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SUMMARY

Semi-artificial photosynthesis (biohybrid) provides an intriguing opportunity for
efficient CO2-to-CH4 conversion. However, creating a desirable semiconductor
in biohybrids remains a great challenge. Here, by doping Ni into CdS nanopar-
ticles, we have successfully developed the Methanosarcina barkeri-Ni:CdS bio-
hybrids. The CH4 yield by the M. barkeri-Ni(0.75%):CdS biohybrids was approxi-
mately 250% higher than that by the M. barkeri-CdS biohybrids. The suitable
Ni dopants serve as an effective electron sink, which accelerates the photoelec-
tron transfer in biohybrids. In addition, Ni doping changes the metabolic status
ofM. barkeri and results in a higher expression of a series of proteins for electron
transfer, energy conversion, and CO2 fixation. These increased proteins can pro-
mote the photoelectron capture by M. barkeri and injection into cells, which
trigger a higher intracellular reduction potential to drive the reduction of CO2

to CH4. Our discovery will offer a promising strategy for the optimization of bio-
hybrids in the solar-to-chemical conversion.

INTRODUCTION

Solar-driven carbon dioxide (CO2) reduction into high-value biofuels such as methane (CH4) is a promising

approach to alleviate both global energy challenge and greenhouse effect (Kim and Kwon, 2019). The tradi-

tional photocatalytic systems with various inorganic catalysts/enzymes are challenged by several critical

drawbacks including poor CH4/H2 selectivity and lack of a self-replication ability (Nichols et al., 2015; Wag-

ner et al., 2016). Semi-artificial photosynthesis (biohybrid), which synergistically combines the efficient light

harvesting of semiconductors with the excellent biocatalytic capacity in methanogens, can provide a

unique and intriguing opportunity for efficient CO2-to-CH4 conversion (Kornienko et al., 2018; Tremblay

et al., 2020). The reducing equivalent [H] from photoelectrons in a semiconductor can be trapped by

methanogens for metabolic activities via H2ase-mediated and cytochrome-mediated pathways (Ye et al.,

2019). To achieve excellent photocatalytic performance for practical applications, the desirable semicon-

ductor in biohybrids should be developed to enhance the photoelectron separation, transfer, and capture.

Metal chalcogenides such as cadmium sulfide (CdS) semiconductors are excellent candidates of light

harvesters in biohybrids due to their distinct characteristics such as tunable band gaps, rich surface

binding sites, excellent extinction coefficients and favorable conduction/valence band energies (Zhu-

kovskyi et al., 2015). A variety of efforts have been made to effectively suppress the rapid and severe

recombination of photo-induced electrons and holes in CdS semiconductors (Wei et al., 2018). For

example, integration with other semiconductors has created heterostructures such as CdS/ZnSe (Gren-

nell et al., 2017), MoS2/CdS (Yuan et al., 2018), and TiO2/CdS (Luo et al., 2012; Park et al., 2016),

whereas increasing the spatial overlap between electron-donating and electron-accepting semiconduc-

tors remains a challenge. Although the addition of molecular linkers, e.g., 4-mercaptobenzoic acid,

was proved to be effectively improve the charge transfer process among different semiconductors

(Dibbell et al., 2009), the formed organic ligands may be unfavorable for shuffling photoelectrons

for surface catalytic sites (Hines and Kamat, 2013). The separation of photogenerated charge carriers

can be addressed by depositing noble metals such as Pd (Wu et al., 2012), Pt (Jiang et al., 2015), and

Au (Serra et al., 2015) on the surface of CdS as cocatalysts to restrain the recombination of electron-

hole pairs. However, the scarcity and high cost of these noble metals trigger the development of an

alternative and noble-metal-free system.
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Doping nickel (Ni) into CdS nanoparticles (Ni:CdS) has been proved to be a versatile approach to enhance

the photocatalytic performance (Chai et al., 2016; Simon et al., 2014). The dopants are demonstrated to

significantly improve the stability of CdS nanoparticles (Wang et al., 2018), because metal ions can interact

with the CdS semiconductor to form a strongmetal-sulfur binding in the lattice, which appears as an advan-

tage over metal complex catalysts that effectively avoid the leaching of cations (Nag et al., 2012). In addi-

tion, Ni can serve as an effective electron outlet that promotes the migration of photoelectrons to the sur-

face (Dong et al., 2015). Nevertheless, the excellent photocatalytic performance of Ni:CdS semiconductors,

such as splitting alcohol into H2 and CO2 reduction with a high selectivity, was only demonstrated in the

nonbiological systems (Wang et al., 2018). To our knowledge, little is known about the interaction between

