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Abstract
The semiconductive cadmium sulfide (CdS) nanoparticles were coated on the surface of Methanosarcina barkeri (M. barkeri) 
by self-assembly method to form the M. barkeri-CdS biohybrid in this work. It proved to be an effective and selective 
catalyst for the solar-driven conversion of  CO2 to  CH4, enabling the upgrading of biogas from anaerobic digestion. The 
physicochemical properties of the synthesized biohybrid were characterized, and the effect of various conditions on the  CH4 
production of the biohybrid was also investigated. It was revealed that the CdS dosage, pH, cysteine, and concentration of 
sodium bicarbonate were key factors influencing the performance of the biohybrid. Additionally, it was observed that  CH4 
was produced under both light and dark conditions. Finally, the mechanisms involved in the  CH4 production by the biohybrid 
under light and dark conditions were discussed.
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1 Introduction

Transforming organic pollutants into biogas by anaerobic 
digestion is an effective method for recovering renewable 
energy from wastewater [1, 2].  CH4 with a high calorific 

value is the main content in the biogas [3, 4]. However, more 
than 30% of  CO2 is typically present in biogas, reducing 
its energy density and confining its further applications [5, 
6]. The conversion of  CO2 into valuable products such as 
biodiesel, bioethanol, or additional biogas has aroused wide 
concern with a view to diminish carbon footprint [7–10]. 
Among the various approaches, a feasible strategy to comply 
with the specifications of natural gas pipelines is the promo-
tion of  CO2 biomethanation and biogas upgrading [11–15].

Various methods have been applied to purify and upgrade 
biogas from anaerobic digestion, including membrane 
separation [16], cryogenic separation [17], pressure swing 
adsorption [18], water scrubbing [19], physical scrubbing, 
chemical adsorption [20], and biological conversion [6]. 
Bio-electrochemical systems (BES) are recognized as an 
effective biological conversion method, gaining attention 
for their capability to increase the  CH4 content in biogas up 
to 98% [21]. The semi-artificial photosynthetic biohybrid, 
composed of semiconductors and archaea, is considered 
as another environmentally friendly biological conversion 
method [22]. The biohybrid integrates the light-harvesting 
capability of semiconductors with the replicative abilities of 
microorganisms to fulfill photocatalytic objectives, thereby 
enhancing solar power conversion efficiency in comparison 
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to conventional photosynthesis in plants [23–25]. Carbon-
ate solutions were employed to selectively absorb  CO2 
components in biogas, and the biohybrid subsequently 
converted the separated  CO2 into  CH4. Under illuminated 
environments, semiconductors capture photons directly on 
their surface, generating electron–hole pairs [26, 27]. These 
pairs undergo spatial separation facilitated by sacrificial 
reagents, releasing electrons and forming reduction equiva-
lents [28]. By establishing appropriate connections between 
membrane-bound cytochrome proteins and semiconductors, 
archaea can specifically utilize the electrons to reduce  CO2 
to  CH4 [29].

Recently, Methanosarcina Barkeri–cadmium sulfide (M. 
barkeri-CdS) biohybrid has been successfully synthesized 
and demonstrated to be effective in converting  CO2 to  CH4 
with a yield of 0.19 μmol/h [30]. In order to improve the 
 CH4 production efficiency, Ni was further doped on the CdS, 
forming the M. barkeri-Ni: CdS biohybrid and the  CH4 yield 
was increased by ~ 2.5 times compared to the M. barkeri-
CdS biohybrid [31]. To minimize the production of  H2 as a 
common by-product, Ni and Cu were integrated at the inter-
face between the CdS and M. barkeri, and the obtained M. 
barkeri-NiCu@CdS biohybrid demonstrated a  CH4 selectiv-
ity of 100% and a quantum yield of 12.41 ± 0.16% [32]. To 
address the efficiency mismatch between electron production 
and utilization in M. barkeri-CdS biohybrid, a metal-free 
polymer carbonitride (CNx) modified with a unique capaci-
tor cyanamide (NCN) group was used as the semiconduc-
tor to form the M. barkeri -NCNCNx biohybrid and the  CH4 
selectivity achieved 92.30% in this biohybrid [33]. An M. 
barkeri–carbon dot-functionalized polymeric carbon nitrides 
(CDPCN) photocatalytic system was developed by assem-
bling M. barkeri and CDPCN, achieving a  CH4 selectivity 
of nearly 100% with the assistance of  CO2 [34]. Besides, 
an R. palustris/CdS biohybrid was also found to effectively 
convert  CO2 to  CH4 [35].

