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Abstract Microbial electrosynthesis is a promising
alternative to directly convert CO, into long-chain
compounds by coupling inorganic electrocatalysis with
biosynthetic systems. However, problems arose that the
conventional electrocatalysts for hydrogen evolution may
produce extensive by-products of reactive oxygen species
and cause severe metal leaching, both of which induce
strong toxicity toward microorganisms. Moreover, poor
stability of electrocatalysts cannot be qualified for long-
term operation. These problems may result in poor
biocompatibility between electrocatalysts and microor-
ganisms. To solve the bottleneck problem, Co anchored on
porphyrinic triazine-based frameworks was synthesized as
the electrocatalyst for hydrogen evolution and further
coupled with Cupriavidus necator H16. It showed high
selectivity for a four-electron pathway of oxygen reduction
reaction and low production of reactive oxygen species,
owing to the synergistic effect of Co—N, modulating the
charge distribution and adsorption energy of intermediates.
Additionally, low metal leaching and excellent stability
were observed, which may be attributed to low content of
Co and the stabilizing effect of metalloporphyrins. Hence,
the electrocatalyst exhibited excellent biocompatibility.
Finally, the microbial electrosynthesis system equipped
with the electrocatalyst successfully converted CO, to
poly-S-hydroxybutyrate. This work drew up a novel
strategy  for enhancing the biocompatibility of
electrocatalysts in microbial electrosynthesis system.
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1 Introduction

With an extensive consumption of fossil fuels, the
concentration of CO, in the atmosphere has risen rapidly,
which leads to a series of global climate anomalies [1,2]
due to the greenhouse effect. To address these crises,
plenty of techniques for carbon capture, utilization and
storage [3,4] have been developed. Microbial electrosyn-
thesis (MES) stands out owing to its ability to convert
CO, into long-chain compounds with high added value
for one-step operation [5,6] whilst achieving decarboni-
zation ultimately.

MES is a kind of hybrid catalytic system coupling
inorganic electrocatalysis with biocatalytic conversion.
Specifically, electron mediators such as H, [7] and
formate [8] are in-situ provided by the inorganic electro-
catalysis using electricity [9] or solar energy [10]. Electron
mediators will be utilized by the microorganisms as
reducing equivalents to fix CO, into long-chain compou-
nds through diverse metabolic pathways without complica-
ted intermediate processes [11]. H,-mediated MES
system coupling the hydrogen evolution reaction (HER)
with H,-oxidizing autotroph bacteria is widely studied and
considered as one of the most efficient systems [12—14].
Nevertheless, the biocompatibility between electrocatal-
ysts and bacteria is the bottleneck problem of MES
systems [6,15]. On one hand, producing reactive oxygen
species (ROS) such as superoxide (-O,), hydrogen
peroxide (H,0,) and hydroxyl radical (-OH), is thermo-
dynamically favored under the potential of HER in neutral
solution [16]. In other words, the by-production of ROS
is inevitable for electrocatalysts when operating. ROS are
evident to inflict irreversible damage to DNA and
phospholipid bilayer, when the oxidative stress exceeds
the capacity of the endogenous antioxidant defense
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system [17,18]. On the other hand, owing to the existence
of the dynamic equilibrium between metallic dissolution
and precipitation on the phase interface of electrocatalysts
[19], metal elements tend to dissolve into electrolytes
despite a negative potential is applied on electrocatalysts.
It is reported that a trace of metal ions (approximately
part per million level) leaching from electrocatalysts is
capable of inhibiting bacterial growth [12]. Because metal
ions in the electrolyte (i.e., culture medium) can form
complex bonds with proteins which may result in misfold
and inactivation of the enzymes necessary for microbial
metabolism [20]. Additionally, it is commonly required
for MES system to continuously operate for a long time
(two weeks) [21]. Hereby, it puts forward extreme
demand for electrocatalysts on electrochemical stability.