Ni:CdS semiconductors and microorganisms (methanogens). Particularly, the effect of the Ni-decorated

semiconductor surface on the photoelectron transfer and capture by methanogens is unclear. Although

the importance of Ni as an essential nutrient for methanogens was reported, such as the formation of

Ni-Fe hydrogenases and cofactor F430 (Mulrooney and Hausinger, 2003), the metal toxicity on enzyme func-

tions and structures may also inactivate methanogenic activity (Paulo et al., 2017). Therefore, it is of great

interest to investigate the potential of Ni-decorated CdS to improve methanogenesis in biohybrids.

Methanosarcina barkeri was the methanogen that could participate in the direct interspecies electron

transfer process (Rotaru et al., 2014), and its basic physiology and biochemistry was better understood

than those of other methanogens (Kulkarni et al., 2018; Mand et al., 2018). Therefore, M. barkeri was

selected to combine with Ni:CdS semiconductors to construct Ni-decorated M. barkeri-CdS (M. barkeri-

Ni:CdS) biohybrids. The characterization of Ni:CdS semiconductors, such as the distribution, composition,

and photoelectrochemical performance, was conducted. Importantly, the performance andmechanisms of

M. barkeri-Ni:CdS biohybrids for methanogenesis were experimentally studied. This work was expected to

offer a promising strategy to optimize biohybrids in the solar-to-chemical production.

RESULTS AND DISCUSSION

Characterization of M. barkeri-Ni:CdS Biohybrids

The Ni:CdS semiconductors were synthesized according to Wang et al. (2018), where the doped Ni atoms

were efficiently embedded in CdS to capture photoelectrons at surface catalytic sites. When the growth of

M. barkeri (DSM 800) reached an exponential phase (OD600�0.2) in 50 mL anaerobic heterotrophic medium

(Table S1), the successfully synthesized pure Ni:CdS semiconductors (Figures S1–S5) were added at a

dosage of 0.6 mmol/L in a 100% N2 atmosphere according to the preliminary results (Figure S6). Then

the mixture was placed in the shaker at 37�C for 3 days to constructM. barkeri-Ni:CdS biohybrids. Because

the highest CH4 yield was achieved with an Ni weight ratio of 0.75% (Figure S7), theM. barkeri-Ni(0.75%):CdS

biohybrids were chosen as the main representative ofM. barkeri-Ni:CdS biohybrids to do the characteriza-

tion. To verify the presence of semiconductors in the biohybrids, we examined the fluorescence change

in vivo. Under UV irradiation, bright yellow fluorescence (a typical color of metal chalcogenides) was

observed in the M. barkeri-Ni(0.75%):CdS biohybrids, whereas faint blue fluorescence was detected in the

bare M. barkeri, which may be attributed to the cellular autofluorescence (Figure S8). Consistent results

have been obtained by confocal laser scanning microscopic images, where bright yellow fluorescence

well matched the shape of M. barkeri in the M. barkeri-Ni(0.75%):CdS biohybrids (Figure 1A), but it was

missed in the bare M. barkeri (Figure S8). The identity of the yellow fluorescence was ascertained by mi-

cro-Raman spectroscopy (Figures 1B and 1C). Like that in Ni(0.75%):CdS semiconductors (Figure S1), a

distinct peak at 300 cm�1 was detected in the M. barkeri-Ni(0.75%):CdS biohybrids, which was identified

as the distinct signal of Cd-S bond (Ma et al., 2015). All these results imply the presence of fluorescent

Cd-S semiconductors that were combined with M. barkeri in the biohybrids.