For upgrading biogas from the anaerobic wastewa-
ter treatment, M. barkeri has been identified as a suitable 
microorganism for biohybrid due to its obligate production 
of  CH4, high tolerance of adverse environments, and extra-
cellular electron transfer ability [36, 37]. CdS, owing to the 
advantages of modifiable band gaps (Eg ~ 2.4 eV), multi-
ple binding sites, good biocompatibility, and effective light 
capture, is an appropriate semiconductor for the biohybrid 
[38–42]. M. barkeri-CdS biohybrid has been demonstrated 
to effectively convert  CO2 to  CH4; thus, it is supposed to 
be a proper biohybrid for biogas upgrading. However, the 
effect of the key factors such as CdS dosage, pH, cystine, 
and sodium bicarbonate concentration on the conversion effi-
ciency of the biohybrid still needs to be further investigated 
to obtain the optimal conditions for biogas upgrading.

In this work, a biohybrid was constructed using the 
CdS and M. barkeri as semiconductors and electroactive 

methanogens, respectively. The M. barkeri-CdS biohybrid 
was characterized, and the effect of CdS dosage in the bio-
hybrid, pH, cystine, and sodium bicarbonate concentration 
on the transformation efficiency was investigated. Finally, 
the elemental composition and photochemical properties of 
the biohybrid with and without light were investigated to 
understand the mechanism of converting  CO2 to  CH4 by the 
M. barkeri-CdS biohybrid.

2  Materials and methods

2.1  Synthesis of M. barkeri‑CdS biohybrid

Firstly, M. barkeri was incubated in the medium (Supple-
mentary Table S1) in the serum bottle at 37 °C in a con-
stant temperature incubator (FCE-3000, Kuntian, Shanghai, 
China) until it reached the late exponential phase. The cul-
ture was subsequently transferred into 50 mL of fresh sub-
strate medium at a ratio of 1:5 for the secondary cultivation 
for 1–2 days. Once the  OD600 of the culture reached 0.2 [43], 
10 mL of the solution was added to a 20-mL anaerobic tube 
with  CdCl2 solution and then incubated for an additional 2–3 
days. The culture was conducted in a constant temperature 
shaker (SHZ-82, LICHEN, Shanghai, China) in darkness. 
The speed was maintained at 120 rpm/min, and the tempera-
ture was controlled at 37 ℃. When the color of the solution 
changed to bright yellow, the solid was separated from the 
culture, obtaining the M. barkeri-CdS biohybrid.

2.2  Characterizations of the biohybrid

The morphology of the biohybrid was characterized using a 
scanning electron microscope (SEM 500, Zeiss, Germany) 
[44], whereas the elemental composition was determined 
through energy dispersive spectroscopy (EDS; AMETEK, 
Octane elect super, USA). The biohybrid was immobilized 
with glutaraldehyde and underwent gradient elution with 
ethanol before the detection. Further microstructural insights 
were obtained using field emission transmission electron 
microscopy (FETEM, Tecnai G2 F30, FEI, America) fol-
lowing the previous method [45]. The functional groups of 
the biohybrid were analyzed by Fourier transform infrared 
spectrometry (FTIR; Vertex 70, Bruker, Germany), and 
sample preparation followed the established protocols in the 
literature [46]. The valence of elements in the biohybrids 
was determined by using X-ray photoelectron spectroscopy 
(XPS, 250XI, Escalab, Britain) [47]. The optical properties 
of the biohybrid were evaluated through ultraviolet–vis-
ible (UV–vis) spectroscopy to determine the absorbance 
at different wavelengths via the coefficient spectrum test. 
The band gap (Eg) of the biohybrid was calculated follow-
ing the method in the literature [48]. Photocurrent (I-t) and 
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electrochemical impedance spectroscopy (EIS) were con-
ducted using a CHI620E electrochemical workstation (Chen-
hua, Shanghai, China). A glass carbon, platinum sheet, and 
silver chloride were used as anode, cathode, and reference 
electrode, respectively. A polarization potential of − 0.4 V 
was applied using a constant potential polarization mode.