Recently, covalent triazine frameworks (CTF) have
attracted great attention owing to abundant nitrogen sites,
hierarchically porous architectures and high chemical
stability [22,23]. Moreover, metal elements can be
anchored on porphyrin architectures in CTF forming
metal coordinated nitrogen (M-N,) sites, which are
reactive for varieties of electrochemical reactions with
excellent stability. Anchoring metal on CTF as the
electrocatalyst for HER would be an ideal strategy to
debottleneck the poor biocompatibility between electroca-
talysts and bacteria for the following reasons. Firstly,
these catalysts have been reported to exhibit a highly
efficient four-electron oxygen reduction reaction (ORR)
pathway in both acid and alkaline media [24-26], which
may be attributed to the synergistic effect between M—N,
[22]. Therefore, partial reduction of oxygen will not be
the dominant pathway and by-production of ROS will be
greatly eliminated. Secondly, metal elements exist in the
form of metalloporphyrins. Due to the strong covalent
metal-support interaction, metal elements can be fixed in
porphyrin motifs with excellent stability [27]. Concerning
limited porphyrin motifs in CTF, the metal loading of
catalysts is extremely low, perhaps less than 1 wt % [28].
Accordingly, the concentration of metal ions dissolved
from catalysts will be prominently decreased on account
of the stabilizing effect of metalloporphyrins and low
content of metal elements. In addition, anchoring metal
elements on CTF is a potential method for preparation of
single-atom catalysts in view of highly distributed
porphyrin motifs and incorporated metalloporphyrin
architectures [29]. It can bridge the gap between
heterogeneous and homogeneous catalysis, thus
maximizing the catalytic efficiency of reactive sites and
achieving high catalytic performance [30]. Above all,
anchoring metal on CTF is a promising strategy to
enhance the HER performances and biocompatibility of
electrocatalysts for MES system.

Herein, in this study, 3d transition metal elements,
including Fe, Co, Ni and Cu were selected as the
candidates owing to their merits of decent HER activity
and relatively low cost. Fe, Co, Ni and Cu anchored on
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porphyrinic triazine-based frameworks (M@PTF) were
synthesized as the electrocatalysts for HER in MES
system. Linear sweep voltammetry (LSV) and Tafel slope
was employed to select the best HER electrocatalysts
among M@PTF. Transmission electron microscopy-
energy dispersive spectrometer (TEM-EDS), X-ray
diffraction = (XRD), Fourier transform infrared
spectroscopy (FTIR), Raman, Brunauer—-Emmett-Teller
(BET) and X-ray photoelectron spectroscopy (XPS) were
implemented to make insights into the physical
properties. Moreover, the concentration of ROS,
including -O,", H,0, and ‘OH, were determined (semi-)
quantitatively using corresponding probes. Whilst
stainless steel (SS) was selected as the comparison.
Furthermore, the biocompatibilities of electrocatalysts
were evaluated by growth curves in MES system and spot
assays. The concentrations of metal leaching were
monitored throughout the operation. Finally, MES
systems were operated equipped with synthesized
electrocatalysts, coupling with a H,-oxidizing bacterium,
Cupriavidus necator H16 [31] for CO, conversion to high
value-added bioplastic, poly-S-hydroxybutyrate (PHB).

