson,
Phoenix) and conducted in an independently duplicate setting.
The net inorganic-carbon increase within a 1 h time window
was quantified by the Total Organic Carbon analyzer
(Teledyne Tekmar Lotix, USA), and the transfer rates of
0.15-0.39 mg-C min~' corresponded to 2—10 psig,
respectively.

2.3. Light Utilization Efficiency of POF-NH,-MIL-
101(Fe). Photon irradiance was measured at multiple locations
for the optical fiber, including total light input, the refraction of
light side-emission, and light transmission (Figure S8). Light
was delivered into the POF using a monochromatic LED light
(3.0 W, A = 440 nm, Uxcell, China) with an applied voltage of
54 V and a current of 0.55 A. Light-energy intensity (uW
cm™2) was measured every 2 cm apart by a spectrophotoradi-

ometer (Avantes AvaSpec-2048 L, Louisville, CO, USA)
equipped with a 600 pm jacketed silica fiber optic cable
(FC-UV600—1-ME-SR) and a cosine corrector (CosC)
attached to collect light using a radiometer (CC-UV/vis/
NIR-8MM). Details of the light measurements are provided in
Text SS. All measurements were performed using triplicate
fibers.

Intensity denotes the directional energy density of a light ray
(uW cm™?), calculated by multiplying the energy density by
the velocity vector of the light. Power, on the other hand, refers
to the radiant or intensity flux received on a surface or the
cumulative energy of each photon collected on a surface.
Therefore, eq 1 embodies a conservation of power based on
intensity (4W cm™) and the areas irradiated:

PAbs(barePMMAPOF) =hL-P-K-F (1)

where P, and Py are the power (4W) entering and exiting (at
the 20-cm distal end) the POF (Figure S8A). Py and Py are
calculated from the measured irradiance entering (I,) and
exiting (Iy) the 20-cm long POF multiplied by the POF cross-
sectional area (7r?). Pg is the scattering power due to side
emission on the outer POF surface, where the photocatalyst is
located. P is calculated by integrating the area under the curve
of side-emitted light scattering intensity (I5,) measured every 2
cm along the 20 cm fiber length (x from 0 to 20 cm) using
Origin 2018 version b.9.5.0.193, and then accounting for the
outer surface area (27r) of the fiber where the catalyst is
located; the POF diameter is 3 mm (r = 0.15 cm). The
percentages of power and intensity for the entire POF length
are provided by eq 2 through eq 4:

B=Pr=R=R 00%
B (2)

=20
27rrfx CmI
X

=0 cm S,

PAbs(bare PMMA POF)(%) =

R
I(%) & = X 100% =

X 100%
1) R (3)
P P —Py, —PR—P
I,(%) & =2 x 100% = 20— —Abs 75 T 100%
U
R, R

(4)

Where some energy is lost due to absorbance within the
PMMA material of the POF (Pyps(bare pvma por) (%)), while
other energy is scattered or utilized by the catalyst. Catalysts
are activated by the intensity of light, and irradiance signifies
the radiant flux over a real surface (W cm™2). Therefore, we
consider the percentage of irradiance, as conservation relies on
the intensity of each wave, for the amount of side-emitted light
(Is(%)) or light utilized by the photocatalyst (I(%)), which
are approximately equivalent to the ratios of Py or Py to P,
respectively.

2.4. Integrated Dual-Fiber Reactor System for Photo-
catalytic HCOOH Generation. Photocatalytic HCOOH
production was evaluated in a photocatalytic dual-fiber reactor
(Figure 1) that combined the modified POF and HFMs in two
parallel and connected glass columns (0.8 cm diameter; 18 cm
reactor length), each having a 10 mL total volume. One 20-cm
long bare or coated POF (i.e., 20.7 cm® of outer surface area)
and a ~15-cm long HEM bundle were mounted in separate
glass columns and connected using Versilon A-60-N tubing
(Masterflex, MFLX06404-25). Ultrapure water (18.2 MQ cm,
pH ~ 7.1) in the column was purged with N, gas for 2 h to
remove dissolved oxygen before placing the water into the
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Environ. Sci. Technol. 2024, 58, 13717—-13725


https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10274/suppl_file/es3c10274_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10274/suppl_file/es3c10274_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10274/suppl_file/es3c10274_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10274/suppl_file/es3c10274_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10274/suppl_file/es3c10274_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10274/suppl_file/es3c10274_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10274/suppl_file/es3c10274_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c10274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

a
Bare PMMA POF

[ —
Tmm

F Kal,2

N Kal,2

O Kal

O Kal

Figure 2. SEM images and EDS elemental mappings of (a) uncoated POF and (b) POF-NH,-MIL-101(Fe) (34 ug cm™).