2.3  CH4 production by the biohybrid

The medium without organic substrates was aerated and 
sterilized for further use in the experiments (Supplemen-
tary Table S1). For each trial, 10 mL of the synthesized 
biohybrid was added to a 50-mL medium in an anaerobic 
serum bottle. The bottle was sealed and injected with 40 
mL of mixed gas consisting of 20%  CO2 and 80%  N2 [49]. 
Then, the mixture was incubated in an incubator maintained 
at 37 ℃. A 25-W LED light functioned as a solar energy 
simulator. The biogas generated was collected by extracting 
1 mL of biogas from the serum bottles using a syringe. To 
maintain internal pressure, 1 mL of mixed gas (20%  CO2 and 
80%  N2) was then injected into the bottle. The gas chroma-
tograph (GC7900, Yunneng International Scientific Instru-
ments, Beijing, China) was used to analyze the  CH4 content 
in the biogas [50], with nitrogen serving as the carrier gas at 
a pressure of 0.4 MPa. The temperatures of the column oven, 
injector, and thermal conductivity detector were maintained 
at 120 °C, 140 °C, and 150 °C, respectively.

3  Results and discussion

3.1  Characterization of the biohybrid

SEM images showed the spherical morphology of the M. 
barkeri-CdS biohybrid with a rough surface, and the parti-
cles were attached to the surface of the M. barkeri (Fig. 1a). 
TEM images further illustrated that the CdS particles were 
uniformly distributed on the surface of the M. barkeri 
(Fig. 1b). EDS mapping showed a similar distribution of 
sulfur (S) and cadmium (Cd) elements (Fig. 1c,d). The uni-
formly distributed S and Cd elements as well as the well-
dispersed carbon (C) and oxygen (O) elements confirmed the 
successful synthesis of CdS particles on the surface of M. 
barkeri (Supplementary Fig. S1), indicating the formation 
of M. barkeri-CdS biohybrid.

XPS analysis confirmed the presence of the S, C, Cd, 
and O elements in the biohybrid (Supplementary Fig. S2). 
The Cd 3d XPS spectrum showed the peaks located at 
404.9 eV and 411.5 eV, which corresponded to Cd 3d5/2 
and 3d3/2 (Fig. 1e). This indicated Cd in the biohybrid 
existed in the form of  Cd2+ state [51, 52]. The S 2p3/2 peaks 
at 161 eV and 161.3 eV were attributed to  S2− (Fig. 1f), 
whereas the peak at 164 eV indicated elemental sulfur  (S0) 
[53], with the predominance of  S2− peaks in the spectra. 
These results verified the adhesion of CdS on the surface 
of M. barkeri, confirming the successful formation of 

Fig. 1  (a) SEM image and (b) TEM image of the synthesized biohybrid. EDS mapping of (c) Cd and (d) S elements in the biohybrid. (e) Cd 
3d and (f) S 2p XPS, and (g) FTIR spectra of the biohybrid
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the M. barkeri-CdS biohybrid. The stability of intrinsic 
functional groups within the biohybrid was evaluated by 
FT-IR (Fig. 1g). Characteristic peaks at 550  cm−1 and 
1399  cm−1 for Cd-S tensile vibrations, along with high-
intensity peaks at 1028  cm−1 and 3389  cm−1 for hydroxyl 
group vibrations were observed [45]. Notably, the hydroxyl 
peak at 1028  cm−1 showed a red shift in the biohybrid, 
indicating the interaction between the CdS and M. barkeri 
in the biohybrid. The groups play a pivotal role in inhibiting 
hole-electron recombination and enhancing active site 
exposure [54], thereby facilitating electron transfer in the 
 CH4 production process.