2 Experimental

2.1 Synthesis of M@PTF

The preparation of the M@PTF (M = Fe, Co, Ni, Cu) was
previously reported with a slight modification [28]. 5.65 g
of 4-cyanobenzaldehyde and 3 mL of pyrrole were added
into a flask containing 100 mL of propionic acid. The
mixture was heated to 145 °C for 12 h under reflux with
vigorous stirring. The insoluble substance was washed
three times with methanol, ethyl acetate and
tetrahydrofuran in turn. The precursor was obtained after
drying at 60 °C for 24 h and labeled as TP. In order to
anchor 3d transition metal elements on TP, 0.715 g of TP
and 12.8 mmol of M—Cl, were suspended with 100 mL of
N,N-dimethylformamide, and the mixture was heated to
160 °C for 10 h under reflux with vigorous stirring. The
residue was washed three times with 1.0 mol-L~! HCI and
deionized water, then dried at 60 °C for 24 h. The
obtained product was donated as M@TP. In the last
procedure of synthesis, 0.3 mmol of M@TP and 10 mol
of ZnCl, were added into a quartz ampule. The ampule
was evacuated and sealed before calcining. It was heated
to 600 °C for 40 h at a heating rate of 5 °C-min~!. Finally,
the product was washed with deionized water followed by
1.0 mol-L~! HCI. After filtration and drying, the black
powder was taken as the target product of M@PTF.

2.2 Characterization

2.2.1 Physical characterizations

The morphology and structural properties of Co@PTF
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was observed by TEM (Hitachi HT-7700). TEM was
equipped with an EDS (Oxford X-max 80) to define the
element distribution. The inductively coupled plasma
optical emission spectroscopy (ICP-MS, PerkinElmer
NexION 300X) was employed to quantify the content of
metal elements. The crystal structure pattern was
recorded by XRD (Bruker D8 Advance). FTIR (Thermo
Fisher Scientific Nicolet iS10) was used for functional
group measurement. Raman spectrum was obtained by a
Raman spectrometer (LabRam HR Evolution). The
specific surface area was analyzed by TriStar II Plus (N,,
—196 °C) and the pore size distribution was calculated by
the heterogeneous surface nonlocal density functional
theory (NLDFT) model. The XPS (Thermo Fisher
Scientific K-Alpha) was implemented to determine the
composition and atomic valence state.

2.2.2 Electrochemical characterizations

The preparation of electrodes and fabrication of three-
electrode test system was manifested in Electronic
Supplementary Material (ESM). The LSV was performed
with the potential range from —1.5 to —0.4 V (all the
potentials were applied versus saturated Ag/AgCl in the
Experimental section) at a scan rate of 5 mV-s™!, after at
least 20 cycles of cyclic voltammogram to eliminate the
influence of impurities on the electrode surface. The
rotating ring-disk electrode (RRDE) measurements were
carried with a glassy carbon ring-disk electrode (4 mm
diameter) with a Pt ring-disk electrode as the working
electrode and MM as the electrolyte. High-purity O, was
utilized to provide the O,-saturated solution before tests.
LSV tests for ORR were conducted at a rate of 5 mV-s~!
with the potential range from —0.6 to 0.6 V. The ring
potential was constant at 0.5 V. The hydrogen peroxide
yield (H,0,%) and the electron transfer number (n) were
calculated with the following equations:

I
Ii+—
N
Iy
= T x4, (2)
I+ —
N

where /. was the ring current, /; was the disk current and
N was current collection efficiency of the Pt ring. N was
calibrated by measuring the ratio of ring current densities
and disk current densities under the same parameters
mentioned above except the electrolyte containing 10
mmol-L™! K,Fe(CN), and 100 mmol-L™! KC1[32]. N was
defined as average value to be 0.497 (Fig. S1, cf. ESM).

2.3 Determination of ROS

Semi-quantitation of the concentration of -O,  was
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measured by the ‘O, specific probe hydroethidine (HE)
[33]. HE can be oxidized by ‘O, to produce fluorescent
ethidium, which emitted fluorescence (4., =470 nm, 4, =
610 nm).

The accurate concentration of H,0, was measured
using a fluorimetric hydrogen peroxide assay kit (Sigma-
Aldrich) by monitoring the red fluorescent reaction
product (4., = 540 nm, 1., = 590 nm) with a fluorescent
microplate reader (Tecan Infinite 200 Pro) [12]. Calibra-
tion curves in Experimental section were shown in Fig. S2
(cf. ESM). The concentration of H,O, was quantified by
comparing it with a calibration curve obtained from H,O,
standards ranging from 0 to 10 pmol-L™! (Fig. S2(a)).

