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Abstract

A light-management system consisting of a Al-doped ZnO (AZO) film layer was
combined for the first time with different bio-photocathodes (Serratia marcescens Q1
electrotroph immobilized on ¢-C3sN4, MnFe, O, or MnFe, O, /g-C3Ns) to
significantly enhance acetate production from bicarbonate in photo-assisted microbial
electrosynthesis systems (MES). The AZO light-management system exhibiting
optical properties independent of the light incident angle mitigated the shielding effect
of light by electrotrophs, increasing light trapping and decreasing light reflection,
ultimately allowing higher rates of photon absorption and redistributions of photons
over the photo-active layers. As a result, more reducing equivalents as Hz produced
up to 242% (g-C3N4/AZO-filter) and 543% (g-C3N4/AZO) increase in acetate
production at coulombic efficiencies of 70% (g-C3N4/AZO-filter) and 81%
(9-C3N4/AZO). The record high solar-to-acetate efficiency obtained with the
MnFe, O, /g-C3sN4/AZO biocathode was 3.20%. The light-management system
proposed in this study opens a new promising way to construct efficient

bio-photocathodes for inorganic carbon reduction in photo-assisted MES.

Keywords: microbial electrosynthesis; photocatalysis; light-management; Al-doped

ZnO; solar-to-acetate



1 Introduction

Photo-assisted microbial electrosynthesis (MES) has been proposed as an
innovative process for reducing inorganic carbon to key-block chemicals such as
acetate, further contributing to achieve a sustainable circular economy based on
carbon neutrality [1-4]. Various MES based on hybridized bio-photoactive cathodes
combining photocatalysts with electrotrophs such as Moorella thermoacetica-CdS [1],
Sporomusa ovata-Si nanowires/TiO2/Ni [3] and Serratia
marcescens-WO3/MoOs/g-CaNs [5], have successfully demonstrated the efficient
production of acetate from bicarbonate or CO,. Most of the existing
bio-photocathodes are biomimetic or nature-inspired [2,3] and have been engineered
by intimately contacting the microbial electrotroph with the photocatalyst interface.
However, in such systems the inorganic photocatalyst immobilized on the electrode
cannot efficiently absorb the incident light, due to the shielding effect by the dispersed
microbial layer. As a consequence, the production of acetate in photo-assisted MES
has been limited in term of solar-to-fuel efficiency [4,6].

Recent studies have shown that effective light management in optoelectronic
devices such as photoelectrochemical cells and thin-film photovoltaic cells is a key
aspect for producing high system efficiencies [7-10]. With regards to photocatalytic
bioelectrodes, it is essential that the light management substrates deliver high light
transmittance and optimal optical haze, as well as excellent electrical conductivity, to
efficiently trap the incident light and consequently transfer the photoinduced charge to

the interface [6,8,11]. For this purpose, transparent conductive oxide thin films (such
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as TiOz [12,13], Al-doped ZnO (AZO) [14], In203 and F-doped SnO- [12,13]) have
been widely used as transparent electrode materials with light management ability in
photoelectrochemical cells and dye sensitized solar cells due to their high optical
transparency, excellent electron mobility and appreciable high conductivity [12-14].
Among these transparent conductive materials, TiO, and AZO have shown more
promising application than In,Os and F-doped SnO2, due to their higher chemical
stability and lower resistivity, whereas the highly tunable optical haze of AZO makes
it an attractive light management candidate to supplement the transparent electrode
field [12,13]. However, to the best of our knowledge, the application and the
evaluation of light management techniques in photo-assisted MES has yet to be
reported.

Herein, by taking the AZO film as a light-management example and graphitic
carbon nitride (g-C3N4) [15,16] as the photocatalytically active layer, we investigated
the role of light management films in photo-assisted MES to provide a strategy to
minimize the light shielding obstruction of the immobilized electrotroph (the
nonphotosynthetic S. marcescens Q1 [5,16]) towards the photocatalytically active
g-CsNg4 layer. The high optical transparency and suitable optical haze of the AZO
light-management film with optical properties independent from the angle of the
incident radiation is expected to enhance the transmission of photons through the
biocathode, thus increasing the photon flux reaching the g-CsN4 active layer, hence
producing more photoinduced reducing equivalents for inorganic carbon reduction

into acetate. The photocatalytic performances of MnFe, O, and MnFe, O, /g-C3N4
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heterojunction biocathodes were also evaluated using the AZO film as an effective
light management layer, to demonstrate the general applicability of the
light-management film proposed here in MES, providing an ideal strategy for

delivering efficient acetate production in photo-assisted MES.

2 Materials and methods
2.1 Preparation of photocathodes

The g-C3sN4/AZO photocathode was prepared through a conventional sol-gel
method [17,18]. Briefly, zinc acetate (99.9%) was firstly added in 100 mL of
isopropanol (99.8%) with 0.5 h stirring to obtain a concentration of 0.5 M. An
equimolar quantity of ethanolamine as sol stabilizer was then added dropwise until the
above solution became transparent. After stirring the mixture for 1 h at 80 °C
Al(NO3)3-9H20 (99.9%) was further dissolved into the mixture to obtain Al/(Zn+Al)
= 2 atomic %. The precursor solution was aged for 36 h and then a specific amount of
g-CsN4 was dispersed in above solution with 0.5 h ultrasonication. Next, a glass
substrate (2.0 x 2.0 x 0.1 cm, Guluo Glass Co.Ltd, Henan, China) was first immersed
into the mixture, remaining inside for around 1 min and then it was extracted with a
constant velocity of 1 cm/s and further dried in an oven at 150 °C for 15 min. The
dip-coating and drying process was repeated several times in order to produce a film
with considerable thickness. The film was finally annealed at 400 °C for 1 h to
produce the g-C3N4/AZO photocathode. AZO only and g-CzNa4 only photocathodes

were also prepared following the above procedure without the addition of g-CsN4 or
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zinc acetate.
The synthesis of MnFe,04/AZ0 and MnFe204/g-C3aN4/AZO photocathodes were
based on our previous report [19] with modification and briefly described in

Supporting Information (SI).

2.2 Characterizations

The phase identification was studied by X-ray diffraction (XRD) using a powder
X-ray diffractometer (XRD-6000, Shimadzu, Japan) with Cu Ka radiation. Surface
composition of the sample was analyzed by X-ray photoelectron spectrometer (XPS,
ESCALAB250, Thermo, USA). UV-vis diffuse reflection (UV-vis DRS) and other
optical properties were characterized by a Lambda 750 S UV-vis spectrophotometer
(Perkin-Elmer, USA). Photoluminescence (PL) spectra were measured on a
fluorescence spectrophotometer (F-4500, Hitachi, Japan). The morphology of the
photocathode was examined by a scanning electron microscopy (SEM, Nova
NanoSEM 450, FEI company, USA) equipped with an energy dispersive X-ray
spectroscopy (EDS). High-sensitivity flow cytometry (Accuri C6 Plus, BD company,
USA) was employed to assess the electrotrophic viability. Transient photocurrent
response was collected by an electrochemical analyzer with 0.1 M NaSOs electrolyte
under light illuminance. Differential pulse voltammetry (DPV) was recorded on an
electrochemical workstation (BioLogic, VSP, France) with a scan rate of 0.1 mV/s. In
order to exclude any possible false-positive results due to supporting electrolytes or

other electroactive considerations, abiotic controls were specifically performed.
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Electrochemical impedance spectroscopy (EIS) was conducted at a frequency range
from 0.01 to 100 kHz at -1.1 V vs. SHE with an amplitude of 5 mV, where a
Zsimpwin software was employed to acquire the Nyquist plots of the impedance
spectra. The selected equivalent circuit (Fig. S1) fitted to the photo-assisted MES,
provided sufficient information on the surface and material properties of the
electrodes, on the electron transfer mechanisms and on the electrotroph metabolism.
Specifically, the ohmic resistance (Rs) includes a series of resistances associated with
the ohmic transport in the electrolyte (including but not limited to ionic strength and
conductivity), and other contact effects (including but not limited to
equilibrium-equivalence), as comprehensively described in several studies [20-22].
Photocurrent, DPV and EIS were using a typical three-electrode cell with a
working electrode, a Pt counter electrode, and a saturated calomel reference electrode

(SCE, +0.241 V versus standard hydrogen electrode (SHE)) reference electrode.

2.3 Reactor construction, electrotroph inoculation and operation

A typical two-chamber reactor separated by a cation exchange membrane
(CMI-7000 Membranes International, Glen Rock, NJ) was constructed with internal
volumes equal to 28 mL (26 mL effective working volume) in each chamber. The
g-CsN4/AZO was used as cathode, while a carbon rod along with pieces of graphite
felt (0.5 cm x 0.5 cm x 0.5 cm) served as the anode. A SCE was inserted into the
cathode chamber. All potentials were recorded versus SHE unless specified.

