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ABSTRACT: In a hybrid microbial—inorganic catalysis system, H, evolution reaction (HER) electrocatalysts are coupled with
microorganisms to achieve the highly efficient conversion of CO, to value-added chemicals using H, as an electron mediator.
However, currently developed HER electrocatalysts suffer from poor biocompatibility, hindering the performance of the system. This
study presents a N- and Si-doped polythiophene nanocomposite (PTh-NSi) as a nonmetal HER electrocatalyst with
biocompatibility for use in a hybrid microbial—inorganic catalysis system. By coupling PTh-NSi with Ralstonia eutropha H16,
conversion of CO, to poly-f-hydroxybutyrate with a maximum yield of 662.99 + 27.46 mg/L was achieved. The PTh-NSi
electrocatalyst demonstrated HER performance in bacterial media, minimal reactive oxygen species production, and no heavy metal
ion leaching, ensuring biocompatibility with R. eutropha H16. The interactions between PTh-NSi and R. eutropha H16 were
revealed. This work highlights an approach to designing biocompatible catalysts for hybrid microbial—inorganic catalysis systems,
offering the potential for sustainable CO, conversion.

KEYWORDS: hybrid microbial—inorganic catalysis system, hydrogen evolution reaction, nonmetal electrocatalyst, biocompatibility,
CO, reduction

1. INTRODUCTION Microbial conversion of CO, requires reducing the
The increase in atmospheric CO, concentration has led to equivalents. Therefore, electron transfer from electrodes to
oo . 2 . 1 microorganisms in the hybrid microbial—inorganic catalysis
significant ecological and environmental issues.” Thermal,

system is essential. For microorganisms that cannot undergo
direct electron transfer through physical contact with solid
electrodes, an electron carrier is required to facilitate indirect
electron transfer. Hydrogen is a utilizable electron carrier for
microorganisms due to its low molecular weight and high
diffuse rate through cell membranes. Additionally, hydrogen
provides microorganisms with energy for reproduction,
metabolism, and synthesis of products.” In hybrid catalysis

photo, and electrocatalysis can enable the fixation and
recycling of CO,, but it remains challenging in converting it
to C,, products. In contrast, organisms can utilize enzymes to
specifically convert CO, into multicarbon products with higher
energy density and value, such as butyric acid, terpenoids, and
lycopene.”” Recently, decoupled microbial—inorganic catalysis
systems, which spatially separate electrochemical and bio-
chemical processes, have been developed. Liquid feedstocks
from CO, electrocatalytic reduction of CO, serve as substrates

for organisms to produce desirable products. However, the Received: October 4, 2024 CHRRES G
complexity of the equipment and difficulty in separating liquid Revised:  January 5, 2025

feedstocks remain significant bottlenecks. Compared to these Accepted: January 6, 2025

systems, a hybrid microbial—inorganic catalysis system, which Published: January 13, 2025

couples microorganisms with inorganic catalysis in a single

. 45
reactor, offers a more efficient solution.”
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systems, hydrogen is generated at the cathode by water
electrolysis and then utilized in situ by microorganisms.
Therefore, efficient hydrogen evolution reaction (HER)
electrocatalysts are crucial. Although metal-based HER
catalysts exhibit excellent performance, the leaching of metal
ions can inhibit microorganism activities.”® In recent years,
carbon-based HER catalysts, typically formed by doIping the
heterostructure with metals, have been developed.”"® These
metallic active sites will leach low concentrations of metal ions
during aqueous reactions, which can be toxic to coupled
bacteria. For example, Ni** and Co®" ions at concentrations as
low as 25 pmol/L can cause significant toxicity to bacteria."'

Given these considerations, nonmetal carbon-based catalysts
that completely eliminate metal leaching are more biocompat-
ible for hybrid microbial—inorganic catalysis systems. Besides
biocompatibility, the high activity of the catalyst is also crucial.
When combined with biological systems, the HER catalyst
must exhibit excellent hydrogen production performance
under neutral conditions and in complex solution environ-
ments (coexisting with inorganic salts, proteins, and extrac-
ellular polymeric substances secreted by microorganisms).
Furthermore, the long growth cycles of microorganisms (~10
days) require excellent stability of the accompanying HER
catalyst. Therefore, designing biocompatible HER catalysts
involves higher requirements and more challenges compared to
traditional HER catalyst design.