We further confirmed the distribution and composition of Cd-S semiconductors in the biohybrids. Trans-

mission electron microscopic (TEM) images reveal that the clusters of black dots with an average size of

10–100 nm were closely connected to the cell surface of M. barkeri (Figures 1D and 1E). The high angle

annular dark field (HAADF) scanning transmission electron microscopic and energy-dispersive X-ray spec-

troscopic mapping images show that these particles were mainly composed of Cd, S, and Ni elements (Fig-

ures 1F–1I), which is further corroborated by the full scan survey X-ray photoelectron spectra. Specifically,

identical to those in Ni(0.75%):CdS semiconductors (Figure S3), the peaks of Cd 3d5/2 at 404.6 eV and Cd 3d3/

2 at 411.4 eV in theM. barkeri-Ni(0.75%):CdS biohybrids are associated with Cd2+ species, whereas the peaks

of S 2p3/2 at 161.5 eV and S 2p1/2 at 162.8 eV are assigned to S2� species (Yang et al., 2017). Importantly, four

peaks for the chemical states of elemental Ni were demonstrated in the Ni 2p orbital spectrum (Figure S3),
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which was attributed to the Ni2+ state (Wang et al., 2018). In contrast, almost no nickel signal was detected

on the X-ray photoelectron spectra of M. barkeri-CdS biohybrids (Figure S3), which demonstrates that

nickel signal in the M. barkeri-Ni(0.75%):CdS biohybrids was from Ni(0.75%):CdS semiconductors. However,

only CdS nanoparticles (PDF#75-0581) were identified with the X-ray diffraction (XRD) spectra and high-res-

olution TEMof Ni(0.75%):CdS semiconductors andM. barkeri-Ni(0.75%):CdS biohybrids. Three distinct diffrac-

tion peaks at 26.7�, 44.1�, and 52.2� were attributed to the (111), (220), and (311) crystal planes of CdS with

d values of 0.35, 0.21, and 0.18 nm, respectively (Figures S4 and S5). There were no peaks for Ni nanocrystals

or nickel compounds in XRD spectra, indicating that the low Ni doping amount did not significantly alter

the cubic structure and crystallinity of CdS nanoparticles. This evidence suggests the successful decoration

of Ni:CdS nanoparticles on the surface of M. barkeri.

Ni Doping Enhanced the Photocatalytic Performance of the Biohybrid

Photocatalytic CO2-to-CH4 conversion with the prepared biohybrids was performed at 35 G 2�C under

light irradiation. As shown in Figure 2A, only 6.13 G 0.76 mmol CH4 was obtained with the M. barkeri-

CdS biohybrid, likely due to the lack of active sites and high recombination rate of electron-hole pairs.

In contrast, Ni doping significantly enhanced the CH4 yield to 21.50 G 0.98 mmol with the M. barkeri-

Ni(0.75%):CdS biohybrid, which is �250% higher than that with the M. barkeri-CdS biohybrids. The increase

in CH4 production inM. barkeri-Ni(0.75%):CdS biohybrids was not caused by the addition of nickel alone, as

almost no CH4 was produced after the addition of an identical amount of Ni2+ forM. barkeriwith or without

light irradiation (Figure S9). However, further increasing Ni concentration in biohybrids (M. barkeri-

Ni(2.00%):CdS biohybrids) resulted in a lower CH4 yield, which suggests that the doping should be optimized

to achieve the desired performance. In addition, the role of different components in the M. barkeri-

Ni(0.75%):CdS biohybrids for CH4 production was evaluated including M. barkeri, Ni(0.75%):CdS, and light.