The anode chamber was inoculated from a microbial fuel cell running on acetate
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and fed by a nutrient solution [23], while the cathode chamber was inoculated with
non-photosynthetic electrotrophic S. marcescens Q1 which could efficiently reduce
inorganic carbon to produce acetate as previously reported [5]. The catholyte
contained NaHCO3 (23.8 mM), KH2PO4 (0.09 mM), NH4Cl (2.1 mM), mineral 0.6
mL/L and vitamins 0.6 mL/L with the pH of 5.8, whereas an ODeggo of 0.05, 0.20, 0.35
or 0.50 was employed to inoculate the cathodic chamber. The solution conductivity
was adjusted to 103 mS/cm by KCI to form a halophilic environment which has been
proven to favor the bioactivity of the halophilic bacteria Serratia marcescens for
inorganic carbon reduction [2,5]. The anaerobic catholyte was bubbled with N2 gas
(15 min) in an anaerobic glovebox (YQX-II, Xinmiao, Shanghai) to remove all
oxygen before adding to the MES reactor. All reactors were kept at 25 + 3°C with
cathode potentials of -0.6 V, -0.9 V or —1.1 V vs. SHE to investigate the impact of
cathode potential on system performance. A 100 W iodine tungsten lamp (light
intensity of 23.3 m\W/cm?) was used to provide the full spectrum photon flux (Fig. S2)
simulating solar light, while experiments with visible light only (named as
g-CaN4/AZO-filter or g-CsNs-filter) were conducted under similar procedures, but
using a 400 nm UV-cut filter. The schematic diagram of the photo-assisted MES is
shown in Fig. S3. The stability of g-C3N4/AZO photocathode was evaluated over 12
days operation, with periodical supply of NaHCO: to maintain the initial
concentration of inorganic carbon at 23.8 mM. All data were recorded after the first

operational cycle and all operations were carried out in triplicate.



2.4 Analytical methods

The acetate produced in the catholyte and the residual hydrogen in the cathodic
headspace were measured by a gas chromatograph (GC7900, Tianmei, China). The
residual inorganic carbon (DZ/T 0064.49-93) and leached Zn (GB 7472-87) in the
catholyte were measured by the national standard method. The coulombic efficiency
for acetate production (CEacetate) and the solar-to-acetate efficiency (&) were obtained

through Eqgs. 1-2 [3]:

8XxXn, XF
CEacetate = —3—— X 100% (1)
J, Iat
8XE°Xn, XF
§= X 100% (2)
E, XxAXt

where na (mol) is the mole of acetate, F (96485 C/mole electron) is the Faraday
constant, | (A) is the current, E° is the thermodynamic reduction potential to acetate,
Ep, (W/cm?) is the incident photon irradiance, A (cm?) is the projected area of the
cathode, and t (s) is the operation time.

Differences were analyzed by ANOVA in SPSS 19.0 and a p value < 0.05 was

regarded as statistically significant.

3 Results and discussion
3.1 Enhanced photoelectrocatalytic performance by the AZO film

The AZO film exhibited a high transmittance of about 93% (Fig. 1A) and an
optical haze over 71% (Fig. 1A) with a low reflectance of less than 5% (Fig. 1B),

which translated to enhanced light absorption (Fig. 1C) and decreased light reflection
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(Fig. 1B) of the active layer. After detaching the AZO film from the glass substrate by
a scotch tape [24] the high transparency and haze peculiarities of the AZO film were
visualized by the clear image obtained (Fig. S4A) as the film closely attached to the
printed picture [6,24]. As the distance between the film and picture increased cloudier
images were progressively obtained due to the high haze which scattered the light
transmitted through the film (Fig. S4B and C). The high transmission haze of the film
was further visualized by the highly scattered and diffused light observed when a red
laser (A= 630 nm) irradiated the screen after passing through the AZO film (Fig. S4D)
[24]. In contrast only a small area was illuminated in the bare glass control (Fig. S4E)
due to the extremely low haze of the glass substrate (about 1%) [9,24]. The scattering
phenomena observed through the AZO film dispersed the light distribution in the
active layer by varying the propagation direction of the transmitted light from
perpendicular to oblique [25], resulting in a substantially higher fraction of photons
being transferred to the active photocatalytic layer and therefore to an overall higher

rate of photon absorption.
Here Fig. 1

The UV-vis DRS spectra (Fig. 1C) showed that AZO only absorbed UV light
with an absorption edge of 388 nm, corresponding to a band gap (Eg) of 3.20 eV (Fig.
1C inset) [26], while g-C3N4/AZO showed a broaden photoabsorption range from UV
to visible light [27], attributed to the visible light absorption edge at 454 nm (Eg: 2.73
eV) of g-C3Na4. The positive slopes in the Mott-Schottky curves (Fig. S5) confirmed

that both AZO and g-CsN4 were n-type semiconductors, and that the conduction band
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edge potential (Ecg) was approximately 0.2 V above the flat band potential (Erg) [28].
The energy levels calculated from the Mott-Schottky curves and the formula (Evs =
Ecs + EQ) [27] were: AZO (Ecg: —0.31 eV; valence band edge potential Evs: 2.89 eV)
and g-CsNs (Ecs: —1.15 eV; Evs: 1.58 eV). The much higher carrier density of
g-CsN4/AZO (1.2 x 10 cm™) in comparison with the individual semiconductors
(AZO: 4.3 x 10 cm™3;, g-CsNai: 2.4 x 10 cm™®) suggested a higher charge
conductivity and a smaller charge transfer resistance in the heterostructure [27,29],
which in turn facilitate the photo-assisted reduction of inorganic carbon in this
system.

The room temperature PL spectrum of g-CsN4s/AZO (Fig. 1D) revealed the
overlapped emission peaks of AZO (UV emission) and g-CzNa (visible emission)
under 325 nm excitation. Although the PL emission of the heterostructure was similar
to that of the individual semiconductors, the significant reduction in peak intensity
indicated enhanced charge separation in the heterojunction. It is worth noting that
g-CsN4 had a distinct emission peak, while AZO was not excited under 400 nm
excitation (Fig. S6), in agreement with other reports on AZO [11,26]. In other words,
AZO cannot be excited under visible light irradiation in the g-CsN4/AZO-filter
excluding UV light.

Transient photocurrent response tests (Fig. 1E and F) were used to explore the
dependence of the optical properties of the AZO film from the angle of the UV-vis
incident radiation (shown in Fig. S7), with the incident angle (6) defined as the angle

between the incident light and the normal to the receiving surface [9]. The
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g-CasN4/AZO heterostructure obviously exhibited the highest photocurrent and
photoinduced carrier efficiency and the lowest recombination efficiency [26,27] when
the incident light perpendicularly irradiated the surface of the electrode (6; = 0°). The
photocurrent of AZO remained almost constant as up to 6 = 60° and slightly
decreased to 85% at 0; = 80°, while that of g-CsNs-filter sharply decreased to 40%
when the incident angle varied from 0° to 80°. In sharp contrast, the photocurrent of
the heterostructure decreased by only 20% at 6; = 80° as a result of the excellent
independence of the optical properties of AZO on the light incident angle.
Interestingly enough, the photocurrent of g-CsN4/AZO-filter (no UV irradiation) was
nearly the same as that g-CsNs-filter with perpendicular irradiation due to the
unsensitivity of AZO to visible light irradiation (Fig. S6), while the value only
decreased by 19% at #; = 80°. The above comprehensive analysis confirmed that the
light management properties of the AZO film layer on the heterojunction imparted
superior independence of the optical properties from the angle of the incident
radiation and endowed the g-C3N4/AZO heterojunction photocatalyst with the
property of being photosensitized and excited by solar or artificial light at a wide
range of incident angles.