The concentration of ‘OH was determined using the
terephthalic acid (TA) method [34]. TA was added into
the electrolyte as the probe then reacted with -OH
producing HO-TA which resulted in the emission of
fluorescence (4., = 320 nm, 4., = 425 nm). The signal
was recorded and translated in terms of concentration via
the calibration curve (Fig. S2(b)).

2.4 MES system operation

The MES system was operated in a single-chamber water-
splitting reactor (Fig. S3, cf. ESM). The as-prepared
carbon paper or SS electrode and Pt mesh (1 x 1 cm?)
were employed as the working electrode and the counter
electrode respectively. Details of the preparation for the
MES reactor and pre-culture for strain were described in
ESM. Before inoculation, the reactor as well as electro-
lyte was supposed to be sterilized under 121 °C for 20 min.
The re-suspended strain was inoculated into 150 mL
culture medium through a sampling tube until the optical
density at 600 nm (ODy,) of the electrolyte ranged from
0.13 to 0.16. Next, the reactor was purged with CO, for at
least 20 min to ensure saturation of CO, in the electrolyte
then sealed. The applied current densities were supplied
with an electrochemical workstation and the changes of
the potential were recorded. 2.5 mL of electrolytes were
sampled every day to define ODy, using an ultraviolet-
visible spectrometer. It was centrifuged at 7000 r-min~!
for 7 min then stored at 0 °C before quantification of
PHB titers (see details in ESM). The entire electrolyte
was purged with CO, for 20 min for re-saturation.

2.5 Spot assays

Spot assays of MES systems were performed in the same
procedures as MES system without CO, aeration. Spot
assays for half-maximal inhibitory concentration (ICy;) of
metal elements were conducted in shaking flasks
containing different concentrations of metal elements in
MM with similar inoculating concentration. Hence, 100
pL of solution was sampled and diluted 1:10 in MM.
Three serial 10-fold dilutions were made and 3 pL of
each dilution was spotted on the Luria—Bertani broth agar
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plate. Plates were supposed to be grown for 3 d at 30 °C
before imaging.

3 Results and discussion

3.1 Electrochemical characterizations

Fabrication procedures and HER performances for
M@PTF were illustrated in Fig. 1. As shown in Fig. 1(a),
condensation of 4-cyanobenzaldehyde and pyrrole was
used to form porphyrin motifs. FeCl,, CoCl,, NiCl, and
CuCl, were chosen as the candidates for anchoring.
Frameworks were fabricated under trimerization reaction
using the ionothermal method. The final as-obtained
samples were labeled as M@PTF (M = Fe, Co, Ni, Cu).

H, produced at the cathode will be utilized by
membrane-bound and soluble hydrogenases of C. necator
to generate the adenosine triphosphate in intracellular
energy transfer and reducing equivalents (Nicotinamide
adenine dinucleotide phosphate), furtherly driving CO,-
fixing metabolic cycles. Therefore, it is imperative for
electrocatalysts to catalyze HER efficiently and supply
sufficient H, for metabolism.

The HER performances of catalysts were evaluated
using a typical three-electrode configuration. The HER
performances of as-obtained M@PTF were determined
by the LSV method. As depicted in Fig. 1(b), Co@PTF
exhibited the lowest overpotential of 575 mV at the
current density of —1 mA-cm 2. Furthermore, the Tafel
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slope (Fig. 1(c)) of Co@PTF was calculated to be
79.9 mV-dec™!, which was the lowest among M@PTF
(232.0 mV-dec™' for Fe@PTF, 211.2 mV-dec™' for
Ni@PTF and 119.5 mV-dec! for Cu@PTF,
respectively). These results indicated that Co@PTF
showed the best catalytic performance of HER among
M@PTF. Besides, the Tafel slope of Co@PTF was
between 39 and 118 mV-dec™! in neutral media, determi-
ning the rate-limiting step to be the Heyrovsky reaction.
All of Tafel slopes of Fe@PTF, Ni@PTF and Cu@PTF
were calculated to exceed 118 mV-dec!, indicating the
rate-limiting step to be Volmer reaction [35]. Namely, the
rapid HER kinetics of Co@PTF may be attributed to the
low energy barrier for initial water dissociation (H,O + e~
— H,4y + OH") and moderate surface adsorption of OH™
[36]. Consequently, Co@PTF was chosen as the catalyst
for HER in the subsequent experiments.