Missing one of those factors led to negligible CH4 production under these conditions (Figure 2B) and a sig-

nificant decrease in protein contents (indication of biomass growth) (Figure 2C), which demonstrates the

key roles of those factors in the CO2-to-CH4 conversion. The isotopic labeling experiments show that

only the peaks of 13CH4 (m/z = 17) and 13CO2 (m/z = 45) were detected with 13C-labeled NaHCO3 as a car-

bon source (Figure 2D), which suggests that the produced CH4 was derived from CO2 reduction. The XRD

and X-ray photoelectron spectra demonstrate the structural stability of Ni(0.75%):CdS semiconductors in the

biohybrids after 6 days of irradiation (Figures S3 and S4). However, the CH4 production by M. barkeri-

Ni(0.75%):CdS biohybrids began to cease at day 4 (Figure 2A) with the decrease in biomass (Figure 2C).

Due to sufficient CO2 in the headspace (Figure 2D), the possible reason may be the quick depletion of

only sacrificial hole scavenger cysteine, which causes the oxidative photodamage of cells. To further prove

this speculation, a second injection of cysteine was conducted after 4 days of irradiation. The CH4 produc-

tion was enhanced with the addition of cysteine after the additional 5 days of irradiation (Figure S10).

Figure 1. Characterization of the M. barkeri-Ni(0.75%):CdS Biohybrids

Confocal laser scanning microscopic image (A); in situ Raman spectrum excited by a 532-nm laser (B); the Cd-S (at 300 cm�1) single-cell Raman mapping (C);

TEM images of the non-sectioned (D) and thin-sectioned M. barkeri-Ni(0.75%):CdS biohybrids (E); high-angle annular dark-field image (F); and elements

formed by Cd (G), S (H), and Ni (I) with energy-dispersive X-ray spectroscopic mapping. Scale bars: 20 mm in (A), 2 mm in (C and D), 1 mm in (E), and 0.5 mm

in (F–I).
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Therefore, the ceasing of CH4 production in M. barkeri-Ni(0.75%):CdS biohybrids can be attributed to the

depletion of sacrificial hole scavenger cysteine.

The photocatalytic performance of the M. barkeri-Ni(0.75%):CdS biohybrids was further evaluated with a

light-dark cycle of 1 day (Figure 2E). The continuous increase in CH4 concentration during several light-

dark cycles suggests that the accumulated biosynthetic intermediates during the daytime can be used in

the nighttime, which can effectively eliminate the catabolic energy loss that commonly occurs during the

dark cycles in natural photosynthesis (Sakimoto et al., 2016; Larkum, 2010). A peak quantum efficiency of

2.08% G 0.03% of total incident light was obtained with the M. barkeri-Ni(0.75%):CdS biohybrid, which

was significantly higher than those of M. barkeri-CdS and M. barkeri-Ni(2.00%):CdS biohybrids (Figure S11).

With the increase in light intensity, the CH4 production rate followed a volcano-type trend (Figure 2F). The

maximumCH4 production rates withM. barkeri-Ni(0.75%):CdS biohybrids reached 0.21 and 0.24 mmol/h with

a light intensity of 0.8 and 1.0 mW/cm2, respectively, which was higher than the reported CH4 production

rate of 0.19 mmol/h (Table S2), with a quantum yield of 21.60%G 0.97% and 39.04%G 1.34% (based on the

initial Cys concentration, Supplemental Information). More importantly, the dosage of Ni(0.75%):CdS semi-

conductor (0.6 mM) was lower than that in previous research (1.0 mM), which implies that better photoca-

talytic methanogenesis can be achieved byM. barkeri-Ni(0.75%):CdS biohybrids with a lower semiconductor

dose and lower light intensity. Afterward, the CH4 production rate significantly decreased (p < 0.05),

possibly related to the oxidative photodamage under high light intensities (Dumas et al., 2010) because

photon energy under irradiation is the main driving force for the electron-hole separation in the

M. barkeri-Ni(0.75%):CdS biohybrids. With the photon adsorption, the photoelectron (e�) transition to con-

duction band was performed in the Ni(0.75%):CdS semiconductor. Then, the remaining holes (h+) and

consequently generated reactive oxygen species (ROS) such as hydrogen peroxide (2H2O + 2h+ /

H2O2 + 2H+) and hydroxyl radical (H2O + h+/ $OH+H+) (Nosaka and Nosaka, 2017) result in the oxidative

stress forM. barkeri (Brioukhanov et al., 2000).At lower light intensity, sacrificial reagents Cys can effectively

quench the photogenerated holes (2Cys + 2h+ / Cyss + 2H+) (Sakimoto et al., 2016) and ROS (He and