Profiting from the uniform distribution of the AZO film, all the AZO-related
SEM images showed a worm-like structure (Fig. 2). This morphology was more
vermiform after the incubation with S. marcescens due to the physical tight
attachment of the electrotroph, which could provide better percolation paths and

vaster parts of the volume for H*, HCO3™ and charge transport in the reduction of
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inorganic carbon, similar to the favorable morphological worm-like structure of ZnO
nanostructures for transparent active layers in solid-state dye-sensitized solar cells
[17]. Moreover, the homogeneously distributed EDS mapping of Zn, O, Al, C and N
(Fig. S8) indicated the successful synthesis of g-CaN4/AZO. Compared to the abiotic
electrode, the even distribution of the electrotroph (Fig. 2A, E and I) and the presence
of Na, K and P signals in the EDS spectra of the biocathodes (Fig. 2B, F and J) firmly
suggested the good biocompatibility of both g-CaNs and AZO. Combining this with
the negligible detrimental impact from the flow cytometry measurement (Fig. S9), all
the results converged towards the high viability of the g-C3sN4/AZO photocathode in
the photo-assisted MES [30]. In contrast, the redundance of electrotroph on the
g-CsN4 cathode (Fig. 21) severely obstructed the transmission of light to the
photocatalyst during the photo-assisted process, thus reducing the solar-to-acetate

efficiency.
Here Fig. 2

The XRD pattern (Fig. 3A) and XPS (Fig. 3B) spectra of g-C3sN4/AZO presented
the overlapped characteristic peaks of g-CsNs4 and AZO, and firmly proved the
successful synthesis of the heterostructure. Particularly, compared to the peak position
of AZO or g-C3Ngy, the higher binding energies of Zn 2p and O 1s or the lower binding
energies of C 1s and N 1s in g-CsN4/AZO XPS results (Fig. S10) confirmed the
migration of photogenerated electrons from AZO to g-CsNa following a Z-scheme
mechanism in the heterostructure [31], similar to other photocatalytic processes using

g-CsN4/AZO [26,27].
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Here Fig. 3

Discarding the contribution of the heterojunction structure, the DPV plot and EIS
spectra (Fig. 3C and D; Table S1; equivalent circuit (Fig. S1)) of g-C3N4/AZO-filter
exhibited the higher maximum reduction peak current (—2.12 mA) and more positive
reduction peak potential (—0.53 V) with lower charge transfer resistance (Ret, 70 Q)
than the g-CsNgs-filter control (current: —1.58 mA; potential: —0.55 V; Ret: 104 Q),
implying that the light redistribution through the AZO film layer was favorable to the
reduction of inorganic carbon in this system. Moreover, the stronger reduction peak
around 0.02 V of g-CsN4/AZO-filter suggested the participation of a higher fraction of
outer membrane c-type cytochromes in the extracellular electron transport [32]. Due
to the synergistic effect of the light management layer and the heterojunction structure,
the electrochemical analysis of g-C3sN4/AZO clearly showed the lowest Rct (48 Q), the
strongest reduction peak current (—2.57 mA) and the most positive reduction peak
potential (—=0.51 V) with the higher amount of c-type cytochromes. The poor
performance observed in the control experiment in the absence of light (current: —1.92
mA,; potential: —0.60 V; Re: 76 Q) demonstrated the significant impact of
photo-assistance in such MES and the efficient direct photoinduced electron transfer
from the heterojunction to the outer membrane c-type cytochromes enveloping the S.
marcescens Q1 electrotroph. The decrease of Rt compared to the g-CaNa-filter control
was not affected by light or dark conditions. This illustrates the favorable impact of
the AZO layer to both photocatalysis and electrocatalysis, consistent with other

photoelectrocatalysts such as p-ZnTe [33] or NiO/Cu;O [34] in conventional
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photoelectrochemical systems. The abiotic controls excluding any false-positive
effects by the supporting electrolytes or other electroactive considerations (Fig. 3C
and D; Table S1), further reflected the harboring of these electroactive matters for

efficient extracellular electron transport.

3.2 Prolonged operation of MES with periodical addition of bicarbonate

A molar ratio of g-CsN4 to AZO of 1: 3 (Fig. S11), 6 dip-coating cycles (Fig.
S12), a ODsoo of 0.20 (Fig. S13) and a cathode potential of —1.1 V vs. SHE (Fig. S14)
were identified as the optimal operating parameters in this system that yielded the
highest acetate production rate and CEacetate. Specifically, cathode potentials of —1.1 V
~ 0.6 V vs. SHE led to insignificant differences in acetate production (p: 0.571),
CEacetate (p: 0.441) and solar-to-acetate efficiency (p: 0.571), confirming that the light
management system was not affected by the cathode potential. Considering that a
more negative cathode potential drives a higher electron flux refilling the VB holes of
AZO, thus minimizing the recombination of electron-hole pairs of the photocatalyst
and improving system performance [35,36], a —1.1 V vs. SHE was chosen as the
cathode potential in this study. The gradual consumption of inorganic carbon in the
cathodic chamber, resulted in decreased acetate production and CEacetate [37] and in a
predicted sharp increased Rgif (50 Q at 1.0 d to 928 Q at 1.5 d) (Fig. S15, Table S2).
Therefore, the continuous efficient production of acetate over 12 days was obtained
by a periodical daily addition of bicarbonate.

The g-C3N4/AZO photocathode linearly accumulated up to 54.3 + 0.3 mM
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(average production rate of 4.5 £ 0.1 mM/d) of acetate over 12 days operation (Fig.
4A), at constant CEacetate Of 81 £ 3% (Fig. 4B) and solar-to-acetate efficiency of 1.23 +
0.05% (Fig. 4C). These results vastly exceeded those obtained with a
WO3/M003/g-CsN4 photocathode with the same electrotroph (acetate: 3.1 + 0.2 mM/d,
CEacetate: 73 + 4%, &: 0.85 £ 0.09%) [5], and those using a mix-culture CHT/Ni foam
biocathode with a BiVO4/Mo photoanode (acetate: 0.9 + 0.2 mM/d, CEacetate: 62 *
12%, &: 0.97 + 0.19%) [38].

The significant positive impact of the AZO light management in this system, was
independently evaluated by performing experiments with visible light using a 400 nm
UV-cut filter to shield the Z-scheme charge transport in the g-CsN4/AZO-filter control,
since AZO is non-responsive in the visible (Fig. S6). The results obtained with
g-CsN4/AZO-filter (acetate: 2.4 + 0.1 mM/d, CEacetate: 70 £ 2%, &: 0.65 + 0.03%) were
3.4-fold (acetate, p: 0.017) and 2.3-fold (CExacetate, p: 0.024) of those obtained with the
g-CsNg-filter control (acetate: 0.7 + 0.2 mM/d, CEacetate: 30 £ 6%, &: 0.19 £ 0.05%).
This 242% (p: 0.016) increase in the solar-to-acetate efficiency based on reducing
equivalents as H. produced in these experiments, can be attributed to the light
management by the AZO film layer. The synergistic interaction of the Z-scheme
heterojunction structure and the light management by the AZO film layer resulted in
such highly efficient acetate production with 543% (p: 0.003) reducing equivalents
increase for the g-CsN4/AZO photocathode, compared to the g-CsNa-filter control.
Moreover, the poor performance observed in the absence of light (acetate: 1.4 + 0.1

MM/d, CEacetate: 43 = 3%) reflected the positive and essential role of photo-irradiation
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and light management in the photo-assisted MES. The small amount of residual
hydrogen (Fig. 4E) detected at the headspace of cathode chamber which negatively
correlated with acetate production, confirmed the indispensable reducing equivalents

(H2) in the Wood-Ljungdahl pathway for inorganic carbon reduction to acetate [1,4].
Here Fig. 4

Compared to the significantly deteriorated performance observed with the
g-CsNs-filter control, the acetate production and CEacetate OF all AZO-related electrodes
remained constant without decay during the 12 days operation. The protection to
catalyst leaching offered by the AZO layer, in these prolonged experiments was
demonstrated by the insignificant accumulation of catalyst in the cathode solution
(Fig. 4D, the AZO-related electrodes: 1%) while significant leaching was observed in
its absence (g-CsNs-filter control: 24%, p: 0.001). Moreover, the worm-like structure
and elementary composition of the g-CsN4/AZO bio-photocathode (Fig. S16)
observed after 12 days operation was in good agreement with that of the pristine
electrode (Fig. 2A). The XRD result of the g-C3sN4/AZO after DPV (Fig. S17) did not
show impurity peaks since it exhibited the same pattern as the fresh electrode,
similarly to other studies, where the high chemical stable AZO film was employed as
a protective layer to enhance the stability and durability of other photoelectrodes
[39-41], further confirming the electrochemical stability of the photocathode. All
these converging results, as well as the almost unchanged internal resistance (Fig. 4F
and Fig. S16A, Table S3) during the long-term operation of the MES, firmly indicated

the excellent chemical stability and robustness of the AZO light-management film
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layer, which endowed it further broad application prospects in the light management

of photo-assisted MES.