Previous studies on nonmetal electrocatalysts focused on the
formation of graphene structures through heat treatments or
the addition of graphene in the raw material. A graphitic
network would enhance the electron and electrolyte transports
as well as the electrochemical performance. However, due to
the chemical inertness of the graphene, there was limited
synergy between it and other doping components. Electrically
conductive polymers (ECPs) provide a conductive energy
band structure due to their 7—7 conjugated properties and are
widely used as biocompatible anode materials for microbial
fuel cells."”"* Polythiophene (PTh) is one such ECP that
exhibits stable properties. The charge distribution in PTh is
not uniform with more negative charges on the S atoms which
strengthens the C—S bond to improve stability.”> Meanwhile,
highly efficient catalysis was achieved by transferring electrons
using the very high nucleophilicity of C—S. These character-
istics give PTh the potential to meet the requirements of
stability and biocompatibility. To improve catalytic activity,
modification of PTh by doping heteroatoms (N, S, P, B, Sj,
etc.) is a feasible method."® Heteroatom-doping can induce
charge transferring between carbon and heteroatoms, optimiz-
ing the adsorption/desorption of reactants and intermediates
at active sites for higher catalytic performance. In particular, N-
doping is becoming a trend for introducing heteroatoms. The
electronegativity of N (3.04) is greater than that of C (2.55),
and its atomic radius is slightly smaller than that of C. Doping
with pyridine N, pyrrole N, graphite N, etc,, can achieve
electronic polarization and enhance the adsorption capacity of
the active center for H atoms, resulting in excellent HER
performance.'”'® Moreover, N-doping has been widely
reported to improve biocompatibility by providing sites for
microorganism adhesion through increased electrode rough-
ness.'””” However, the hydrophobic surface of PTh hinders
the adsorption and activation of water molecules, which is the
first step of HER.”"** Especially in the hybrid catalysis system,
where a neutral electrolyte (pH = 6.8—7.4) is required, the lack
of protons adds to the difficulty of the activation step.
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Therefore, Si was selected to improve the hydrophilic
properties of PTh due to its good hydrophilicity and ease of
compounding with other materials.”’ Additionally, the electro-
negativity of Si (1.09) is less than that of C. Co-doping N and
Si, with electronegativities greater and less than that of C,
respectively, leads to an optimized electronic structure of
PTh, 162425

The cathodic HER is accompanied by the production of
oxygen at the anode. In a hybrid microbial—inorganic catalysis
system utilizing aerobic microorganisms, the cathode and
anode are housed within a single chamber. Since standard
thermodynamic potentials of oxygen reduction are higher than
that of HER, oxygen produced by the anode is reduced at the
cathode under the HER cathode potential. Oxygen undergoes
two pathways: a four-electron pathway to produce water and a
two-electron pathway to produce reactive oxygen species
(ROS) such as H,0,, O,*”, and *OH. For microorganisms in
electrochemical systems, the generated ROS have damaging
effects on their DNA, proteins, lipids, etc., thus inhibiting its
metabolism and growth.6’26 Therefore, eliminating ROS
production is another important consideration for biocompat-
ible HER catalysts design. The key step of producing ROS
originated from O, reduction is the formation of O—O
bonds.”” Heteroatom-doping induces charge redistribution and
changes the oxygen adsorption model to weaken O-O
bonds.”® Therefore, doping heteroatoms such as N and Si to
design a rational carbon active center can reduce the ROS
yield, thereby further enhancing the biocompatibility.

Herein, we innovatively introduced the conductive polymer
polythiophene as a substrate of an electrocatalyst. A N- and Si-
doped polythiophene nanocomposite (PTh-NSi) was prepared
as a nonmetal HER electrocatalyst through ball-milling and
hydrothermal treatment. Coupled with PTh-NSi, Ralstonia
eutropha H16 (R. eutropha H16) was employed as a microbial
catalyst to construct the hybrid microbial—inorganic catalysis
system, converting CO, to poly-f-hydroxybutyrate (PHB).
PTh-NSi was characterized and HER performance was studied.
To evaluate the biocompatibility of PTh-NSi, ROS production
during water electrolysis and the interactions between PTh-
NSi and R. eutropha H16 were systematically studied. The
operating parameters and conditions of the hybrid microbial—
inorganic catalysis system were optimized to increase PHB
production efliciency. Eventually, the coupling mechanism
between PTh-NSi and R. eutropha H16 was revealed.

2. EXPERIMENTAL SECTION

2.1. Materials. Ferric chloride (FeCl;), thiophene, and urea were
purchased from Aladdin Co. Ltd. (Shanghai, China) and used
without further purification. Acetone, hydrochloric acid, chloroform,
sodium silicate dihydrate (Na,SiO5-9H,0), and ammonium persulfate
((NH,),S,05) were purchased from Macklin Biochemical Co., Ltd.
(Shanghai, China) and used without further purification. Unless
otherwise specified, all solutions were prepared using purified water.
Minimal medium (MM) was composed of 9 g/L Na,HPO,-12H,0, 3
g/L KH,PO,, 0.2 g/L (NH,),SO,, 0.15 g/L MgSO,-7H,0, 0.3 g/L
NaHCOj;, 50 mg/L ferric citrate, 1.5 mg/L NTA, 0.3 mg/L H;BO;,
0.2 mg/L CoCl,-6H,0, 0.1 mg/L ZnSO,-7H,0, 0.03 mg/L MnCl,-
4H,0, 0.03 mg/L Na,Mo0,-2H,0, 0.02 mg/L NiCl,-6H,0, and 0.01
mg/L CuSO,-5H,0.

2.2. Synthesis of Catalysts. 2.2.1. Synthesis of SiO, Nanodots
(SiO,-NDs). A 3.7 g portion of Na,SiO;-9H,0 was dissolved in 100
mL of H,0O, and hydrochloric acid was added to adjust the pH to 6.
The suspension was transferred to a Teflon-lined stainless steel
autoclave and heated at 160 °C for 14 h. The ground mixture was
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Figure 1. Preparation and characterization of PTh-NSi. (a) The schematic procedure for synthesizing PTh-NSi; (b) SEM image of PTh-NSi; (c)
contact angles of PTh-NSi, PTh-N, PTh, and SiO,-NDs; (d) FT-IR spectra of all samples; (e) high-resolution XPS C 1s spectra of all samples; (f)
high-resolution XPS Si 2p spectra of SiO,-NDs and PTh-NSi; (g) high-resolution XPS N 1s spectra of PTh-N and PTh-NSi; and (h) high-
resolution XPS S 2p spectra of all samples.