3.2  Methane production by the biohybrid

CdS particles act as the semiconductor for the electron 
generation in the biohybrid, which plays a vital role in  CH4 
production.  CdCl2 was used as the percussor for CdS; thus, 
its concentration affects CdS formation in the biohybrid, 
and excessive  Cd2+ inhibits methanogenesis [55]. The effect 

of  CdCl2 addition for the biohybrid on the conversion of 
 CO2 to  CH4 under light exposure was investigated (Fig. 2a). 
Initially, 0.094-mL  CH4 was generated from the system 
added with pure M. barkeri, which was mainly attributed 
to residual organic matters in the system. When the  CdCl2 
dosage was 0.5 mM (maintaining a 1:1  CdCl2:Na2S molar 
ratio), the maximum  CH4 production rate reached 65.42 
μL/h on the first day, and the cumulative  CH4 yield was 
1.76 mL. Then, the  CH4 production decreased with the 
increase in  CdCl2 dosage. The addition of 0.75-mM  CdCl2 
initially slowed down  CH4 production, but on the fourth 
day, the  CH4 yield reached 37.72 μL/h. When  CdCl2 
dosage was increased to 1 mM  (CdCl2:Na2S ratio of 2:1), 
 CH4 production was significantly reduced to 0.043 mL. 
This is consistent with the results reported in the previous 
literature [30, 56]. A high concentration of  Cd2+ stimulated 
the release of reactive oxygen species and suppressed the 
activity of M. barkeri, inhibiting  CO2 reduction to  CH4. 
Thus, the optimal  CdCl2 dosage for the biohybrid was 
recommended to be 0.5 ~ 0.75 mM.

Fig. 2  Effect of (a) concentrations of  CdCl2, (b) pH values, and (c) concentrations of  NaHCO3 and (d) Cys on the methanation performance of 
the synthesized biohybrid
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Bicarbonate solution was used as a carbon source for 
 CO2 reduction by the M. barkeri-CdS biohybrid [57]. pH 
value of the solution determines the forms of the carbon, 
which significantly influences the metabolic processes of M. 
barkeri [58]. The effect of the pH of the bicarbonate solution 
on  CH4 production by the M. barkeri-CdS biohybrid was 
investigated. As shown in Fig.  2b,  CH4 generation was 
minimal at a pH below 3.5 due to the highly acidic conditions 
inhibiting the growth, metabolism, and acid–base balance of 
M. barkeri in the biohybrid. Moreover, 3.44 mL, 4.00 mL, 
2.18 mL, and 3.96 mL  CH4 were produced from the systems 
at pH levels of 6.52, 8.36, 10.08, and 12.03, respectively. The 
highest  CH4 production rate of 0.5 mL/h was detected at pH 
8.36, and no obvious decrease was observed when the pH 
of the system changed. As was known,  H2CO3 and  HCO3

−, 
the main forms of carbon existing in the solution under the 
acidic condition, are challenging to use by the M. barkeri in 
the biohybrid, which leads to a low  CH4 production rate.  CO2 
and  CO3

2− are the main forms of carbon when the pH of the 
reaction system is neutral and alkaline. The  CO2 is readily 
available for utilization by the M. barkeri, and the M. barkeri 
is more active under neutral conditions [59], which resulted 
in a high  CH4 production rate. However, the  CH4 production 
rate remained high when the pH was increased to 12.03, 
which indicated that the M. barkeri in the biohybrid displayed 

strong resistance to alkaline solution. This is important for 
the utilization of biohybrid in biogas upgrading.

Bicarbonate acts as a  CO2 source for  CH4 production 
and buffer solution in the system [33, 60]. The effect of 
bicarbonate concentration on the  CH4 production by M. 
barkeri-CdS biohybrid was investigated (Fig. 2c); 2.81 
mL of  CH4 was detected in the system with 10 mM of 
bicarbonate, and the  CH4 production decreased obviously 
with increasing bicarbonate concentration in the solution. 
This indicates that increased bicarbonate levels can 
negatively affect  CH4 generation, possibly due to the toxicity 
of  Na+ on the activity of M. barkeri in the biohybrid [61, 
62]. Cysteine (Cys) has a dual role as a sulfur source for CdS 
synthesis and a reducing agent for capturing the generated 
holes in the biohybrid [63]. The effect of Cys dosage on 
 CH4 production by the biohybrid was evaluated (Fig. 2d). 
High  CH4 production was detected when the Cys dosage 
was 0.05 wt%, and it had a slight decrease when the Cys 
dosage increased; 4.15 mL of  CH4 was produced when 
0.06 wt% of Cys was added into the reaction system. The 
added Cys captured the holes generated from the CdS under 
illumination, which avoids the damage of M. barkeri by the 
oxidative intermediates. It can also promote electron–hole 
separation, facilitating photoelectron utilization and  CO2 
reduction by M. barkeri [64, 65].