3.3 Elucidation of the photocatalytic mechanism

The photocatalytic mechanism over the g-CsN4/AZO photocathode illustrated in
Fig. 4G shows UV-visible light reaching the surface of the photocatalysts from
different incident angles, due to the light rays passing through the electrotrophic layer.
The incident angle-independent AZO film absorbs a fraction of the UV light
producing electron-hole couples, whereas the residual UV and the entire spectrum of
visible light trapped in the AZO layer profited from the optimal optical haze of the
AZO light management film, ultimately transmitting and scattering photons towards
the g-CsN4 active layer to generate electron-hole charge pairs. Therefore, a higher
fraction of incident photons is utilized by the light management system of the AZO
film layer, resulting in a higher number of excited electron-hole pairs in both g-CsN4
and AZO. According to the Z-scheme charge transfer mechanism, the photoinduced
electrons on the CB of AZO and the photogenerated holes on the VB of g-C3Na
recombine at the interface of the heterojunction. Ultimately, the resulting
photoinduced electrons on the CB of g-CaN4 produce reducing equivalent (Hz), which
is consequently metabolized by S. marcescens via the Wood-Ljungdahl pathway to
trigger inorganic carbon reduction for acetate production [1,4]. The holes left on the
VB of AZO are refilled by the electrons arriving from the external circuit drawing a

higher current.
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This study has forcefully proved the dramatically improved photocatalytic
performance of g-C3N4 obtained by adding a light-management AZO film, and the
efficient performance of the bio-photocatalytic cathode in a MES for the conversion
of bicarbonate to acetate. The general applicability of the light-management film layer
in photo-assisted MES was further explored on different photocathodes
(MnFe, O, /g-C3sN4 and MnFe, O, ) developed in our previous study [19]. These
were coated with AZO films and experiments using S. marcescens Q1 were conducted
under illumination with 400 nm UV-cut filters and under the same conditions (Fig. 5).
As a result of the improved light management of the AZO film, the
MnFe, O, /g-C3sN4/AZO photocathode achieved an outstanding acetate production
rate of 11.8 + 0.5 mM/d and an appreciable & of 3.20 £ 0.12%, which was 1.40-fold
(acetate, p: 0.031) and 1.38-time (&, p: 0.041) higher of that measured with the
MnFe, O, /g-C3Ns control (acetate: 8.5 £ 0.6 mM/d, & 2.32 £+ 0.14%). The
solar-to-acetate efficiency in this study approaches the reportedly highest value of 3.6%
obtained with a Si nanowires/TiO2/Ni photocathode in photo-assisted MES [3].
However, such study may have exaggerated the role played by the TiO; in the Si
nanowires/TiO2/Ni photocathode resulting in an overestimation of the solar-to-acetate
efficiency. The light management role of this transparent conductive oxide TiO2, has
been demonstrated in the field of thin-film photovoltaic cells [12,13] but
unfortunately being overlooked and only regarded as a protective film due to its high
resistance to photocorrosion [42] of the Si nanowires/TiO2/Ni photocathode and thus

for stable performance in near-neutral pH electrolyte, as the authors claimed [3]. This
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incorrect estimation ignoring the light management may have led to an overestimation
of the solar-to-acetate efficiency of 3.6%.
Here Fig. 5

Similarly, improved photocatalytic performance was obtained using the
MnFe, O, /AZO photocathode (acetate: 4.9 + 0.2 mM/d, &: 1.34 £ 0.05%), compared
to MnFe, O, control (acetate: 2.4 £ 0.2 mM/d, p: 0.013; &: 0.65 + 0.04%, p: 0.009)
due to the enhanced light utilization produced by the light-management AZO film.
The higher acetate production corresponding to higher total reducing equivalents H;
evolution along with lower residual H., confirmed again that H» acted as a mediator in
the inorganic carbon reduction via the Wood-Ljungdahl pathway [1,4,43]. Overall, the
dramatically enhanced acetate production in these photo-assisted MES indicated that
the light-management film was suitable as an integrated solar management tool for
bio-photocathodes, where an efficient photocatalytic performance was achieved even
with reduced incident light on the photocatalyst surface.

From a MES development perspective, enhancing the light trapping and
harvesting efficiency of the photocathodes with decreased light reflection by
employing efficient light management films is not limited to AZO and may be applied
to many other transparent conductive oxide thin films such as TiO2, In,Os and
F-doped SnO: [12,13]. The scattering, anti-reflection and other photoelectric
properties of these films can function as a light manager to improve the light
utilization within the photoactive layer of the cathodes, enabling augmented reducing

equivalents generation and thus efficient value-added outputs in the photo-assisted
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MES. Considering the good biocompatibility of the selected transparent conductive
oxides, these light management films can also be applied to other model electrotrophs
(such as M. thermoacetica and S. ovata), which frequently serve as biocatalysts in
many other photo-assisted MESs. Theoretically, the light management is fully related
with the physical interface between semiconductors and the electrotrophs regardless
of the electrotrophic inherent characters and microbial physiology. The light
management system is not correlated with a particular reactor configuration but
depends on the efficacy of light irradiation of the photoelectrode, similar to sunlight
absorption by photovoltaic technologies [44] or the solar absorber material in
photothermal water vaporization system [45]. Collectively, the optical and physical
aspects of the light management system guarantee its universal application to any
other electrotroph coupled with any other transparent conductive oxides and in any
other reactor architecture.

The most impactful studies moving forward should establish the quantitative
correlation between light management and the electrotrophic coverage of the cathode
including the interior fibrous structure of the graphite felt support, and should develop
a standardized set of guidelines to achieve efficient light management in

photo-assisted MES.

4 Conclusions
This study has for the first time combined a light-management film layer with a

bio-photocathode to enhance significantly the production of acetate in photo-assisted

21


https://fanyi.so.com/#inherent

MES. Taking AZO film as an example and the g-C3N4 as an active photocatalytic
layer, the shielding of the incident light caused by the electrotrophs on the
bio-photocathodes was overcome as a result of the optical properties of the AZO film
layer which redistributed the incident light over the photoactive later. Enhanced light
trapping and reduced light reflection within the active layer resulted from the high
transparency and tuned optical haze of the AZO film, achieved more reducing
equivalents production as Hz to 242% (g-CsN4/AZO-filter) and 543% (g-C3sN4/AZO)
with increased CEacetate OFf 70% (g-C3N4/AZO-filter) and 81% (g-CsN4/AZQO). The
general applicability of the light-management film to other semiconductive
bio-cathodes (MnFe, O, and MnFe, O, /g-C3N4) and significantly enhanced
photocatalytic performance was demonstrated after incorporation of a AZO light
management film with a record high solar-to-acetate efficiency of 3.20% for the
MnFe, O, /g-C3sN4/AZO biocathode. Along with any other model or non-model
electrotrophs, as well as other carbon-prolonged products such as medium-chain
carbonxylates and even bioplastics through inorganic carbon conversion in microbial
photoelectrochemical systems coupled with microbial fermentation processes, the
light management system described here might also expand in other exciting and
promising areas. This study opens up a new opportunity to construct efficient
bio-photocathodes through effective use of a light management system, and thus
allows the tailoring and manipulation of photo-assisted MES towards the desired

synthesis products from CO; sequestration.
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Fig. 1 Light transmittance and haze of the AZO film (A), light reflection (B), UV —
vis DRS (C), photoluminescence under 325 nm excitation (D) and transient
photocurrent responses with different incident angles (E and F) spectra of various
photocatalysts.

Fig. 2 SEM images on electrodes of g-C3sN4/AZO (A and C), AZO (E and G), and
g-C3Ns (I and K) with (A, E and I) or without (C, G and K) S. marcescens. EDS
spectra of either coverage (B, F and J) or no coverage (D, H, and L) of S. marcescens
on electrodes of g-CaN4/AZO (B and D), AZO (F and H) and g-CsN4 (J and L).

Fig. 3 XRD patterns (A) and XPS survey spectra (B) of various photocatalysts. DPVs
(C) and Nyquist plots of EIS (D) of the different S. marcescens cathodes and abiotic
g-CaN4/AZO controls.

Fig. 4 Acetate production (A), CEacetate (B), solar-to-acetate efficiency (C),
accumulated catalyst leaching (D) residual Hz (E) and Nyquist plots of EIS (F) over a
12-day operation with periodical addition of bicarbonate in the g-C3sN4/AZO cathodes
with or without a 400 nm UV-cut filter under light irradiation or darkness conditions.
The photocatalytic mechanism diagram of the light-management AZO film in this
photo-assisted MES (G).