then annealed under an argon atmosphere at a heating rate of S °C stainless steel and carbon paper), refer to Figure S3. The linear
min~! for 12 h at 550 °C. voltammetry scanning (LSV) parameters were voltage window —0.6

2.2.2. Synthesis of PTh, PTh-N, and PTh-NSi. A 4.86 g portion of to —1.0 V (vs Ag/AgCl), sweep rate S mV/s. The measured potential
FeCl; was dissolved in 50 mL of chloroform to obtain a dark green was converted by E (vs RHE) = E (vs Ag/AgCl) + 0.197 + 0.0592 X
solution. Nitrogen was introduced to remove the air in the reaction pH. The electrochemical active surface area (ECSA) was estimated by
flask and 0.84 g of thiophene was added, and the reaction was determining the double-layer capacitances (Cpy). Cyclic voltammetry
maintained at 0 °C for 12 h. Twenty milliliters of acetone was added tests were performed in the non-Faraday region (0.492—0.592 V vs

to terminate the reaction. The liquid was evaporated and washed RHE) at scanning speeds of 20—100 mV/s. Cp; was obtained by
repeatedly with 0.1 mol/L HC], acetone, anhydrous ethanol, and H,O plotting the linear relationship between j—j, (oxidation current—
three times in turn and dried under vacuum at 60 °C for 12 h to reduction current) at E = 0.542 V (vs RHE) (midpoint of the non-
obtain ?Th. PTh,.u'rea,.and SiOZ-ND.s in appropriate mass ratios were Faraday voltage window) and scanning speed, with Cpy, being twice
placed in a ball milling jar and ball mllle'd at SOO'rpm for 1 h to obtain the slope. Electrochemical impedance (EIS) was examined over a
the precursor. To 0.5 g of precursor dispersed n H,0 (40 mL) was frequency range of 0.1 MHz to 0.01 mHz. For more details of rate of
added 5.4 g of (NH,),5,05 to obtain the suspension. The suspension hydrogen production, refer to Text S2. For measurements of ROS

was transferred to a 100 mL Teflon-lined stainless steel autoclave and yf 8 TP S ’ ’ !
heated at 140 °C for 24 h. After cooling to room temperature, PTh- re §r4to H;Xt:rij. System Construction. 2.4.1. Preparation of

NSi was obtained by washing with H,O three times. A similar method React Carb d stainl teel (SS) tto 2 X 2
was taken to prepare PTh-N. For information of characterizations, eactors. Larbon paper and stainless stee were cut to 2 X

refer to Text S1. cm?. Catalyst ink was applied by spraying it on the dried carbon paper.
2.3. Electrochemical Measurements. All electrochemical SS was ultrasonically washed with acetone and ethanol in turn for 30
experiments were performed in a typical three-electrode system and min and dried. Azsingle enclosed chamber reactor was used, with a Pt
tested by an electrochemical workstation CHI 760E (Shanghai, mesh (1 X 1 cm?) for the counter electrode and saturated Ag/AgCl
China). Graphite rods were used as counter electrodes, saturated Ag/ for the reference electrode. A 0.22 ym PTFE membrane gas filter was
AgCl was used as reference electrodes, and the electrolyte was 1 M connected to the gas inlet and outlet at the top of the reactor. The
phosphate buffer solution (PBS) (pH = 7.2, Aladdin). The carbon two working electrodes and the reference electrode were sterilized by
paper was cut to a suitable shape to control the working area in the ultraviolet light before use, and all other items were sterilized at 121
electrolyte to 2 X 2 cm® For more details of electrode preparation, °C before use. For more details of hybrid system operation, refer to

refer to Text S2. For the digital photos of fabricated electrodes (on Text S4.
231 https://doi.org/10.1021/cbe.4c00156
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2.4.2. Cultivation of R. eutropha H16. R. eutropha H16 was
precultured in Luria—Bertani medium for 12 h. Subsequently, the
bacterial fluid was added to the MM supplemented with D-fructose
(10 mg/mL) and precultured again for 12 h. The bacterial fluid was
centrifuged three times at 8000 rpm, 10 min to remove fructose
residue. The obtained bacterial sediment was dispersed by MM and
then inoculated into the reactor. Gentamicin (10 yg/mL) was added
to prevent contamination by stray bacteria, and the total volume of
MM was controlled to be 125 mL. The initial absorbance at 600 nm
was measured by a UV—vis spectrophotometer (Thermo Scientific
Evolution 201, USA), which required a range of 0.2—0.4. For the
digital images of the reactor, refer to Figures S1 and S2. For more
details of determination of metal leaching, extracellular polymers
(EPS), confocal laser scanning micrographs (CLSM), and atomic
force microscopy (AFM), refer to Text SS.

2.4.3. Quantification of PHB and Biomass. The bacterial sediment
was dried at 60 °C, 1 mL of 98 wt % H,SO, was added, the mixture
was heated in a water bath at 90 °C for 1 h, and then the solution was
shaken well to fully dissolve. The obtained solution was diluted by
deionized water in appropriate multiplicity, shaken well, and filtered
with a 0.22 ym membrane filter. PHB was determined by high-
performance liquid chromatography (HPLC, Agilent HPLC 1260,
USA) with the following parameters: chromatographic column
Aminex hpx-87H (300 mm X 7 8 mm, Biorad), injection volume
100 uL, column temperature 30 °C, mobile phase 2.5 mM aqueous
H,SO, solution, flow rate 0.5 mL/min, UV detector wavelength 210
nm. The concentration of biomass was calculated according to the
following equations:""

= 448 mgL' x |OD,,, —
& 0 831 mgL!