reactor. The reactor was continuously mixed by circulating
water through the reactor system at a flow rate of 130 mL
min™' (Master Flex pump, model 7520-40, Cole-Parmer
Instrument Company, USA). The experiment had a 2 h
duration, and 1 mL liquid aliquots were collected from the
reactor every 30 min (the reaction volume was reduced ~8%
after all samplings) and analyzed for pH (i.e., maintained at
~3.8) and HCOOH,,). pH was measured using a calibrated
Lab 860 pH meter (Schott, Germany). Gas samples were
collected from the headspace/gas bag with a 1 mL GC syringe
and analyzed for CO, and H,,). For selected experiments,
potassium iodide (10 mM, KI) as an electron donor
(electron—hole scavenger) was added to the initial deoxy-
genated water to give 3 mM KI as the final concentration;
adding KI was used to gain an understanding of hole
scavenging on photocatalytic CO, reduction.”

2.5. HCOOH, CO,), €O, and H,y Measurements.
Formate was quantified by ion chromatography (IC). 1 mL
samples were filtered using a 0.2-um polyvinylidene fluoride
filter prior to IC analysis (IC 930, Metrohm). The IC had a
Metrosep A Supp 5-250/4.0 column and was run with an
eluent of 1-mM sodium bicarbonate (NaHCO;) plus 3.2 ppm
sodium carbonate (Na,COj;) at a flow rate of 0.7 mL min™".
Gaseous products (CO(y), COyy), and Hy,)) were analyzed
with a gas chromatograph (GC) (Shimadzu GC 2010)
equipped with a thermal conductivity detector (TCD) held
at 200 °C. The packed column (Carboxen 1010 PLOT, 30 m
length) having a 0.53-yum inner diameter was operated
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isothermally at 230 °C and with ultrahigh purity argon
(>99.999%) as the carrier gas at a flow rate of 40 mL min~".
The gas volume in the Teflon bag was measured by a 60 mL
gastight syringe. The concentrations of gas samples were
utilized to calculate each value in grams using the ideal gas
equation.

2.6. Performance Metrics. The quantum efficiency (@)
for photocatalytic HCOOH generation was calculated from

CHCOOH

D (%) =
QE( 0) mo

X 100%
(5)

photons

where Cycooy is the number of moles of HCOOH generated
and mol,n, is the moles of photons launched into the fiber;
details on the computation are provided in Text S4.

The selectivity of CO, reduction to produce different
carbon-based products considered two products (HCOOH
and CO) based upon the following reduction half-reactions
6and 7 vs normal hydrogen electrode (NHE):*®

CO, +2H" +2¢” - HCOOH E’ = —0.61 V vs NHE
(6)

CO, +2H" +2¢” - CO E° = —0.53 V vs NHE (7)

The total carbon delivered to the system was calculated
using

https://doi.org/10.1021/acs.est.3c10274
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slurries is summarized in Figures S9 and S10 and Table S2.

Total carbon (TC, g)

= (CO, flux (C, gh™") x duration (h) (8)

where CO, flux (C-g h™') was obtained using an 8-fiber
membrane bundle at the specified pressure, as described in
Section 2.2. Additionally, the gaseous samples were quantified
for their concentrations with GC, as described in Section 2.5.
No other carbon-containing compounds were identified by
HPLC (Shimadzu, Japan) equipped with an Aminex HPX-87H
column. All species for the carbon mass balance were
converted to the unit of grams C. The mass of aqueous CO,
at the end of the 2-h experiments was computed by the
difference (all terms are in g C): C—CO, () = Total C
delivered (from the 2-h CO, delivery capacity)™ — C-formate
(from IC concentration multiplied by the liquid volume) —
C—CO4,)/COy, (from the headspace CO, concentration by
GC multiplied by the gas volume).