Fig. 5 Acetate production and residual hydrogen (A), CEacetate and solar-to-acetate
efficiency (B) of different photocathodes under illumination with 400 nm UV-cut
filters. XRD patterns (C) of various photocatalysts with or without the

light-management AZO film incorporation.
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— Light-management film mitigates shielding effect of light by electrotrophs;

— Light-management film increases light trapping and decreases light reflection;
— Light-management produces more reducing equivalents for HCOs reduction;

— Light-management film enhances acetate production in photo-assisted MES.
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Abstract

A light-management system consisting of a Al-doped ZnO (AZO) film layer was
combined for the first time with different bio-photocathodes (Serratia marcescens Q1
electrotroph immobilized on ¢-C3sN4, MnFe, O, or MnFe, O, /g-C3Ns) to
significantly enhance acetate production from bicarbonate in photo-assisted microbial
electrosynthesis systems (MES). The AZO light-management system exhibiting
optical properties independent of the light incident angle mitigated the shielding effect
of light by electrotrophs, increasing light trapping and decreasing light reflection,
ultimately allowing higher rates of photon absorption and redistributions of photons
over the photo-active layers. As a result, more reducing equivalents as Hz produced
up to 242% (g-C3N4/AZO-filter) and 543% (g-C3N4/AZO) increase in acetate
production at coulombic efficiencies of 70% (g-C3N4/AZO-filter) and 81%
(9-C3N4/AZO). The record high solar-to-acetate efficiency obtained with the
MnFe, O, /g-C3sN4/AZO biocathode was 3.20%. The light-management system
proposed in this study opens a new promising way to construct efficient

bio-photocathodes for inorganic carbon reduction in photo-assisted MES.

Keywords: microbial electrosynthesis; photocatalysis; light-management; Al-doped

ZnO; solar-to-acetate



1 Introduction

Photo-assisted microbial electrosynthesis (MES) has been proposed as an
innovative process for reducing inorganic carbon to key-block chemicals such as
acetate, further contributing to achieve a sustainable circular economy based on
carbon neutrality [1-4]. Various MES based on hybridized bio-photoactive cathodes
combining photocatalysts with electrotrophs such as Moorella thermoacetica-CdS [1],
Sporomusa ovata-Si nanowires/TiO2/Ni [3] and Serratia
marcescens-WO3/MoOs/g-CaNs [5], have successfully demonstrated the efficient
production of acetate from bicarbonate or CO,. Most of the existing
bio-photocathodes are biomimetic or nature-inspired [2,3] and have been engineered
by intimately contacting the microbial electrotroph with the photocatalyst interface.
However, in such systems the inorganic photocatalyst immobilized on the electrode
cannot efficiently absorb the incident light, due to the shielding effect by the dispersed
microbial layer. As a consequence, the production of acetate in photo-assisted MES
has been limited in term of solar-to-fuel efficiency [4,6].

Recent studies have shown that effective light management in optoelectronic
devices such as photoelectrochemical cells and thin-film photovoltaic cells is a key
aspect for producing high system efficiencies [7-10]. With regards to photocatalytic
bioelectrodes, it is essential that the light management substrates deliver high light
transmittance and optimal optical haze, as well as excellent electrical conductivity, to
efficiently trap the incident light and consequently transfer the photoinduced charge to

the interface [6,8,11]. For this purpose, transparent conductive oxide thin films (such
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as TiOz [12,13], Al-doped ZnO (AZO) [14], In203 and F-doped SnO- [12,13]) have
been widely used as transparent electrode materials with light management ability in
photoelectrochemical cells and dye sensitized solar cells due to their high optical
transparency, excellent electron mobility and appreciable high conductivity [12-14].
Among these transparent conductive materials, TiO, and AZO have shown more
promising application than In,Os and F-doped SnO2, due to their higher chemical
stability and lower resistivity, whereas the highly tunable optical haze of AZO makes
it an attractive light management candidate to supplement the transparent electrode
field [12,13]. However, to the best of our knowledge, the application and the
evaluation of light management techniques in photo-assisted MES has yet to be
reported.

Herein, by taking the AZO film as a light-management example and graphitic
carbon nitride (g-C3N4) [15,16] as the photocatalytically active layer, we investigated
the role of light management films in photo-assisted MES to provide a strategy to
minimize the light shielding obstruction of the immobilized electrotroph (the
nonphotosynthetic S. marcescens Q1 [5,16]) towards the photocatalytically active
g-CsNg4 layer. The high optical transparency and suitable optical haze of the AZO
light-management film with optical properties independent from the angle of the
incident radiation is expected to enhance the transmission of photons through the
biocathode, thus increasing the photon flux reaching the g-CsN4 active layer, hence
producing more photoinduced reducing equivalents for inorganic carbon reduction

into acetate. The photocatalytic performances of MnFe, O, and MnFe, O, /g-C3N4
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heterojunction biocathodes were also evaluated using the AZO film as an effective
light management layer, to demonstrate the general applicability of the
light-management film proposed here in MES, providing an ideal strategy for

delivering efficient acetate production in photo-assisted MES.

2 Materials and methods
2.1 Preparation of photocathodes

The g-C3sN4/AZO photocathode was prepared through a conventional sol-gel
method [17,18]. Briefly, zinc acetate (99.9%) was firstly added in 100 mL of
isopropanol (99.8%) with 0.5 h stirring to obtain a concentration of 0.5 M. An
equimolar quantity of ethanolamine as sol stabilizer was then added dropwise until the
above solution became transparent. After stirring the mixture for 1 h at 80 °C
Al(NO3)3-9H20 (99.9%) was further dissolved into the mixture to obtain Al/(Zn+Al)
= 2 atomic %. The precursor solution was aged for 36 h and then a specific amount of
g-CsN4 was dispersed in above solution with 0.5 h ultrasonication. Next, a glass
substrate (2.0 x 2.0 x 0.1 cm, Guluo Glass Co.Ltd, Henan, China) was first immersed
into the mixture, remaining inside for around 1 min and then it was extracted with a
constant velocity of 1 cm/s and further dried in an oven at 150 °C for 15 min. The
dip-coating and drying process was repeated several times in order to produce a film
with considerable thickness. The film was finally annealed at 400 °C for 1 h to
produce the g-C3N4/AZO photocathode. AZO only and g-CzNa4 only photocathodes

were also prepared following the above procedure without the addition of g-CsN4 or
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zinc acetate.
The synthesis of MnFe,04/AZ0 and MnFe204/g-C3aN4/AZO photocathodes were
based on our previous report [19] with modification and briefly described in

Supporting Information (SI).

2.2 Characterizations

The phase identification was studied by X-ray diffraction (XRD) using a powder
X-ray diffractometer (XRD-6000, Shimadzu, Japan) with Cu Ka radiation. Surface
composition of the sample was analyzed by X-ray photoelectron spectrometer (XPS,
ESCALAB250, Thermo, USA). UV-vis diffuse reflection (UV-vis DRS) and other
optical properties were characterized by a Lambda 750 S UV-vis spectrophotometer
(Perkin-Elmer, USA). Photoluminescence (PL) spectra were measured on a
fluorescence spectrophotometer (F-4500, Hitachi, Japan). The morphology of the
photocathode was examined by a scanning electron microscopy (SEM, Nova
NanoSEM 450, FEI company, USA) equipped with an energy dispersive X-ray
spectroscopy (EDS). High-sensitivity flow cytometry (Accuri C6 Plus, BD company,
USA) was employed to assess the electrotrophic viability. Transient photocurrent
response was collected by an electrochemical analyzer with 0.1 M NaSOs electrolyte
under light illuminance. Differential pulse voltammetry (DPV) was recorded on an
electrochemical workstation (BioLogic, VSP, France) with a scan rate of 0.1 mV/s. In
order to exclude any possible false-positive results due to supporting electrolytes or

other electroactive considerations, abiotic controls were specifically performed.
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Electrochemical impedance spectroscopy (EIS) was conducted at a frequency range
from 0.01 to 100 kHz at -1.1 V vs. SHE with an amplitude of 5 mV, where a
Zsimpwin software was employed to acquire the Nyquist plots of the impedance
spectra. The selected equivalent circuit (Fig. S1) fitted to the photo-assisted MES,
provided sufficient information on the surface and material properties of the
electrodes, on the electron transfer mechanisms and on the electrotroph metabolism.
Specifically, the ohmic resistance (Rs) includes a series of resistances associated with
the ohmic transport in the electrolyte (including but not limited to ionic strength and
conductivity), and other contact effects (including but not limited to
equilibrium-equivalence), as comprehensively described in several studies [20-22].
Photocurrent, DPV and EIS were using a typical three-electrode cell with a
working electrode, a Pt counter electrode, and a saturated calomel reference electrode

(SCE, +0.241 V versus standard hydrogen electrode (SHE)) reference electrode.