Cbiomass

PHB/DCW = CPHB/Cbiomass

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Nonmetal HER
Electrocatalysts PTh-NSi. The thiophene monomer was
polymerized by chemical oxidation to form PTh, which was
subsequently combined with urea and SiO,-NDs by ball-
milling and hydrothermal treatments to prepare PTh-NSi
(Figure 1a). Single N-doped PTh-N and no-doped PTh were
prepared by a similar method as well. After ball-milling and
hydrothermal treatments at high temperatures, more defects
and/or edges were produced in PTh, which favored the doping
of N and Si.*”*° Meanwhile, the temperatures were not high
enough to disrupt the original conjugated structure of PTh.
The SEM images (Figure 1b) confirmed that the obtained
PTh-NSi had an abundance of irregular distinct fold-like
structures. The porous structure with extensive stacking was
consistent with nitrogen adsorption/desorption isotherms
(Figure S4), and PTh-NSi (151.67 m’/g) exhibited the
highest BET specific surface area compared to PTh (40.13
m’/g) and PTh-N (92.05 m*/g). This may be due to the
addition of different substances (SiO, and urea) leading to
different degrees of thermal diffusion during heat treatments.
According to the pore structure distributions, PTh-NSi had
significantly more mesoporous channels around S§ nm
compared to PTh-N and PTh (Figure SS). Mesoporous
structure provided larger specific area and more active sites,
which was beneficial for the adsorption and separation of small
molecules (such as H,) compared to large porous. Energy
dispersive spectrometer (EDS) images (Figure S6) demon-
strated that a variety of nonmetal elements (C, N, S, Si)
achieved uniform doping. The survey XPS spectrum (Figure
S7) was also proof of successful doping and demonstrated that
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PTh-NSi was not doped with metallic elements, indicating that
the high-performance of HER was fully contributed to by
nonmetal composition. Contact angle measurements were
performed to assess the hydrophilicity of the catalyst (Figure
1c). Before and after Si was doped (PTh-N and PTh-NSi), the
contact angle was reduced from 66.5° to 24.6°. The smaller
contact angle indicated that Si-doping significantly improved
the hydrophilic properties. Successful modification greatly
alleviated the blockage of water adsorption and activation in
the neutral electrolyte required by microorganisms.

The structure of the obtained PTh-NSi was further
characterized to provide detailed insights into its composition
and chemical states. As XRD patterns in Figure S8 show, all of
the samples showed a wide dispersion peak at ~20°. This was
due to that while 7—7 conjugation existed in PTh, the irregular
side chains led to an overall amorphous structure.”"** After
doping with N, the characteristic peaks of urea were present on
top of the broad diffraction peaks. Doping with Si made the
characteristic peaks of urea weaker and broader, which
indicated a poorer crystallinity of PTh-NSi. More insight
into the electronic structure in PTh-NSi was gained by high-
resolution XPS spectra. Figure le displays the high-resolution
C 1s spectra. With the introduction of N and Sj, distinct peaks
at 287.93 and 283.02 eV were newly observed, which can be
attributed to C—N and C—Si.”***7** The narrowing of the C—
C/C=C bond peaks indicated a modification of the electronic
structure. Meanwhile, the C—S and C—N characteristic peaks
of PTh-NSi were negatively shifted compared to PTh-N,
indicating an increase in electron density around C atoms.
Such electron migration formed PTh-NSi a larger 7—x
conjugated system in the carbon chain segments than PTh
and PTh-N that allowed for more space for delocalized space
of electrons.”**° The high-resolution Si 2p spectra of PTh-NSi
and SiO,-NDs (Figure 1f) indicated that the Si 2p peaks of
PTh-NSi were similarly negatively shifted compared to those
of SiO,-NDs. The newly revealed two peaks of Si—C and low
valence state Si [III] indicated that some of the Si was
coordinated with C or formed a low valence state Si** after
doping.”>*”** Such electron migration increased the electron
density around Si atoms. ,,Si magic angle spinning (NMR)
MAS spectra (Figure S9) demonstrated the similar phenom-
enon. The peaks of —112.1, —103.5, and —97.5 ppm revealed
in SiO,-NDs were attributed to the Q,, Qs, and Q, structures,
which were characteristic peaks of $iO,.>”*” The dominant Q,
structure in PTh-NSi was positively shifted by 1.3 ppm,
indicating that the electron density around the Si atoms of
PTh-NSi was higher than that of SiO,-NDs. The findings in Si
2p spectra and ,oSi NMR MAS spectra indicated jointly that Si
received extra electrons.

N Is spectra (Figure 1g) showed that N existed in multiple
forms (—N*—, —NH—, and —N=) in PTh-N. A new spectral
peak of N—Si revealed after doping with Si, while there were
positive shifts in the binding energy of the three N 1s peaks,
representing an electron efflux and a decrease in the electron
density around N atoms.””*" S 2p spectra led to the same
finding (Figure 1h), with the positive shifts of S 2p'/* and S
2p>? indicating electron efflux from S. The newly revealed
peaks of 167.9 and 169.2 eV were attributed to —SO;H
functional group.’® The appearance of a new group provided
important evidence for the realization of electronic modu-
lation.