3.2 Physical characterization

The physical characterization results of Co@PTF were
exhibited in Fig.2. Co@PTF showed the block
morphology on the basis of TEM image (Fig. 2(a)).
Additionally, the elemental mapping images (Fig. 2(b))
revealed that Co elements were apparently rarer than
other elements but homogeneously distributed over the
entire structure, implying Co element in an atomically
dispersed form. Interestingly, the Co content of Co@PTF
was precisely determined to be only 0.86 wt % by ICP-
MS. XRD pattern (Fig. 2(c)) exhibited two diffraction
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Fig.1 (a) Schematic illustration of the fabrication procedures for M@PTF; (b) LSV curves; (c) corresponding Tafel slopes of

M@PTF (M = Fe, Co, Ni, Cu) in MM without IR correction.
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Fig.2 (a) TEM image and (b) elemental mapping images of Co, C, N, and O, (c) XRD pattern, (d) FTIR spectrum, (¢) Raman
spectrum, (f) N, adsorption—desorption isotherm and pore size distribution (inset) of Co@PTF.

peaks centered at 25.3° and 43.4°, which were ascribed to
the (002) face of amorphous graphitic carbon and the
(100)/(101) faces of graphitic carbon respectively. No
diffraction peak of metal or metal oxides was observed,
indicating Co element probably dispersed atomically,
which was beneficial for enhancing the utilization
efficiency of Co sites. As revealed by FTIR (Fig. 2(d)),
the peaks at 1350 and 1595 cm™' were attributed to
characteristic vibration peaks of triazine rings, demons-
trating the successful trimerization reaction [37]. From
Raman spectrum (Fig. 2(e)), there were a sharp D-band at
~1340 cm™! and a sharp G-band at ~1590 cm™" as well as
a broad 2D-band at ~2800 cm™'. The ratios of the G-band
and D-band intensity were calculated to be 0.95,
indicating a partial graphitization. Additionally, a broad
2D-band was discovered, probably attributed to some
layered graphene-like architectures. High temperature
during ionothermal method may account for the
properties of partial graphitization and layered graphene-
like architectures, which can enhance the electron transfer
capacity, improve conductivity and accelerate electro-
chemical reaction furtherly [22]. As can be seen from
Fig. 2(f), the N, adsorption—desorption isotherm of
Co@PTF showed hysteresis loops at the relative pressure
range from 0.43 to 1.0, which was classified as type IV
H3 isotherms, suggesting the formation of irregular
micro- and meso-pores. In addition, the BET surface area
of the sample was measured to be 867.98 m?>-g~!. The
distribution of pore size was calculated to be 0—13.5 nm
as well as the average pore size to be 6.91 nm by NLDFT
method. The hierarchically porous structure with high
special areas can expose more reactive sites, facilitating
the mass transfer and maximizing utilization efficiency of

reactive sites, thus boosting the catalytic activity for HER
[38].