2.3 Reactor construction, electrotroph inoculation and operation

A typical two-chamber reactor separated by a cation exchange membrane
(CMI-7000 Membranes International, Glen Rock, NJ) was constructed with internal
volumes equal to 28 mL (26 mL effective working volume) in each chamber. The
g-CsN4/AZO was used as cathode, while a carbon rod along with pieces of graphite
felt (0.5 cm x 0.5 cm x 0.5 cm) served as the anode. A SCE was inserted into the
cathode chamber. All potentials were recorded versus SHE unless specified.

The anode chamber was inoculated from a microbial fuel cell running on acetate
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and fed by a nutrient solution [23], while the cathode chamber was inoculated with
non-photosynthetic electrotrophic S. marcescens Q1 which could efficiently reduce
inorganic carbon to produce acetate as previously reported [5]. The catholyte
contained NaHCO3 (23.8 mM), KH2PO4 (0.09 mM), NH4Cl (2.1 mM), mineral 0.6
mL/L and vitamins 0.6 mL/L with the pH of 5.8, whereas an ODeggo of 0.05, 0.20, 0.35
or 0.50 was employed to inoculate the cathodic chamber. The solution conductivity
was adjusted to 103 mS/cm by KCI to form a halophilic environment which has been
proven to favor the bioactivity of the halophilic bacteria Serratia marcescens for
inorganic carbon reduction [2,5]. The anaerobic catholyte was bubbled with N2 gas
(15 min) in an anaerobic glovebox (YQX-II, Xinmiao, Shanghai) to remove all
oxygen before adding to the MES reactor. All reactors were kept at 25 + 3°C with
cathode potentials of -0.6 V, -0.9 V or —1.1 V vs. SHE to investigate the impact of
cathode potential on system performance. A 100 W iodine tungsten lamp (light
intensity of 23.3 m\W/cm?) was used to provide the full spectrum photon flux (Fig. S2)
simulating solar light, while experiments with visible light only (named as
g-CaN4/AZO-filter or g-CsNs-filter) were conducted under similar procedures, but
using a 400 nm UV-cut filter. The schematic diagram of the photo-assisted MES is
shown in Fig. S3. The stability of g-C3N4/AZO photocathode was evaluated over 12
days operation, with periodical supply of NaHCO: to maintain the initial
concentration of inorganic carbon at 23.8 mM. All data were recorded after the first

operational cycle and all operations were carried out in triplicate.



2.4 Analytical methods

The acetate produced in the catholyte and the residual hydrogen in the cathodic
headspace were measured by a gas chromatograph (GC7900, Tianmei, China). The
residual inorganic carbon (DZ/T 0064.49-93) and leached Zn (GB 7472-87) in the
catholyte were measured by the national standard method. The coulombic efficiency
for acetate production (CEacetate) and the solar-to-acetate efficiency (&) were obtained

through Eqgs. 1-2 [3]:

8XxXn, XF
CEacetate = —3—— X 100% (1)
J, Iat
8XE°Xn, XF
§= X 100% (2)
E, XxAXt

where na (mol) is the mole of acetate, F (96485 C/mole electron) is the Faraday
constant, | (A) is the current, E° is the thermodynamic reduction potential to acetate,
Ep, (W/cm?) is the incident photon irradiance, A (cm?) is the projected area of the
cathode, and t (s) is the operation time.

Differences were analyzed by ANOVA in SPSS 19.0 and a p value < 0.05 was

regarded as statistically significant.

3 Results and discussion
3.1 Enhanced photoelectrocatalytic performance by the AZO film

The AZO film exhibited a high transmittance of about 93% (Fig. 1A) and an
optical haze over 71% (Fig. 1A) with a low reflectance of less than 5% (Fig. 1B),

which translated to enhanced light absorption (Fig. 1C) and decreased light reflection
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(Fig. 1B) of the active layer. After detaching the AZO film from the glass substrate by
a scotch tape [24] the high transparency and haze peculiarities of the AZO film were
visualized by the clear image obtained (Fig. S4A) as the film closely attached to the
printed picture [6,24]. As the distance between the film and picture increased cloudier
images were progressively obtained due to the high haze which scattered the light
transmitted through the film (Fig. S4B and C). The high transmission haze of the film
was further visualized by the highly scattered and diffused light observed when a red
laser (A= 630 nm) irradiated the screen after passing through the AZO film (Fig. S4D)
[24]. In contrast only a small area was illuminated in the bare glass control (Fig. S4E)
due to the extremely low haze of the glass substrate (about 1%) [9,24]. The scattering
phenomena observed through the AZO film dispersed the light distribution in the
active layer by varying the propagation direction of the transmitted light from
perpendicular to oblique [25], resulting in a substantially higher fraction of photons
being transferred to the active photocatalytic layer and therefore to an overall higher

rate of photon absorption.
Here Fig. 1

The UV-vis DRS spectra (Fig. 1C) showed that AZO only absorbed UV light
with an absorption edge of 388 nm, corresponding to a band gap (Eg) of 3.20 eV (Fig.
1C inset) [26], while g-C3N4/AZO showed a broaden photoabsorption range from UV
to visible light [27], attributed to the visible light absorption edge at 454 nm (Eg: 2.73
eV) of g-C3Na4. The positive slopes in the Mott-Schottky curves (Fig. S5) confirmed

that both AZO and g-CsN4 were n-type semiconductors, and that the conduction band
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edge potential (Ecg) was approximately 0.2 V above the flat band potential (Erg) [28].
The energy levels calculated from the Mott-Schottky curves and the formula (Evs =
Ecs + EQ) [27] were: AZO (Ecg: —0.31 eV; valence band edge potential Evs: 2.89 eV)
and g-CsNs (Ecs: —1.15 eV; Evs: 1.58 eV). The much higher carrier density of
g-CsN4/AZO (1.2 x 10 cm™) in comparison with the individual semiconductors
(AZO: 4.3 x 10 cm™3;, g-CsNai: 2.4 x 10 cm™®) suggested a higher charge
conductivity and a smaller charge transfer resistance in the heterostructure [27,29],
which in turn facilitate the photo-assisted reduction of inorganic carbon in this
system.

The room temperature PL spectrum of g-CsN4s/AZO (Fig. 1D) revealed the
overlapped emission peaks of AZO (UV emission) and g-CzNa (visible emission)
under 325 nm excitation. Although the PL emission of the heterostructure was similar
to that of the individual semiconductors, the significant reduction in peak intensity
indicated enhanced charge separation in the heterojunction. It is worth noting that
g-CsN4 had a distinct emission peak, while AZO was not excited under 400 nm
excitation (Fig. S6), in agreement with other reports on AZO [11,26]. In other words,
AZO cannot be excited under visible light irradiation in the g-CsN4/AZO-filter
excluding UV light.

Transient photocurrent response tests (Fig. 1E and F) were used to explore the
dependence of the optical properties of the AZO film from the angle of the UV-vis
incident radiation (shown in Fig. S7), with the incident angle (6) defined as the angle

between the incident light and the normal to the receiving surface [9]. The

11



g-CasN4/AZO heterostructure obviously exhibited the highest photocurrent and
photoinduced carrier efficiency and the lowest recombination efficiency [26,27] when
the incident light perpendicularly irradiated the surface of the electrode (6; = 0°). The
photocurrent of AZO remained almost constant as up to 6 = 60° and slightly
decreased to 85% at 0; = 80°, while that of g-CsNs-filter sharply decreased to 40%
when the incident angle varied from 0° to 80°. In sharp contrast, the photocurrent of
the heterostructure decreased by only 20% at 6; = 80° as a result of the excellent
independence of the optical properties of AZO on the light incident angle.
Interestingly enough, the photocurrent of g-CsN4/AZO-filter (no UV irradiation) was
nearly the same as that g-CsNs-filter with perpendicular irradiation due to the
unsensitivity of AZO to visible light irradiation (Fig. S6), while the value only
decreased by 19% at #; = 80°. The above comprehensive analysis confirmed that the
light management properties of the AZO film layer on the heterojunction imparted
superior independence of the optical properties from the angle of the incident
radiation and endowed the g-C3N4/AZO heterojunction photocatalyst with the
property of being photosensitized and excited by solar or artificial light at a wide
range of incident angles.