FT-IR similarly confirmed the above point about electron
modulation (Figure 1d). The band around 698 cm™ in all
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Figure 2. Electrochemical characterizations. (a) LSV curves of PTh-NSi with different mass ratios of SiO,/PTh; (b) LSV curves of all samples in 1
M PBS with a scan rate of S mV/s; (c) the plot of the capacitive current at 0.54 V of all samples against the scan rate in 1 M PBS; (d) Nyquist plot
of electrochemical impedance spectra of all samples; (e) LSV curves of PTh-NSi and SS in N,-saturated MM with a scan rate of S mV/s; and (f)
chronoamperometric measurements of the long-term stability of PTh-NSi and SS at current density of 5 mA/cm’

samples was attributed to the C—S band, which was a
characteristic band of the thiophene ring.*>** The broad bands
at 1112 and 472 cm™" in PTh-NSi represented a bond of Si—
O—Si. The band of Si—C at 1200 cm ™' and the —SOj; group at
1147 cm™ were covered off because the intensity of the Si—
O-Si band was too high. The widespread multiple bands at
788, 976, 1436, and 1490 cm™" were attributed to C=C/C—
C.”" Redshifts appeared due to multielement doping with N
and Si, again representing migration of electrons toward the
carbon chain and an increasing delocalized space of electrons,
consistent with XPS C 1s results. The characteristic C—H band
of the aromatic ring at 1173 cm™ in the Raman spectra
(Figure S10) proved that the aromatic structure of PTh was
still retained after modification, which was consistent with the
finding in FT-IR spectra.”’ Taken together, the results above
showed that there were strong electronic interactions between
the doped heteroatom and PTh in PTh-NSi.

3.2. Electrochemical Measurement of PTh-NSi as HER
Electrocatalysts. In hybrid microbial—inorganic catalysis
systems, R. eutropha H16 uses electrons carried by hydrogen
for the conversion of CO, to PHB. Before applying into a
hybrid catalysis system, the HER performance of samples was
first determined by LSV in 1 M PBS solution (pH = 7.2). In
previous work of hybrid inorganic—microbial catalysts, SS was
commonly used as the cathode.”**”* SS was used as a
comparison. The ratio of N-doping and PTh was chosen with
reference to the previous reports, and the same chemical
amount ratio (0.2) was chosen.”* LSV curves of PTh-NSi with
different SiO,/PTh mass ratios were shown in Figure 2a.
When the SiO,/PTh mass ratio was 1, PTh-NSi achieved the
highest catalytic activity. The SiO,-NDs/PTh mass ratio was
therefore kept at 1 in all of the following experiments. As the
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LSV curves showed in Figure 2b, compared with PTh-N, PTh,
and SS, PTh-NSi delivered the lowest overpotential of —0.395
V (vs RHE) at a current density of 10 mA/cm?” The Tafel
slope of 175 mV/dec for PTh-NSi was much lower than that of
PTh (327 mV/dec), PTh-N (195 mV/dec), and SS (199 mV/
dec), indicating that PTh-NSi possessed the best kinetics of
HER in PBS solution (Figure S11). The hydrogen production
rates of all the samples determined by gas chromatography at
—1.0 V (vs RHE) also confirmed that PTh-NSi delivered the
best HER performance (Figure S12). Figure 2c and Figure S13
showed that the Cp; of PTh-NSi was 24.51 mF/cm?, which
was much higher than that of 10.21 mF/ cm? for PTh-N, 7.22
mF/cm? for PTh, and 4.21 mF/cm? for SS. Cp; was positively
correlated with ECSA. The higher ECSA of PTh-NSi was
consistent with the nitrogen adsorption/desorption isotherms
results to some extent, indicating that the process of doping
with heteroatoms (N, Si) by heat-treatment obtained abundant
defect structures and effectively enhanced the HER perform-
ance. Furthermore, EIS as shown in Figure 2d indicated that
PTh-NSi had the lowest charge transfer resistance compared to
other samples. This meant, although SiO,-NDs was an
insulating material, doping with N and Si moderated the
charge density. The larger electron cloud formed around the
carbon chain contributes to the fast electron transfer,
consistent with high-resolution C 1s spectra and FT-IR.

LSV curves were performed in MM to further illustrate the
HER performance of PTh-NSi in MM (Figure 2e). Due to the
fact that the ionic strength of MM (~72 mM/kg) was much
lower than that of 1 M PBS (~2000 mM/kg), the
overpotential of both PTh-NSi and SS increased. The
overpotential of PTh-NSi at 5 mA/cm? was 654 mV, which
was still lower than SS (824 mV), exhibiting better catalytic
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Figure 3. ROS assessment. Assay of (a) *OH and (b) H,0, of PTh-NSi and SS and (c) H,0, selectivity and electron transfer number of PTh-NSi.
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Figure 4. (a) Interactions between R. eutropha H16 and PTh-NSi and SS cathode; (b) AFM images of R. eutropha H16; (c) polysaccharide/ODy,
at —1.2 and —1.3 V; (d) survival percentage of R. eutropha H16 with PTh-NSi cathode and SS cathode; (e) DPV curves; and (f) DPV curves with
different scan rates with the PTh-NSi cathode (inset: relationship between peak heights and scan rates).

activity in MM. The Tafel slope of PTh-NSi in MM was 548
mV/dec, which was lower compared to 755 mV/dec of SS
(Figure S14). In a hybrid catalysis system, microorganisms

attached to the electrodes were unable to tolerate high current

densities (>10 mA/cm?). Therefore, chronoamperometric

measurements of the long-

term stability of PTh-NSi and SS

were performed at a current density suitable for microbial

growth (5 mA/cm?). It
operated stably for more

showed that PTh-NSi could be
than 150 h at the given current

density, while the operating voltage is about 100 mV lower
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than that of SS (Figure 2f). Table S1 listed the HER
performance comparison of PTh-NSi with some representative
nonmetal electrocatalysts in previous studies, which showed
that PTh-NSi lead the competition in both HER performance
and stability. Long-cycle operation stability of PTh-NSi
matched with the following microorganism growth cycle (7—
10 days).