In addition, XPS was carried out to determine the
elemental compositions and electronic states (Fig. 3). As
exhibited in Fig.3(a), the XPS survey spectrum
confirmed the evident presence of C, N and O elements.
The presence of Co element was hardly identified on
account of low metal loading. Delicate confirmation for
the existence of Co element was gotten via the high-
resolution spectrum of Co 2p (Fig. 3(b)). The content of
each element was summarized in Table S1 (cf. ESM).
More than 5 wt % of N element was detected, which
endowed abundant C—N sites possibly catalytic for HER
[39] and enhanced the biocompatibility of the surface
exposed to microorganisms [40]. The high-resolution
spectrum of N 1s (Fig. 3(c)) was deconvoluted into three
types of N species, where the peaks located at 398.3,
400.3 and 401.6 eV were corresponding to triazine-N,
Co-N and graphitic-N, respectively. The existence of
triazine-N confirmed the successful occurrence of
trimerization reaction. Co—N was originated from the
Co-N,, whose synergistic effect between Co and N may
modulate the charge distribution as well as adsorption
energy of intermediates concerning ORR and thereby
boost the four-electron pathway of ORR [41]. Partial
graphitization while calcining can interpret the presence
of graphitic-N. Moreover, the proportions of the three
types of N species were fitted to be 42.67% for triazine-
N, 31.35% for Co—N and 25.98% for graphitic-N. The
triazine-N was the dominant species, which was reported
to be beneficial for atomic H, adsorption, facilitating the
cracking of H,O molecules [42]. From the high-resolution
spectrum of C 1s (Fig. 3(d)), the fitted peak centered at
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Fig.3 (a) XPS survey spectrum and high-resolution XPS spectra of (b) Co 2p, (c) N 1s and (d) C 1s of Co@PTF.

285.6 eV was assigned to the C=N bond, which was
attributed to trimeric rings in the structure.

3.3 Determination of ROS

O, is the electron acceptor of aerobic metabolism and is
necessary for C. mecator to fix CO, into PHB [43].
Accordingly, MES system is operated in a single-
chamber reactor, where O, is continuously produced from
the anode then dissolves into electrolytes for microbial
assimilation. Inevitably, ROS to which O, is partially
reduced will be generated at the cathode, because the
overpotentials of ROS are lower than that of HER in
neutral solution [16]. ROS are highly oxidative
intermediates. There are three major species recognized,
including -O,~, H,0, and -OH [44]. On the basis of the
reaction pathway [45] shown in Fig. S4 (cf. ESM), the
formation of ROS mainly depends on the two-electron
instead of four-electron ORR pathway. H,0O, and -OH are
known as nonselective oxidants in the field of advanced
oxidation [46], whose oxidative abilities are so strong that
organic biomolecules such as DNA, phospholipid bilayer
and proteins will be subjected to irreversible damage.
Although O, induces less oxidative stress, it is still
worth detecting its concentration since ‘O, is the
precursor of the other ROS [47]. To determine the

relative yields of ROS, SS was chosen for comparison.
Semi-quantitation of the concentration of -O, was
characterized by a -O, specific probe on the base that the
intensity showed a positive correlation with the
concentration of -O,". The determination results of ROS
were shown in Fig. 4. The intensity of Co@PTF was
lower than that of SS throughout the test exhibited in
Fig. 4(a). Accordingly, less production of -O,” with
Co@PTF than SS can be concluded. As illustrated in
Fig. 4(b), the H,0, concentration of Co@PTF got to
the maximum value of approximately 42.2 pmol-L !,
which was only one-fifteenth as many as that of SS
(611.3 pmol-L™"). The -OH concentration was determined
using the TA method. As can be seen from Fig. 4(c), the
‘OH concentration of Co@PTF reached the maximum
value of 0.276 umol-L™" at the sampling time of 5 h. On
the contrary, the -OH concentration of SS got to 5 times
larger than that of Co@PTF (1.47 pmol-L™"). The above
results proved less production of ROS, including H,0,,
‘OH, and -O, with Co@PTF than SS.

In order to explore the mechanism of the low
production of ROS, the H,0,% and n of Co@PTF
measured by RRDE were exhibited in Fig. 4(d). The
H,0,% was calculated to be less than 12% and the n was
calculated to be more than 3.75 within the potential
window of ORR (ranging from 0.5 to 0.8 V vs. RHE
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measurements.