Profiting from the uniform distribution of the AZO film, all the AZO-related
SEM images showed a worm-like structure (Fig. 2). This morphology was more
vermiform after the incubation with S. marcescens due to the physical tight
attachment of the electrotroph, which could provide better percolation paths and

vaster parts of the volume for H*, HCO3™ and charge transport in the reduction of
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inorganic carbon, similar to the favorable morphological worm-like structure of ZnO
nanostructures for transparent active layers in solid-state dye-sensitized solar cells
[17]. Moreover, the homogeneously distributed EDS mapping of Zn, O, Al, C and N
(Fig. S8) indicated the successful synthesis of g-CaN4/AZO. Compared to the abiotic
electrode, the even distribution of the electrotroph (Fig. 2A, E and I) and the presence
of Na, K and P signals in the EDS spectra of the biocathodes (Fig. 2B, F and J) firmly
suggested the good biocompatibility of both g-CaNs and AZO. Combining this with
the negligible detrimental impact from the flow cytometry measurement (Fig. S9), all
the results converged towards the high viability of the g-C3sN4/AZO photocathode in
the photo-assisted MES [30]. In contrast, the redundance of electrotroph on the
g-CsN4 cathode (Fig. 21) severely obstructed the transmission of light to the
photocatalyst during the photo-assisted process, thus reducing the solar-to-acetate

efficiency.
Here Fig. 2

The XRD pattern (Fig. 3A) and XPS (Fig. 3B) spectra of g-C3sN4/AZO presented
the overlapped characteristic peaks of g-CsNs4 and AZO, and firmly proved the
successful synthesis of the heterostructure. Particularly, compared to the peak position
of AZO or g-C3Ngy, the higher binding energies of Zn 2p and O 1s or the lower binding
energies of C 1s and N 1s in g-CsN4/AZO XPS results (Fig. S10) confirmed the
migration of photogenerated electrons from AZO to g-CsNa following a Z-scheme
mechanism in the heterostructure [31], similar to other photocatalytic processes using

g-CsN4/AZO [26,27].
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Here Fig. 3

Discarding the contribution of the heterojunction structure, the DPV plot and EIS
spectra (Fig. 3C and D; Table S1; equivalent circuit (Fig. S1)) of g-C3N4/AZO-filter
exhibited the higher maximum reduction peak current (—2.12 mA) and more positive
reduction peak potential (—0.53 V) with lower charge transfer resistance (Ret, 70 Q)
than the g-CsNgs-filter control (current: —1.58 mA; potential: —0.55 V; Ret: 104 Q),
implying that the light redistribution through the AZO film layer was favorable to the
reduction of inorganic carbon in this system. Moreover, the stronger reduction peak
around 0.02 V of g-CsN4/AZO-filter suggested the participation of a higher fraction of
outer membrane c-type cytochromes in the extracellular electron transport [32]. Due
to the synergistic effect of the light management layer and the heterojunction structure,
the electrochemical analysis of g-C3sN4/AZO clearly showed the lowest Rct (48 Q), the
strongest reduction peak current (—2.57 mA) and the most positive reduction peak
potential (—=0.51 V) with the higher amount of c-type cytochromes. The poor
performance observed in the control experiment in the absence of light (current: —1.92
mA,; potential: —0.60 V; Re: 76 Q) demonstrated the significant impact of
photo-assistance in such MES and the efficient direct photoinduced electron transfer
from the heterojunction to the outer membrane c-type cytochromes enveloping the S.
marcescens Q1 electrotroph. The decrease of Rt compared to the g-CaNa-filter control
was not affected by light or dark conditions. This illustrates the favorable impact of
the AZO layer to both photocatalysis and electrocatalysis, consistent with other

photoelectrocatalysts such as p-ZnTe [33] or NiO/Cu;O [34] in conventional
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photoelectrochemical systems. The abiotic controls excluding any false-positive
effects by the supporting electrolytes or other electroactive considerations (Fig. 3C
and D; Table S1), further reflected the harboring of these electroactive matters for

efficient extracellular electron transport.

3.2 Prolonged operation of MES with periodical addition of bicarbonate

A molar ratio of g-CsN4 to AZO of 1: 3 (Fig. S11), 6 dip-coating cycles (Fig.
S12), a ODsoo of 0.20 (Fig. S13) and a cathode potential of —1.1 V vs. SHE (Fig. S14)
were identified as the optimal operating parameters in this system that yielded the
highest acetate production rate and CEacetate. Specifically, cathode potentials of —1.1 V
~ 0.6 V vs. SHE led to insignificant differences in acetate production (p: 0.571),
CEacetate (p: 0.441) and solar-to-acetate efficiency (p: 0.571), confirming that the light
management system was not affected by the cathode potential. Considering that a
more negative cathode potential drives a higher electron flux refilling the VB holes of
AZO, thus minimizing the recombination of electron-hole pairs of the photocatalyst
and improving system performance [35,36], a —1.1 V vs. SHE was chosen as the
cathode potential in this study. The gradual consumption of inorganic carbon in the
cathodic chamber, resulted in decreased acetate production and CEacetate [37] and in a
predicted sharp increased Rgif (50 Q at 1.0 d to 928 Q at 1.5 d) (Fig. S15, Table S2).
Therefore, the continuous efficient production of acetate over 12 days was obtained
by a periodical daily addition of bicarbonate.

The g-C3N4/AZO photocathode linearly accumulated up to 54.3 + 0.3 mM
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(average production rate of 4.5 £ 0.1 mM/d) of acetate over 12 days operation (Fig.
4A), at constant CEacetate Of 81 £ 3% (Fig. 4B) and solar-to-acetate efficiency of 1.23 +
0.05% (Fig. 4C). These results vastly exceeded those obtained with a
WO3/M003/g-CsN4 photocathode with the same electrotroph (acetate: 3.1 + 0.2 mM/d,
CEacetate: 73 + 4%, &: 0.85 £ 0.09%) [5], and those using a mix-culture CHT/Ni foam
biocathode with a BiVO4/Mo photoanode (acetate: 0.9 + 0.2 mM/d, CEacetate: 62 *
12%, &: 0.97 + 0.19%) [38].

The significant positive impact of the AZO light management in this system, was
independently evaluated by performing experiments with visible light using a 400 nm
UV-cut filter to shield the Z-scheme charge transport in the g-CsN4/AZO-filter control,
since AZO is non-responsive in the visible (Fig. S6). The results obtained with
g-CsN4/AZO-filter (acetate: 2.4 + 0.1 mM/d, CEacetate: 70 £ 2%, &: 0.65 + 0.03%) were
3.4-fold (acetate, p: 0.017) and 2.3-fold (CExacetate, p: 0.024) of those obtained with the
g-CsNg-filter control (acetate: 0.7 + 0.2 mM/d, CEacetate: 30 £ 6%, &: 0.19 £ 0.05%).
This 242% (p: 0.016) increase in the solar-to-acetate efficiency based on reducing
equivalents as H. produced in these experiments, can be attributed to the light
management by the AZO film layer. The synergistic interaction of the Z-scheme
heterojunction structure and the light management by the AZO film layer resulted in
such highly efficient acetate production with 543% (p: 0.003) reducing equivalents
increase for the g-CsN4/AZO photocathode, compared to the g-CsNa-filter control.
Moreover, the poor performance observed in the absence of light (acetate: 1.4 + 0.1

MM/d, CEacetate: 43 = 3%) reflected the positive and essential role of photo-irradiation
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and light management in the photo-assisted MES. The small amount of residual
hydrogen (Fig. 4E) detected at the headspace of cathode chamber which negatively
correlated with acetate production, confirmed the indispensable reducing equivalents

(H2) in the Wood-Ljungdahl pathway for inorganic carbon reduction to acetate [1,4].
Here Fig. 4

Compared to the significantly deteriorated performance observed with the
g-CsNs-filter control, the acetate production and CEacetate OF all AZO-related electrodes
remained constant without decay during the 12 days operation. The protection to
catalyst leaching offered by the AZO layer, in these prolonged experiments was
demonstrated by the insignificant accumulation of catalyst in the cathode solution
(Fig. 4D, the AZO-related electrodes: 1%) while significant leaching was observed in
its absence (g-CsNs-filter control: 24%, p: 0.001). Moreover, the worm-like structure
and elementary composition of the g-CsN4/AZO bio-photocathode (Fig. S16)
observed after 12 days operation was in good agreement with that of the pristine
electrode (Fig. 2A). The XRD result of the g-C3sN4/AZO after DPV (Fig. S17) did not
show impurity peaks since it exhibited the same pattern as the fresh electrode,
similarly to other studies, where the high chemical stable AZO film was employed as
a protective layer to enhance the stability and durability of other photoelectrodes
[39-41], further confirming the electrochemical stability of the photocathode. All
these converging results, as well as the almost unchanged internal resistance (Fig. 4F
and Fig. S16A, Table S3) during the long-term operation of the MES, firmly indicated

the excellent chemical stability and robustness of the AZO light-management film
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layer, which endowed it further broad application prospects in the light management

of photo-assisted MES.