3.3. ROS Evaluation with PTh-NSi as HER Electro-
catalysts. Since ROS (including H,0,, °OH, and O,%")
caused oxidative damage to microorganisms, its production
was an important factor to evaluate the biocompatibility of
HER electrocatalysts. Standard thermodynamic potentials were
0.083 V for H,0,, 0.113 V for *OH, —0.527 V for O,°”, and
—0.607 V for hydrogen (pH = 7, vs statured Ag/AgCl).”” Such
a difference of thermodynamic potential made ROS
production dominant at or below the potential of generating
hydrogen in a neutral electrolyte (ie, MM). Therefore,
quantification of *OH and H,0, was performed at low
cathodic potential (—1.1 V) that was more likely to produce
ROS. *OH with PTh-NSi and the SS cathode showed an
overall trend of increasing concentration over time (Figure 3a).
The concentration of *OH produced by PTh-NSi (0.22 ymol/
L at 5 h) was only 28% of that produced by SS (0.79 umol/L
at S h, Figure 3a). As for H,0, production shown in Figure 3b,
the H,O, produced by the PTh-NSi cathode reached a peak
(57 ymol/L) at 1 h and then gradually dropped to 20 ymol/L
at S h. Meanwhile, the concentration of H,O, produced by the
SS cathode produced a higher H,0, concentration than PTh-
NSi cathode, reaching a maximum of 105 gmol/L at 2 h and
remained at 90 ymol/L thereafter. This was probably due to
the presence of metal ions in MM catalyzing the Fenton/
Fenton-like reaction of oxidizing H,O, to produce *OH. Metal
ions (Fe**, Ni**, Cr**, etc.) leached by SS catalyze H,0, more,
resulting in *OH in a greater content (Figure S15). All metal
leaching with PTh-NSi showed an overall decreasing trend,
which was due to the nonmetal composition of PTh-NSi, and
microbes utilize metal ions in the solution. For example,
microbes utilize Fe and Ni to synthesize [NiFe] hydrogenase,
which is the crucial redox center for electron transfer processes.
Meanwhile, there is no highly toxic Cr in the electrolyte with
the PTh-NSi cathode. To clarify effects of H,O, on R. eutropha
H16, survival rates of R. eutropha H16 with different
concentrations of H,0, were evaluated by the cell counting
method. As shown in Figure S16, 100 pmol/L H,0, killed
24% of R. eutropha H16 and 20 umol/L H,O, killed 5.2% of R.
eutropha H16. Due to the instantaneous production of *OH
and its extremely short half-life (1077 s), it was difficult to
quantify the effects of different concentrations of *OH on R.
eutropha HI16. It had been previously reported that the
inactivation process of microorganisms was promoted when
the production of *OH was promoted.”” It followed that
PTh-NSi was biocompatible due to the low ROS yield.

The lower ROS yield was attributed to the electron pathway
of oxygen reduction (Figure 3c). It showed that oxygen mainly
underwent a four-electron pathway reduction to H,O (electron
transfer number n & 3.9) rather than two-electron pathway to
H,0, with PTh-NSi cathode, and the selectivity of O,
reduction to H,0, was less than 8% (Figure S17a). This
more desirable electron transfer pathway was attributed to the
doping of N and Si. For the undoped thiophene ring, the spin
scheme on the C atom facilitates oxygen adsorption and
reformation of the O—O bond for reduction to H,0,. It turned
out the heteroatom-doping significantly enhanced the electron
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transfer number and reduced the H,O, selectivity on the basis
of PTh (Figures S17b and S17c). Doping with heteroatoms
altered the intrinsic electronic properties of PTh and enhanced
electron transfer between C and heteroatoms.'”*” It resulted in
a greater tendency to break the O—O bonds and eventually
produce H,O (four-electron pathway). Altogether, the
heteroatom-doping strategy not only improved HER perform-
ance but also enhanced biocompatibility by decreasing ROS
yield.