The conversion efficiency (%) for photocatalytic CO,
reduction was also quantified for HCOOH and CO using
the following relationships:

HCOOH conversion (%)
produced HCOOH(aq)(g C)

= X 100%
produced Total carbon(g C) 9)
CO conversion (%)
produced CO,\(g C)
- (08 X 100%
produced Total carbon (g C) (10)

The energy consumption of photocatalytic CO,-to-
HCOOH (kWh molycoo™ ") was computed from

kW X t

m

Energy consumption (kWh mol™!) = (11)
where kW is the light energy utilized by the photocatalytic
layers, t is the time (hour), and m is the mole of HCOOH.

3. RESULTS AND DISCUSSION
1. Characterization of POF-NH,-MIL-101(Fe). The

characteristics of amine-functionalized Fe-based MOF, encom-
passing crystalline structure, functional groups, element states,
band gap, and SEM analysis, are illustrated in Figures S1—S7.
The morphologies and particle sizes of pristine NH,-MIL-
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101(Fe) and POF-NH,-MIL-101(Fe) were characterized by
SEM and EDS. Figures 2 and S1 show electron-microscope
images with elemental distributions for the exterior surface of
uncoated POF and POF-MIL-101(Fe). The surface of bare
POF contained only O, F, and C, since the two elements form
the basic composition of the PMMA polymer with a
fluorinated cladding layer (Figure 2a). The POF coated with
NH,-MIL-101(Fe) indicated a uniform surface coverage of Fe
and N (Figure 2b). Results of Fe quantification by ICP-MS are
described in more detail below but ranged from 0 on the bare
fiber to 34 g cm™ for the MOF-coated POF (i.e.,, POF-NH,-
MIL-101(Fe)). Characterization of multiple fibers provided
reproducible results. Overall, the dip-coating process success-
fully produced POF-NH,-MIL-101(Fe) that could be used in
the dual-fiber reactor system (Figure 1).

3.2. Optimizing Light Utilization through NH,-MIL-
101(Fe) Coating. Photocatalytic activity capable of convert-
ing aqueous inorganic carbon to organic carbon is driven by
the delivery of visible light to the surface of the POF on which
NH,-MIL-101(Fe) is embedded. The bare fiber side emits
light because of refractive index differences between the
PMMA cladding. When the MOF is applied to the fiber
surface, it enables the absorption and utilization of light by
NH,-MIL-101(Fe), as illustrated in eqs 1 and 2. Figure 3a
shows intensities of side-emitted 440 nm light along a 20 cm
length of POF with different NH,-MIL-101(Fe) loadings. Bare
POFs exhibited a side emission of 11 W cm™ at the proximal
end, and it exponentially declined along the 20 cm length to 1
UW cm™? at the distal end. For a POF loaded with 10 g cm™
NH,-MIL-101(Fe), the side-emission light intensity increased
to 21 gW cm™ at the proximal end and 1 yW cm™ at the
distal end. A higher NH,-MIL-101 loading (i.e., 34 ug cm™2)
led to increased side-emitted light, with values reaching 57 W
cm™? at the proximal end and 3 yW cm™ at the distal end. The
observed enhancements in side emission can be attributed to
alterations in the refractive index and/or the introduction of
additional Rayleigh scattering at the POF— water interface
resulting from the NH,-MIL-101(Fe) coatlng

The highest Ig(%) and optimal light utilization (Iy(%)),
calculated by eq 4 and depicted in Figure 3b, indicate that a
mass loading of 34 yg cm™ NH,-MIL-101(Fe) yielded 31% I
and 21% I,. Notably, the trends in Ig(%) and Iy (%)
consistently showed that excessive photocatalyst loading
compromised both metrics. The alignment of Ig(%) and
Iy(%) results underscores that an optimal mass loading
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maximized side emissions, thus contributing to increased
photon utilization. The highest values for Ig(%) and I (%)
were attained with the 3-cycle coating, resulting from the
deposition of 34 pg cm™ NH,-MIL-101(Fe). Therefore, we
denote 34 ug cm > of NH,-MIL-101(Fe) as the “optimized
loading for light utilization”.