3.3 Elucidation of the photocatalytic mechanism

The photocatalytic mechanism over the g-CsN4/AZO photocathode illustrated in
Fig. 4G shows UV-visible light reaching the surface of the photocatalysts from
different incident angles, due to the light rays passing through the electrotrophic layer.
The incident angle-independent AZO film absorbs a fraction of the UV light
producing electron-hole couples, whereas the residual UV and the entire spectrum of
visible light trapped in the AZO layer profited from the optimal optical haze of the
AZO light management film, ultimately transmitting and scattering photons towards
the g-CsN4 active layer to generate electron-hole charge pairs. Therefore, a higher
fraction of incident photons is utilized by the light management system of the AZO
film layer, resulting in a higher number of excited electron-hole pairs in both g-CsN4
and AZO. According to the Z-scheme charge transfer mechanism, the photoinduced
electrons on the CB of AZO and the photogenerated holes on the VB of g-C3Na
recombine at the interface of the heterojunction. Ultimately, the resulting
photoinduced electrons on the CB of g-CaN4 produce reducing equivalent (Hz), which
is consequently metabolized by S. marcescens via the Wood-Ljungdahl pathway to
trigger inorganic carbon reduction for acetate production [1,4]. The holes left on the
VB of AZO are refilled by the electrons arriving from the external circuit drawing a

higher current.
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This study has forcefully proved the dramatically improved photocatalytic
performance of g-C3N4 obtained by adding a light-management AZO film, and the
efficient performance of the bio-photocatalytic cathode in a MES for the conversion
of bicarbonate to acetate. The general applicability of the light-management film layer
in photo-assisted MES was further explored on different photocathodes
(MnFe, O, /g-C3sN4 and MnFe, O, ) developed in our previous study [19]. These
were coated with AZO films and experiments using S. marcescens Q1 were conducted
under illumination with 400 nm UV-cut filters and under the same conditions (Fig. 5).
As a result of the improved light management of the AZO film, the
MnFe, O, /g-C3sN4/AZO photocathode achieved an outstanding acetate production
rate of 11.8 + 0.5 mM/d and an appreciable & of 3.20 £ 0.12%, which was 1.40-fold
(acetate, p: 0.031) and 1.38-time (&, p: 0.041) higher of that measured with the
MnFe, O, /g-C3Ns control (acetate: 8.5 £ 0.6 mM/d, & 2.32 £+ 0.14%). The
solar-to-acetate efficiency in this study approaches the reportedly highest value of 3.6%
obtained with a Si nanowires/TiO2/Ni photocathode in photo-assisted MES [3].
However, such study may have exaggerated the role played by the TiO; in the Si
nanowires/TiO2/Ni photocathode resulting in an overestimation of the solar-to-acetate
efficiency. The light management role of this transparent conductive oxide TiO2, has
been demonstrated in the field of thin-film photovoltaic cells [12,13] but
unfortunately being overlooked and only regarded as a protective film due to its high
resistance to photocorrosion [42] of the Si nanowires/TiO2/Ni photocathode and thus

for stable performance in near-neutral pH electrolyte, as the authors claimed [3]. This
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incorrect estimation ignoring the light management may have led to an overestimation
of the solar-to-acetate efficiency of 3.6%.
Here Fig. 5

Similarly, improved photocatalytic performance was obtained using the
MnFe, O, /AZO photocathode (acetate: 4.9 + 0.2 mM/d, &: 1.34 £ 0.05%), compared
to MnFe, O, control (acetate: 2.4 £ 0.2 mM/d, p: 0.013; &: 0.65 + 0.04%, p: 0.009)
due to the enhanced light utilization produced by the light-management AZO film.
The higher acetate production corresponding to higher total reducing equivalents H;
evolution along with lower residual H., confirmed again that H» acted as a mediator in
the inorganic carbon reduction via the Wood-Ljungdahl pathway [1,4,43]. Overall, the
dramatically enhanced acetate production in these photo-assisted MES indicated that
the light-management film was suitable as an integrated solar management tool for
bio-photocathodes, where an efficient photocatalytic performance was achieved even
with reduced incident light on the photocatalyst surface.

From a MES development perspective, enhancing the light trapping and
harvesting efficiency of the photocathodes with decreased light reflection by
employing efficient light management films is not limited to AZO and may be applied
to many other transparent conductive oxide thin films such as TiO2, In,Os and
F-doped SnO: [12,13]. The scattering, anti-reflection and other photoelectric
properties of these films can function as a light manager to improve the light
utilization within the photoactive layer of the cathodes, enabling augmented reducing

equivalents generation and thus efficient value-added outputs in the photo-assisted
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MES. Considering the good biocompatibility of the selected transparent conductive
oxides, these light management films can also be applied to other model electrotrophs
(such as M. thermoacetica and S. ovata), which frequently serve as biocatalysts in
many other photo-assisted MESs. Theoretically, the light management is fully related
with the physical interface between semiconductors and the electrotrophs regardless
of the electrotrophic inherent characters and microbial physiology. The light
management system is not correlated with a particular reactor configuration but
depends on the efficacy of light irradiation of the photoelectrode, similar to sunlight
absorption by photovoltaic technologies [44] or the solar absorber material in
photothermal water vaporization system [45]. Collectively, the optical and physical
aspects of the light management system guarantee its universal application to any
other electrotroph coupled with any other transparent conductive oxides and in any
other reactor architecture.

The most impactful studies moving forward should establish the quantitative
correlation between light management and the electrotrophic coverage of the cathode
including the interior fibrous structure of the graphite felt support, and should develop
a standardized set of guidelines to achieve efficient light management in

photo-assisted MES.

4 Conclusions
This study has for the first time combined a light-management film layer with a

bio-photocathode to enhance significantly the production of acetate in photo-assisted
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MES. Taking AZO film as an example and the g-C3N4 as an active photocatalytic
layer, the shielding of the incident light caused by the electrotrophs on the
bio-photocathodes was overcome as a result of the optical properties of the AZO film
layer which redistributed the incident light over the photoactive later. Enhanced light
trapping and reduced light reflection within the active layer resulted from the high
transparency and tuned optical haze of the AZO film, achieved more reducing
equivalents production as Hz to 242% (g-CsN4/AZO-filter) and 543% (g-C3sN4/AZO)
with increased CEacetate OFf 70% (g-C3N4/AZO-filter) and 81% (g-CsN4/AZQO). The
general applicability of the light-management film to other semiconductive
bio-cathodes (MnFe, O, and MnFe, O, /g-C3N4) and significantly enhanced
photocatalytic performance was demonstrated after incorporation of a AZO light
management film with a record high solar-to-acetate efficiency of 3.20% for the
MnFe, O, /g-C3sN4/AZO biocathode. Along with any other model or non-model
electrotrophs, as well as other carbon-prolonged products such as medium-chain
carbonxylates and even bioplastics through inorganic carbon conversion in microbial
photoelectrochemical systems coupled with microbial fermentation processes, the
light management system described here might also expand in other exciting and
promising areas. This study opens up a new opportunity to construct efficient
bio-photocathodes through effective use of a light management system, and thus
allows the tailoring and manipulation of photo-assisted MES towards the desired

synthesis products from CO; sequestration.
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Fig. 1 Light transmittance and haze of the AZO film (A), light reflection (B), UV —
vis DRS (C), photoluminescence under 325 nm excitation (D) and transient
photocurrent responses with different incident angles (E and F) spectra of various
photocatalysts.

Fig. 2 SEM images on electrodes of g-C3sN4/AZO (A and C), AZO (E and G), and
g-C3Ns (I and K) with (A, E and I) or without (C, G and K) S. marcescens. EDS
spectra of either coverage (B, F and J) or no coverage (D, H, and L) of S. marcescens
on electrodes of g-CaN4/AZO (B and D), AZO (F and H) and g-CsN4 (J and L).

Fig. 3 XRD patterns (A) and XPS survey spectra (B) of various photocatalysts. DPVs
(C) and Nyquist plots of EIS (D) of the different S. marcescens cathodes and abiotic
g-CaN4/AZO controls.

Fig. 4 Acetate production (A), CEacetate (B), solar-to-acetate efficiency (C),
accumulated catalyst leaching (D) residual Hz (E) and Nyquist plots of EIS (F) over a
12-day operation with periodical addition of bicarbonate in the g-C3sN4/AZO cathodes
with or without a 400 nm UV-cut filter under light irradiation or darkness conditions.
The photocatalytic mechanism diagram of the light-management AZO film in this
photo-assisted MES (G).

Fig. 5 Acetate production and residual hydrogen (A), CEacetate and solar-to-acetate
efficiency (B) of different photocathodes under illumination with 400 nm UV-cut
filters. XRD patterns (C) of various photocatalysts with or without the

light-management AZO film incorporation.
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