Häder, 2002), which protect M. barkeri against oxidative stress. In contrast, a too high light intensity will

quickly increase the concentrations of h+ and ROS, which become higher than the survival limit of

Figure 2. Photocatalytic Performance for CO2-to-CH4 Conversion with the Biohybrids

The CH4 yields by biohybrids with various Ni doping amounts (A); photocatalytic CH4 production by the M. barkeri-Ni(0.75%):CdS biohybrids and deletional

controls (B); biomass variation of natural M. barkeri and M. barkeri-Ni(0.75%):CdS biohybrids (C); mass spectrometry of headspace gases with 12C-labeled

NaHCO3 and
13C-labeled NaHCO3 as carbon sources in the media, respectively (D); photocatalytic CH4 yields and quantum efficiencies (% incident light) of

the M. barkeri-Ni(0.75%):CdS biohybrids with a light-dark cycle of 1 day (E); photocatalytic CH4 production rates and quantum yields based on the initial Cys

concentration under different light intensities (F). Data are represented as mean G SEM (n = 3), and the different letters represented statistically significant

difference (p < 0.05) in different groups.
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M. barkeri (e.g., maximum 0.4 mM H2O2 stress, (Brioukhanov et al., 2006). A too high light intensity also

causes the photocorrosion of the CdS semiconductor (CdS + 2h+ / Cd2+ + S, (Davis and Huang, 1991),

which has a photoprotective role toward microorganisms. These results are consistent with the scanning

electron microscopic images, where obvious cell shrinkage was observed inM. barkeri-Ni(0.75%):CdS bio-

hybrids with light intensity of 1.6 mW/cm2 (Figure S12).

Ni Doping Improved the Photoelectron Separation and Transfer Efficiency

To understand the intrinsic reason for the excellent performance of the Ni-decoratedM. barkeri-CdS biohybrid,

we evaluated the band structures of different semiconductors that governed the photoelectron separation and

transfer. UV-visible (UV-vis) spectra show that the band gaps of CdS andNi(x):CdS semiconductors in biohybrids

were approximately 2.65–2.68 eV (Figure 3A), which were close to those of pure CdS andNi(x):CdS semiconduc-

tors (2.64–2.67 eV, Figure S13). The values were larger than that of the bulk CdS (approximately 2.42 eV) (Tham-

bidurai et al., 2011). The reason can be the small size of the synthesized semiconductor (<5 nm, see Figure S5),

which caused the size-induced quantum confinement effect (Takagahara and Takeda, 1992). Similar results were

reported in previous studies, wherein the band gap of CdS semiconductors reached 2.51–2.72 eV (Sakimoto

et al., 2016; Brown et al., 2016; Chavhan et al., 2008). However, the observed absorption trailing below 2.60

eV in the UV-vis spectra suggests more doping defects in the M. barkeri-Ni:CdS biohybrids than in the

M. barkeri-CdS biohybrids (Figure S14), which can promote the efficient charge transfer from inside to the sur-

face of the semiconductors (Huang et al., 2017). In addition to the reduction peak of Cd2+/Cd0 at approximately

�1.00 V versus normal hydrogen electrode (NHE) (Simon et al., 2014), one more peak at approximately�0.70 V

versus NHE was detected in the M. barkeri-Ni:CdS biohybrids by linear sweep voltammetry (Figure 3B), which

was assigned to the reduction of Ni2+/Ni0 (Han et al., 2012). Thus, the surface Ni could be used as efficient cat-

alytic sites to capture photoelectrons for the CO2 reduction. The cathodic photocurrents ofM. barkeri-Ni(x):CdS

biohybrids were higher than those of M. barkeri-CdS biohybrids, which indicates that the doping of Ni on CdS

could further catalyze CO2 reduction. The estimated energy bands of theM. barkeri-CdS andM. barkeri-Ni:CdS

biohybrids are shown in Figure 3C. The upshift of the valence band (VB) after Ni doping was consistent with the

analysis from the VB-X-ray photoelectron spectra (Figure S15), which may be beneficial for photoelectron

transfer.