3.3. HCOOH Production. The dual-fiber reactor success-
fully generated high yields of HCOOH. Figure 4 demonstrates
that the photocatalytic generation of HCOOH, CO, and H,
occurred only for MOF-coated POFs; no other carbon
products were identified. Figure 4a illustrates the rapid
formation of formic acid with rates varying according to
MOF loadings. The kinetics of formic acid production were
well represented by pseudozero order kinetics, and Table S3
summarizes values of the best-fit zero-order rate constant (k).
The normalized k values in Figure 4b reveal maximum
photocatalytic activity for the 34 pug cm™ mass loading of
POF-NH,-MIL-101(Fe), which is consistent with the highest
values for I3(%) and Iy(%) shown in Figure 3. The maximum
formic-acid-production rate reached 82 mM h™' g7,
approximately twice as high as rates observed for the mass
loading of 56 pg cm™ NH,-MIL-101(Fe). Thus, the same
mass loading (34 pg cm™) that was optimized for light
utilization also resulted in the maximum rate of formic-acid
production.

The maximum photocatalytic activity of the POF-NH,-MIL-
101(Fe) was 18-fold higher than the rate (~5 mM h™'g™") for
a slurry containing NH,-MIL-101(Fe) catalyst (i.e., the same
catalyst weight coated on the optical fiber) under identical
reactor configuration and irradiation conditions (Figures S and
S11). The slurry approach, wherein complete mixing occurred,
resulted in the continuous movement of photocatalysts in and
out of zones where the photons were delivered into the water.
The optimized activity of POF-NH,-MIL-101(Fe) was about
1.8-fold higher than the rate obtained from loading of 39 ug
cm™? without R-NH, decorating (i.e., MIL-101(Fe)), indicat-
ing that the pivotal role of the amine groups improved CO,(,q)
capture, thereby enhancing the adsorption of the carbonyl
group (C=O0) and facilitating the photocatalytic reduction. In
contrast, MIL-101(Fe) catalysts lacking —NH, modification
showed inferior performance.

The net effect of the enhanced and consistent irradiation of
the MOF on the POF led to the dual-fiber system achieving a
remarkably high quantum efficiency (QE). The QE was 12%
for the POF with optimal loading conditions, which surpassed
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Figure 5. HCOOH generation of POF-NH,-MIL-101(Fe), POF-
MIL-101(Fe), and a photocatalytic NH,-MIL-101(Fe) slurry
reaction. Irradiation was from a 3-W LED at 440 nm.

the QE obtained from photocatalytic slurry from other
photocatalysts (e.§., Au/TiO,, ZnS, or Cu,0) by 1.2- to 60-
fold (Table S4).%*"~*° Notably, energy consumption with the
optimal condition was only 0.6 kWh mol™'coon, which was
about several magnitudes lower than photocatalytic CO,
reduction in a slurry for other catalysts (Table $4).%*77%°
Higher energy-conversion efficiencies were achieved through
the dual efficiencies of CO, delivery via the gas-permeable
membrane, which prevented the loss of CO, from water, and
through the high quantum yield achieved using the POF
platform.

The POF with the optimal MOF loading had good
reusability for CO, reduction. As illustrated in Figure S12,
consistent formate generation occurred over five sequential
tests, each having a 2-h duration. The calculated k values for
HCOOH production were similar for each cycle (p > 0.05).
While additional testing will be required to assess the long-
term stability of the MOF over months or years of operation,
the results in Figure S12 document the reusability of NH,-
MIL-101(Fe).

Formate was the dominant product, although other reduced
gases (i.e, CO and H,) were generated during photocatalytic
CO, reduction. For the optimal mass loading (34 ug cm™?),
the production curves of CO and H, (Figure 6a) were linear,
reaching maximum concentrations of 1.4 X 107> and 2.5 X
107> mmol, respectively. As the conductive-to-valence band
gap of NH,-MIL-101(Fe) was not compatible with the water
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oxidation potential,’’ O, evolution did not occur during the
photocatalysis. On an electron basis (mmol electrons per eqs 6
and 7), the optimal fiber system was 34- and 19-fold more
selective toward HCOOH than toward CO and H,,
respectively. Figure 6b, which presents the carbon mass
balance, shows that 12.7% of the CO, transferred from the
membranes was routed to HCOOH, with CO only 0.2%;
COjy(aq) and COy(,) accounted for 87.0 and 0.1% of the total
input carbon, respectively. Thus, the CO,-supply rate (0.39
mg-C min~') exceeded the photocatalytic CO,-reduction
capacity.