(reversible hydrogen electrode), shown in the inset curve
of Fig. 4(d)), which suggested a highly efficient four-
electron ORR pathway [48]. Incredible selectivity of the
four-electron ORR pathway may be attributed to the
synergistic effect of Co-N, modulating the charge
distribution as well as adsorption energy of intermediates
concerning ORR [22], which restrains the reduction
reaction from O, to ROS.

3.4 Evaluation of biocompatibility

biocompatibility of Co@PTF (Fig.5). Spot assay was
employed as the first method under the current density of
—1 mA-cm™. Spot assay is a kind of technique to
demonstrate cell viability, where every spot is a single
colony proliferated from survived bacteria in the sample.
As depicted in Fig. 5(a), Co@PTF exhibited better
biocompatibility than SS. Less production of ROS for
Co@PTF inflicts C. necator relatively weak oxidative
stress, which leads to more amounts of bacteria surviving.
The growth curves were carried out in the MES systems
equipped with Co@PTF and SS as the cathodes under

Two methods were employed to investigate the three different current densities (—1, —2 and —4 mA-cm™2).
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Fig. 5 (a) Spot assays of Co@PTF and SS before starting electrolysis (0 h), after 3 and 24 h of electrolysis at the current density of
—1 mA-cm2. (b) Growth curves of the MES systems equipped with Co@PTF and SS as the cathodes at current densities of —1, -2
and 4 mA-cm2. (c) Dissolution concentration of Co in the electrolyte of Co@PTF and spot assays of C. necator for different
concentrations of Co?" (inset). (All the samples of spot assays were grown on plates with different dilution factors. Error bars denote

SEM, 7 = 3).
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As displayed in Fig. 5(b), the maximum ODy,, value of
MES systems equipped with Co@PTF at the current
densities of —1, —2 and —4 mA-cm 2 are 0.335, 0.448 and
0.708, respectively. Higher current densities produce
more amount of H, and supply more bacteria to grow. As
for SS, C. necator was unable to grow prosperously and
maintained at a poor level of ODg, below 0.1
irrespective  of current densities. Accordingly, the
bacterial growth in MES system equipped with Co@PTF
was superior to that of SS. Hence, better biocompatibility
of Co@PTF than SS can be concluded.

Additionally, metal leaching from cathodes is regarded
as an important factor in biocompatibility, which may
form complexes with proteins on the surface of the cell
membrane inactivating inherit activity or cross the
membranes then exert diverse toxic effects in the
cytoplasm. Thus, the dissolution concentration of Co in
the electrolyte of the MES system equipped with
Co@PTF was monitored. Figure 5(c) showed that the
dissolution concentration of Co was found to maintain
below 2 pg-L~!, which can be ascribed to the stabilizing
effect of metalloporphyrins and low Co loading. It was
confirmed by the results of spot assays displayed in
Fig. 5(c) (inset) that the IC5, of Co was approximately
1000 pg-L~!', which was far beyond the concentration
detected. Namely, Co leaching from Co@PTF will not
inhibit the growth of C. necator throughout the operation.
This is another reason why Co@PTF exhibited excellent
biocompatibility.

—
o
=
—
g
-
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3.5 MES system operation