3.4. Interactions between PTh-NSi Cathode and R.
eutropha H16. EPS including proteins, polysaccharides,
nucleic acids, lipids, etc, played important roles in the
interactions between the electrode and microorganisms.
Meanwhile, the secretion of EPS was significantly affected by
the extracellular environment. The relatively smooth exterior of
R. eutropha H16 was roughened by loosely bound EPS (LB-
EPS) and toughly bound EPS (TB-EPS), which was visualized
by AFM. Roughness of R. eutropha H16 with the PTh-NSi
cathode was ~23% lower than that with the SS cathode (66.17
+ 8.91 nm vs 85.94 + S5.11 nm, n = 24), indicating differences
in EPS secretion (Figure 4a). Among all components of EPS,
polysaccharide was usually considered to provide bacteria
protection from a wide range of stresses as a protective barrier
for microorganisms. Especially, polysaccharides were generally
considered as significant antioxidants by reducing ROS and
metal ions.”" Therefore, total polysaccharides/ODgy, was used
to reveal the interaction between the cathodes and micro-
organisms and evaluate the biocompatibility of the PTh-NSi
cathode. At the end of two independent operation cycles
(applied voltage of —1.2 and —1.3 V), total polysaccharides/
ODgq in the systems using PTh-NSi cathodes were around
64% (—1.2 V) and 52% (—1.3 V) those with the SS cathode,
respectively (Figure 4b). This was because the SS cathode
induced higher adverse environmental stress during water
electrolysis, stimulating R. eutropha H16 to produce more
extracellular polysaccharides for a protective strategy.”””>
Meanwhle, images of flow cytometry showed that survival
rates of R. eutropha H16 with the PTh-NSi cathode were 70%
higher than that with the SS cathode (Figures 4d and S18),
which was the highest among the relevant studies. Thereby, the
lower polysaccharides/ODy, indicated that PTh-NSi cathodes
were more biocompatible compared to the SS cathode.

Extracellular electron transfer, including direct and indirect
pathways, was another important consideration in the
interaction between the cathode and R. eutropha HI6.
Formation of biofilms on the cathode could enable a direct
electron transfer pathway. Thus, CLSM with live/dead
bacterial staining were employed to image the biofilm
formation on both cathodes (Figure S19). CLSM results
showed that there was more uniform biofilm attachment on
the PTh-NSi cathodes, while the overall biomass was lower,
and most of the bacteria were dead. This was due to the strong
hydrogen production reaction on the electrode surface and the
high levels of ROS in the microenvironment of the electrode
surface. Given that there was no active biofilm formation on
either the PTh-NSi or SS electrodes, direct electron transfer
could be neglected. Beside direct electron transfer and H,
mediated electron transfer, indirect electron transfer depended
on molecules with redox activity such as flavin, methylviologen,
quinone analogues, and neutral red as electron shuttles which
might also exist between the cathode and microorganisms.
Therefore, differential pulse voltammetry (DPV) was per-
formed to determine the existence of electron shuttles for
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Figure S. Current, R. eutropha H16 growth, and electrochemical synthesis in a hybrid inorganic—microbial catalysis system with a PTh-NSi cathode

at (a) —1.1, (b) —1.2, and (c) —1.3 V and an SS cathode at (d) —1

.1, (e) —=1.2, and (f) —1.3 V.

indirect electron transfer in our system. DPV curves obtained
with a PTh-NSi cathode showed two pairs of peaks (Figure
4e). One pair was E, = =432 mV (anodic potential, versus
saturated Ag/AgCl, the same as below) and EP = —422 mV
(cathodic potential) (Figure 4d). According to a previous
publication, this pair of peaks was likely attributed to flavin.>*
Notably, the presence of flavin was not observed in the DPV
curves with the SS cathode. To further confirm the existence of
flavin, the electrolyte was qualitatively detected by LC-MS with
a secondary MS analysis. The MS result showed that the 377.2
peak yielded an ion with a m/z ratio of 243, consistent with
riboflavin standards (Figure S20). In addition, the heights
flavin peak increased as a linear function of scan rate (R =
0.990), which was evidence for the adsorption of flavin to PTh-
NSi electrode (Figure 4e).” This was due to the multiple N
sites on the PTh-NSi cathode, which could adsorb flavin on
the surface.”® Meanwhile, Si-doping improved the hydro-
philicity of the PTh-NSi cathode and also contributed to the
adsorption of the hydrophilic flavin.>” The adsorption
accelerated the reduction of riboflavin and thus increased the
turnover frequency of riboflavin as an electron shuttle, which
boosted indirect electron transfer between the cathode and R.
eutropha H16. To further confirm the effect of indirect electron
transfer on the bacterial metabolism, R. eutropha H16 were
transferred to a system with fresh MM and a new PTh-NSi
cathode, and the ratio of NADPH and NADP* (NADPH/
NADP*) was compared to that of the untransferred R. eutropha
H16 (Figure S21). The NADPH/NADP"* of untransferred R.
eutropha H16 was 1.44 times higher than that of the transferred
one (72 h), which proved that the presence of indirect electron
transfer mediated by flavin could promote the metabolism of R.
eutropha H16.

3.5. Growth and PHB Production by R. eutropha H16
with PTh-NSi as the Electrocatalyst. PTh-NSi was applied
to a hybrid microbial—inorganic catalysis system as the
electrocatalyst, with SS used for comparison. At various
applied voltages (—1.1, —1.2, and —1.3 V), the PTh-NSi
cathode consistently showed higher current (11, 25, and 35
mA) compared to SS (7, 16, and 27 mA) (Figure S). More
hydrogen was provided to R. eutropha H16 supporting its