Fig. 3  (a)  CH4 yields of the synthesized biohybrid; (b) the I-t curve 
of pure M. barkeri, CdS, and biohybrid during light on/off cycles; (c) 
Nyquist plots of pure M. barkeri, CdS, and biohybrid under illumina-
tion; (d) Nyquist plots of the biohybrid under illumination and dark; 

(e) UV–Vis absorption spectra of pure M. barkeri, CdS, and biohy-
brid with different concentrations of Cys; (f) FT-IR of the pure M. 
barkeri and biohybrid before and after illumination
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3.3  Electron transfer in the biohybrid

CH4 production by the biohybrid was detected through the 
light–dark cycle, each consisting of 24 h of light followed 
by 24 h of darkness. There was a significant increase in 
 CH4 production, with a total yield of 4.30 mL after four 
cycles of incubation (Fig. 3a). It was revealed that  CH4 can 
be produced during both the light and dark periods. It can 
be inferred that the photoelectrons generated by CdS acted 
as the electron donors for the reduction of  CO2 to  CH4 by 
the biohybrid. Theoretically, no electrons can be generated 
under dark conditions, while  CH4 was still generated at these 
stages. Moreover, the  CH4 generation rate during the light 
period was higher than during the dark period counterpart. 
It was deduced that a part of the generated electrons was 
stored in the biohybrid during the light period, and these 
stored electrons can be released and used by the M. bark-
eri to reduce  CO2 to  CH4 under dark conditions. Moreover, 
the stored reductive intermediates (e.g., NADH, NADPH, 
ferredoxin, acetyl-CoA) during the light period might also 
be used by the biohybrid for  CO2 reduction into  CH4 [66].

The efficiency of photoelectron-hole separation in the 
M. barkeri-CdS biohybrid was determined by the photocur-
rent transient analysis (Fig. 3b). The M. barkeri exhibited 
a minimal and consistent linear photocurrent signal (14.9 
μA/cm2), reflecting bioelectric feedback from irradiation 
[67]. In contrast, CdS displayed a marginal increase in cur-
rent density over time, indicating limited photocatalytic 
activity due to poor charge carrier separation [68]. Con-
versely, the M. barkeri-CdS biohybrid showed pronounced 
current fluctuations during light–dark cycles, achieving a 
significantly high current density (230 μA/cm2) under light 
conditions. This enhancement is attributed to the supe-
rior photon absorption of CdS and a lower Fermi level, 
facilitating charge transfer across the interface. This sta-
ble current density suggests a more effective separation 
of electron–hole pairs, credited to the utilization of outer 
membrane-bound electron acceptors of the biohybrid [69]. 
Overall, the biohybrid has an outstanding performance on 
photoelectron generation as well as hole separation, which 
facilitates the  CH4 production by the M. barkeri-CdS 
biohybrid.

Fig. 4  (A) C 1s, (B) O 1s, (C) Cd 3d, and (D) S 2p XPS spectra of the biohybrid before and after irradiation
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The photoelectrochemical characteristics of the M. 
barkeri-CdS biohybrid were further analyzed by EIS. In 
EIS Nyquist plots, a smaller semicircle radius indicates 
improved charge carrier transport [70]. In both dark and 
light conditions, the M. barkeri-CdS biohybrid exhibited 
a significantly small semicircle diameter compared to pure 
CdS and M. barkeri alone (Fig. 3c, Supplementary Fig. 
S3), suggesting a reduced electron transfer resistance and 
increased photocurrent density within the biohybrid. Fur-
thermore, a decrease in impedance under light compared to 
dark conditions (Fig. 3d) indicated enhanced photoelectron 
production and conductance. UV–vis spectroscopy (Fig. 3e) 
showed the bandgap (Eg) of CdS reached 2.70 eV, likely 
due to quantum size effects [71]. The biohybrid displayed a 
wavelength of absorption edge (λg) at 470 nm and an Eg of 
2.63 eV, confirming successful CdS doping on M. barkeri 
and extending the Eg of M. barkeri and λg of CdS. Impor-
tantly, the λg of M. barkeri-CdS (0.05 wt% Cys) exhibited 
a significant red-shift compared to M. barkeri-CdS (0.06 
wt% Cys), indicating increased photocatalytic activity. The 

optimal Cys concentration led to a narrowed bandgap, opti-
mizing visible light absorption without introducing localized 
states between the valence bands and conduction bands [72], 
which led to a higher  CH4 production.