To evaluate the overall MES performance, Co@PTF and
SS were used as cathodes of MES and C. necator was
inoculated under the current density of -6 mA-cm2. The
specific operating conditions were shown in Fig. 6. As
illustrated in Fig. 6(a), the profile of OD, in the MES
system equipped with Co@PTF was a typical S shape
bacterial growth curve and the maximal ODgy, value
reached 1.54. In contrast, OD, value in the MES system
equipped with SS decreased to around 0.075. Similar
phenomenon can be discovered in the concentration of
biosynthetic PHB shown in Fig. 5(b). The PHB produced
in the MES system equipped with Co@PTF started to
accumulate when C. necator was faced with nutrient
constraints after 2 d, showing a good agreement with
previous report [12]. From day 2 to day 5, rapid
accumulation was obtained and the rate was calculated to
be 40.9 mg-L!-d"!. The maximum concentration of the
PHB reached 252.2 mg-L! on the day 7. As depicted in
Fig. 6(c), the maximum proportion of PHB in the MES
system equipped with Co@PTF reached up to 31.8% far
exceeding that equipped with SS. Besides, energy
conversion efficiency (ECE) is a pivotal indicator for
energy conversion devices. The calculation details of
ECE from electricity to chemical are unfolded in ESM.
As can be seen from Fig. 6(d), the ECE curve in the
system equipped with Co@PTF presented the trend that
increased firstly and then decreased, where the peak value
of 4.66% appeared on the day 4. The reason why the

~
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Fig. 6 The profiles of (a) OD,, and (b) concentration of PHB. (c) Proportion of PHB in chemicals and (d) ECE during MES
systems operation under the current density of -6 mA-cm 2 equipped with Co@PTF and SS (Error bars denote SEM, n = 3). (¢) LSV
curves and Tafel slopes (inset) of Co@PTF before and after MES system operation. (f) LSV curves and Tafel slopes (inset) of SS

before and after MES system operation.
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maximum value of ECE existed can be clarified as
follows. During the rising period, bacterial multiplication
made it possible for better use of H,, which can account
for the increase of ECE. The decrease of ECE was owing
to the apoptosis of bacteria. With continuing apoptosis of
productive bacteria, the utilization of H, was insufficient
and the impedance of cell reduced gradually, leading to
the decrease of ECE and cell potential drop (Fig. S5, cf.
ESM). Another issue was the degradation of the catalytic
performance for HER, which meant that the applied
potential had to increase to achieve the same current
density. All values of ECE were negative in the MES
system equipped with SS, implying this system failed to
convert external electric energy to biosynthetic
compounds, which was in accord with the results of
0Dy, and PHB production.

Furthermore, the HER performances of cathodes after
7 d of continuous operation were investigated to evaluate
the stability. As exhibited in Figs. 6(e) and 6(f), no
obvious decay in the catalytic performance of the
Co@PTF was observed while the catalytic performance
of SS showed a sharp decrease. Excellent stability of
Co@PTF may originate from the stabilizing effect of
metalloporphyrins and inherent chemical stability of
porphyrinic triazine-based frameworks. Above all, the
MES system equipped with Co@PTF successfully
converted CO, to high value-added product PHB with
excellent stability.

4 Conclusions

In summary, metal elements (Fe, Co, Ni and Cu)
anchored on porphyrinic triazine-based frameworks were
synthesized as the HER electrocatalysts for MES system.
Co@PTF showed superior HER activity among M@PTF.
Beneficial from the synergistic effect of Co-N,
modulating the charge distribution as well as adsorption
energy of intermediates concerning ORR, n of Co@PTF
was determined to be 3.75. Besides, the by-production
of ROS was extremely low owing to its high selectivity
for a four-electron pathway of ORR. Moreover, less than
2 ug-L™! of Co leaching from Co@PTF was detected and
excellent stability of Co@PTF was discovered during 7 d
of operation, which can be attributed to low Co loading
and the stabilizing effect of metalloporphyrins. Excellent
biocompatibility and stability of Co@PTF can be
concluded. Furtherly, Co@PTF was coupled with C.
necator H16 in MES system, successfully converting CO,
to PHB with excellent stability. This work develops a
novel strategy for enhancing the biocompatibility of
electrocatalysts for MES. Nevertheless, there are still
enormous efforts to be devoted to revealing the
mechanism of coupling with inorganic-biological system
to enhance the overall ECE for practical application.
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