metabolism and growth, which resulted in higher ODgy, and
PHB production. In particular, the PHB yield of the PTh-NSi
cathode (662.99 + 27.46) was enhanced by 66% compared to
SS (397.82 + 17.82 mg/L). For PTh-NSi, the maximum
ODgo was 1.19, while the final yield of PHB was 241.9 + 10.1
mg/L at —1.1 V. As the voltage increased to —1.2 V, the
maximum ODygy, was 2.06 with the maximum PHB yield of
662.99 + 2746 mg/L. At —1.3 V, ODyy reached the
maximum value of 2.1, while maximum PHB yield decreased
to 446.97 + 10.64 mg/L. The increase in ODgy, and PHB yield
from —1.1 to —1.2 V was attributed to the higher hydrogen
production by PTh-NSi, as mentioned earlier. However, when
voltage varied from —1.2 to —1.3 V, more hydrogen led to
faster growth of R. eutropha H16. Nonetheless, the PHB yield
decreased, which might be due to the negative effect of
excessive voltage on the microorganism (~9 mA/cm?). When
microorganisms were subjected to external electric field, a
microelectric field was formed on both sides of the membrane.
Increasing the strength of the applied electric field increased
the membrane permeability, resulting in the death or
inactivation of microorganisms. From the perspective of the
anodic reaction, hypochlorite or reactive nitrogen species
might produce higher voltage, inhibiting the activity of R.
eutropha H16.”>® Several reports demonstrated that increasing
the applied voltage in microbial electrosynthesis systems
decreased the yield of target products.*”*" The percentage of
alive cells of R. eutropha H16 in a hybrid catalysis system at
—1.2 and —1.3 V was determined by flow cytometry (Figure
S22). The survival rate was 87% at —1.2 V, which was 1.52
times that at —1.3 V (58%). In brief, the PTh-NSi
electrocatalyst exhibited outstanding HER performance and
biocompatibility, achieving a PHB yield as high as 662.99 +
27.46 mg/L at —1.2 V, outcompeting most yields previously
achieved in hybrid catalysis systems (Table S2). PHB yield was
24% higher than the highest previous yields of similar systems
and significantly reduced operation time. Since our electro-
catalysts were heat treated at rather low temperatures in order
not to destroy the polythiophene structure (compared to
calcination, which is most commonly used for catalyst
preparation), lower energy consumption opened up the
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possibility of realizing industrial processes. In addition, ball-
milling and hydrothermal reactions are controllable during
scale-up processes. This also adds reliability for subsequent
integration.

The effects of microorganisms and the solution environment
on HER electrocatalysts need to be studied to evaluate the
stability of PTh-NSi in a microorganism medium. After 10 days
of operation, the LSV curves shown in Figure 6a indicated that
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Figure 6. Comparison of the PTh-NSi cathode before and after
operation. (a) LSV curves in 1 M PBS; (b) FT-IR; (c) SEM images of
the PTh-NSi cathode after operation; and (d) element contents
obtained by EDS after operation.

the HER performance of PTh-NSi decayed by approximately
24%. FT-IR was utilized to identify the changes of the
functional groups on the electrode surface. The results in
Figure 6b showed that new bonds of C=0O, C—N, and N—H
appeared on the electrodes after the operation, which were
originated from the carboxyl and amino functional groups of
attached EPS and biomass. Deposition of EPS secreted by R.
eutropha H16 on the electrodes resulted in performance decay.
Furthermore, the SEM image of the used electrode showed a
multilayered thick sheet-like crystalline structure (Figure 6c)
and Na, K, P, and Mg elements from the electrolyte were
identified on the electrodes (Figure 6d and Figure $23), which
resulted in the deactivation of the catalytic sites. A possible
explanation was negative charge on the electrode surface
causing electrostatic adsorption of cations leading to the
decrease of HER performance.

4. CONCLUSION

This study demonstrates the successful synthesis and
application of a PTh-based nonmetal electrocatalyst, PTh-
NSj, for efficient HER and biocompatible conversion of CO,
to PHB in a hybrid microbial—inorganic catalysis system. The
unique electronic modulation strategy used in the synthesis of
PTh-NSi, which incorporates N- and Si-doping, significantly
enhances the catalytic performance, stability, and biocompat-
ibility of the electrocatalyst. The PTh-NSi electrocatalyst
achieved a current density of 10 mA/cm? at a low
overpotential of —0.395 V in neutral PBS, showing excellent
HER activity compared to reported nonmetal HER catalysts in
neutral environments. Silicon-doping was particularly effective

in promoting hydrophilicity, which is crucial for maintaining
efficient catalytic activity in aqueous environments required for
microbial growth. The robust structure of PTh enabled stable
operation over 150 h, aligning with the growth cycle of R.
eutropha H16 and facilitating long-term CO, conversion. The
biocompatibility of PTh-NSi was confirmed through minimal
ROS production and the absence of heavy metal ion leaching,
which supported the fast growth of R eutropha H16 and
enhanced PHB production. The hybrid system achieved a PHB
yield of up to 662.99 + 27.46 mg/L, which is 1.66 times higher
than the yield obtained with SS cathodes. The interaction
between PTh-NSi and R. eutropha H16 led to the secretion of
more redox-active proteins and fewer insulating polysacchar-
ides, further revealing the synergistic interactions. Additionally,
flavin production by R. eutropha H16 coupled with PTh-NSi
was confirmed, which facilitated the NADPH/NADP* balance,
enhancing the overall efficiency of the CO, conversion. The
strategy of introducing a conducting polymer as the substrate
and modulating the electron density will provide new ideas for
the design of nonmetal catalysts, especially those suitable for
hybrid inorganic—microbial catalysis systems. This work paves
the way for the development of sustainable and efficient
technologies for CO, conversion, highlighting the potential of
using nonmetal electrocatalysts in microbial—inorganic hybrid
systems for environmental and industrial applications.
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