The impact of light exposure on the chemical properties 
of the biohybrid was assessed by FT-IR (Fig.  3f). No 
obvious change in the peak positions of the biohybrid 
was observed, indicating no significant alterations for 
functional groups of the biohybrid before and after light 
exposure. This stability showed the robust structural 
integrity of this biohybrid under light exposure. Notably, 
a peak corresponding to the hydroxyl group (1028  cm−1) 
was present in the biohybrid under the light condition. It 
was inferred that the photogenerated electrons interacted 
with the hydroxyl group, which facilitated electron transfer 
and inhibited electron–hole recombination in the biohybrid. 
Besides, M. barkeri is hydrophilic due to abundant electron-
rich hydroxyl groups, contributing to the interaction with the 
CdS via hydrogen bond and electrostatic interactions. Under 
light conditions, CdS was capable of generating electrons 

Fig. 5  (A) C 1s, (B) O 1s, (C) Cd 3d, and (D) S 2p XPS spectra of the biohybrid under dark condition
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and holes, with the hydroxyl anion/radical redox couple 
efficiently transferring holes from the CdS to the scavenger. 
The hydroxyl group transfers from CdS to hydroxyl 
oxygen by accepting electrons, potentially enhancing the 
photocatalytic efficiency of the photocatalyst during the 
reaction.

XPS analysis was used to examine the valence changes of 
elements within the biohybrid before and after light expo-
sure, providing insights into the electron transfer mechanism 
involved in  CO2 reduction to  CH4 by the biohybrid. The 
XPS spectrum identified C, O, S, and Cd as the main ele-
ments (Supplementary Fig. S2), with C, O, and Cd in the 
biohybrid maintaining stable valence states throughout the 
reaction (Fig. 4a–c). Notable changes were observed in the 
S 2p spectra before and after light exposure (Fig. 4d). It was 
proposed that the S can act as an effective electron transfer 
hub in biohybrid catalysts through valence state adjustments 
[73]. Initially, the S 2p spectrum peaked at 161 eV and 161.7 
eV for  S2− and 164 eV for  S0. After light exposure, the peak 
location shifted, revealing predominant peaks for  S2− at 
161.1 eV and 162.3 eV, while the peak for  S0 decreased. 
This indicates the dynamic electron interactions under light 
conditions. Therefore, the generated photoelectrons under 
light conditions were mainly used to convert  CO2 to  CH4 by 
the M. barkeri-CdS hybrid.

The valence state of the elements was also determined 
to disclose the electron transfer during  CH4 production by 
the biohybrid under dark conditions. The biohybrid was 
predominantly composed of C, O, Cd, and S (Fig. 5a–c). 
The changes in S valence were detected in biohybrid 
(Fig.  5d). The peaks at 164 eV corresponded to  S0, 
whereas those at 161.7 eV and 160.9 eV corresponded to 
 S2− [69]. Both  S2− and  S0 were detected in the biohybrid, 
with an increased intensity of  S0 after the reaction. It was 
inferred that  S2− was oxidized to  S0, providing electrons 
for the reduction of  CO2 to  CH4 by M. barkeri under dark 
conditions.

4  Conclusion

The M. barkeri-CdS biohybrid was successfully developed 
to enhance  CO2 reduction for  CH4 production under illumi-
nated conditions. Optimal performance was achieved with 
a  CdCl2 dosage of 0.75 mM, pH of 8.36,  NaHCO3 concen-
tration of 10 mM, and Cys concentration of 0.05 wt%. The 
biohybrid was demonstrated to be efficient in photoelectron 
generation, leading to a current with reduced impedance 
under light conditions. Photoelectrons generated under light 
conditions primarily drive the conversion of  CO2 to  CH4 by 
the M. barkeri-CdS biohybrid, whereas  S2− serves as the 
potential electron donor under dark conditions.
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