Figure 3. Photoelectrochemical Tests of the Biohybrids with Various Ni Doping Amounts

The band gaps of different biohybrids (A), linear sweep voltammetry curves of different biohybrids and free Ni2+ cations in water (B), energy band diagrams

for different biohybrids (C), PL decay curves of different biohybrids (D), I-t curves under a light on/off cycle (20/20 s) (E), and Nyquist plots (F) with different

biohybrids. Data are represented as mean G SEM (n = 3).
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To further comprehend the variation of the band structure on the charge behavior of biohybrids, we eval-

uated the recombination rate of electron-hole pairs in the biohybrids by the steady-state photolumines-

cence (PL) spectra. The PL peaks approximately at 550 nm were found in all samples (Figure S16A) and

became weaker at approximately 650 nm in the presence of methyl viologen (MV2+), which sacrificed sur-

face electrons (Figure S16B). The results indicate that the PL spectra mainly resulted from the radiative

electron-hole recombination on the surface instead of in the bulk. Notably, the M. barkeri-Ni(0.75%):CdS

biohybrids showed a stronger surface photoemission than the M. barkeri-CdS biohybrid, which demon-

strates the enhanced efficiencies of separation and capture of photoelectrons on the surface after Ni

doping. However, increasing Ni concentration (M. barkeri-Ni(2.00%):CdS biohybrid) decreased the PL

peak intensity, which might be due to the nonradiative recombination of photoelectrons at bulk Ni sites.

In addition, the time-resolved PL spectra show that the doped Ni (0.75 wt %) can serve as an effective

electron sink on the surface to prolong the lifetime of photoinduced charge carriers by 213%, although

an overly high Ni doping concentration can shorten the PL lifetime for surface radiative recombination

(Figure 3D, Table S3). The results were corroborated by the amperometric I-t curves, where the

M. barkeri-Ni(0.75%):CdS biohybrids had higher photocurrent intensity than the M. barkeri-CdS and

M. barkeri-Ni(2.00%) biohybrids (Figure 3E). The Nyquist plot obtained from the M. barkeri-Ni(0.75%):CdS

biohybrids show a smaller arc radius than the M. barkeri-CdS and M. barkeri-Ni(2.00%):CdS biohybrids

with/without light irradiation, which confirms the enhanced electronic conductivity (Figure 3F). These re-

sults have illustrated that a suitable Ni doping amount can effectively accelerate the photoelectron

transfer.

The density functional theory calculation was conducted to better understand the variation of the elec-

tronic band structure of semiconductors in the Ni-doped biohybrids. The doping models remained ther-

modynamically stable in theory with the relatively low change of total energy (1.10% and 2.21%) after struc-

tural relaxation (Figure S17). The lengths of Cd-S bonds in the Ni-doped semiconductors were slightly

larger than those in bare CdS models (Figures 4A–4C), which might expand the crystal lattice (Huang

et al., 2017). In addition, the Ni doping resulted in the increase of the valence band maximum (VBM) (Fig-

ure S18), which contributes to the narrower band gap of semiconductors in the M. barkeri-Ni:CdS bio-

hybrids as shown in Figure 3A. Similar results were reported (Wu et al., 2011), where transition metal

(Mn, Fe, and Ni) doping was proved to narrow the band gap of zinc blende CdS photocatalysts. We also

calculated the density of states for Cd, S, and Ni orbitals. The conduction band minimum (CBM) and

VBM in bare CdS are mainly composed of Cd 5s 4p and S 3p orbitals. However, after the substitution of

Cd with Ni, more states of Ni 4s 4p were found in CBM states with the decreased contribution of Cd 5s

4p states (Figures 4D–4F). Thus, the photo-induced electrons preferred to migrate to Ni 4s 4p rather

than Cd 5s 4p orbitals. In addition, higher electron transfer efficiencies were found in the electron density

maps after Ni doping, which suggests the strong interaction between electron clouds of S and Ni atoms

(Figures 4G–4I).