In order to enhance the conversion of CO, to HCOOH, we
varied the CO,-supply pressure within the range of 2—10 psig,
which gave delivery capacities ranging from 0.15 to 0.39 mg-C
min~". Also, we performed experiments in the presence of
potassium iodide (KI), an electron—hole scavenger that should
reduce the oxidation of formic acids by electron holes. The
introduction of potassium iodide (KI) enhanced the HCOOH-
production rate, increasing it from 82 to 116 mM h™' g™
(Figure 4a vs Figure 6a).

Figure 7a show that the highest HCOOH-production rate
(116 mM h™" g7'; k = 3.5 X 107* mM s™") was achieved with
the 10 psig CO, gas pressure. Notably, this rate is >2.7-fold
higher than the value operated at 2 psig (k = 1.9 X 10~* mM
s7h). CO,y(yq) concentration was a key factor for the formate-
production rate, and no formate was generated without a CO,
supply (Figure S13). Carbon transfer efficiency (CTE) affects
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how much CO,;) must be supplied to attain a given aqueous
COy(aq) concentration. In general, commercial spargers can
achieve 20—40% CTE, while hollow-fiber membranes can
approach 100% CTE for medium pH near or above
neutral.>>** Bubbles formed by spargers can have the added
disadvantage of disrupting the catalytic reaction by dispersing
the light.

Figure 7b reveals that the highest carbon-conversion
efficiency (23%) of CO, to HCOOH was obtained with 3
psig of CO, (0.2 mg-C min™"), and the efficiency dropped to
17% at 10 psig (0.39 mg-C min~') (Table SS). As the water
did not have a buffer to maintain the pH, a low pH of 3.8—4.0
developed during CO,(g) delivery. The low pH led to CO, off-
gassing, which lowered the carbon-transfer efficiency.

4. ENVIRONMENTAL SIGNIFICANCE

Through coupling a POF coated with NH,-MIL-101(Fe) for
catalyzed CO, reduction and hollow-fiber membranes for
efficient CO, delivery, the dual-fiber system gave a high-rate
CO,-to-HCOOH production, reaching as high as 116 mM h™"
g~'. This rate is 25-fold greater than any corresponding value
observed in a photocatalytic slurry system. The optimized
condition achieved a 12% QE, which was about 18-fold higher
than the QE obtained from photocatalytic NH,-MIL-101(Fe)
in a slurry reactor. The optimal NH,-MIL-101(Fe) mass
loading on the POF for formic acid production corresponded
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to the loading that achieved the highest Ig(%) and I;(%). This
correspondence reinforces that a primary benefit of the optical
fiber is superior light delivery to the photocatalysts because
coating MOF photocatalysts on the POF surface enabled
continuous exposure to light without relying on light
penetration through the water column or reactor wall, as in
slurry systems. In addition, the I3(%) and I;(%) from and with
the POFs were correlated with CO, conversion, because an
optical fiber with high side-emission allows more photons to be
emitted across the cladding along the length of fibers, which
led to higher quantum efliciency for CO, reduction. The
hollow-fiber membranes provided effective bubble-free CO,
delivery that enabled simple and robust control of the CO,
mass transport that could be synchronized with the CO, flux
needed to reduce CO, to HCOOH; the selectivity to
HCOOH was up to 99%.

Scaling up the dual-fiber reactor can be optimized by
increasing the specific surface areas of the MOF-coated POF
and hollow-fiber membranes. The former can increase the
volumetric production rate,”* while the latter can match the
CO,-delivery rate to the CO,-reduction rate while also
maintaining high selectivity for HCOOH. Another strategy
for improving performance would provide a pH buffer that
does not allow the pH to decline, which allows CO, off-
gassing. Finally, real-world application will not be with
ultrapure water, prompting the need to examine limitations
(e.g., fouling) and opportunities (e.g., pH buffering) associated
with different water qualities.
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