Ni Doping Promoted Electron Transfer from the Interface of Biohybrids to Cells

The isolation and analysis of membrane-bound proteins were conducted to evaluate the effect of

Ni doping on electron transfer from the interface of biohybrids to microbial cells. It was found

that no significant difference (p > 0.05) was observed between the concentrations of membrane-

bound protein of different samples in the dark. In contrast, the concentrations of membrane-bound

protein of M. barkeri were significantly increased after its interaction with semiconductors under

light irradiation, with the highest value of 56.95 G 0.25 mg/L with the M. barkeri-Ni(0.75%):CdS bio-

hybrids, which could be attributed to both an increase of cell number (based on the flow cytometry

results) and an increase of membrane-bound protein per cell (based on the normalization results,

Figure S19). In addition, higher concentrations of Ni and Cd elements were detected with the

Ni-decorated biohybrids (Figure 5B). These results imply that suitable Ni doping improved the

biocompatibility of CdS semiconductors with M. barkeri. To evaluate the activity of redox-active

mediators that catalyzed the electron transport on the interface, square wave voltammetry measure-

ment was performed (Figure 5C). Two dominant redox centers with a mid-potential of �0.21 V

(versus standard hydrogen electrode) were detected, which could be assigned to cytochromes b

(Kühn and Gottschalk, 1983). In addition, a higher catalytic current was obtained with the

M. barkeri-Ni(0.75%):CdS biohybrids compared with M. barkeri-CdS and M. barkeri-Ni(2.00%):CdS

biohybrids, which demonstrates more redox-active mediators in the membrane-bound protein layer.

The increased amount of redox-active mediators at the interface of biohybrids after Ni doping

ll
OPEN ACCESS

6 iScience 23, 101287, July 24, 2020

iScience
Article



effectively promoted the photoelectron capture by M. barkeri and generation of excessive intracel-

lular reducing power under light irradiation (Figure 5D).

Proteins of M. barkeri in the M. barkeri-CdS and M. barkeri-Ni(0.75%):CdS biohybrids were further analyzed

by the untargeted proteomic technology. In total, 1,457 proteins were detected in both biohybrids. The

principal-component analysis shows that two distinct groups in the score plots were observed (Figure 6A),

which indicates that the Ni doping significantly influenced the physiological state of M. barkeri in bio-

hybrids under light irradiation. Compared with the M. barkeri-CdS biohybrids, the number of proteins

with significant upregulation (fold change >1.20 or p < 0.05) and downregulation (fold change <0.80 or

p < 0.05) in theM. barkeri-Ni(0.75%):CdS biohybrids reached 59 and 32, respectively (Figure 6B). The network

analysis indicates that most of the 91 significantly changed proteins highly interacted with one another (Fig-

ure S20), which suggests that Ni doping led to systematic changes of the physiological status ofM. barkeri

such as electron transfer and energy conservation. A functional analysis of the significant proteins by the

Clusters of Orthologous Groups (COG) database was further conducted (Figure 6C). In addition to energy

production and conversion (C) and inorganic ion transport (P) proteins, other proteins with different func-

tions were upregulated, including Cell-cycle-control/Cell-division/Chromosome-partitioning (D), Amino-

acid-transport (E), Nucleotide-transport (F), Carbohydrate-transport (G), Coenzyme-transport (H), Transla-

tion/Ribosomal-structure/Biogenesis (J), Transcription (K), Replication/Recombination/Repair (L), Cell-

wall/Membrane/Envelope-biogenesis (M), Posttranslational-modification/Protein-turnover/Chaperones

Figure 4. The Band Structure Evolution of CdS Semiconductors after Ni Doping

Calculated bond distances (A–C), densities of state (D–F), and electron density difference maps (G–I) of the simulated Ni-

doped CdS systems with Cd4S4, Cd3Ni1S4, and Cd2Ni2S4.
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(O), Signal-transduction-mechanisms (T), Intracellular-trafficking/Secretion/Vesicular-transport (U), and

Defense-mechanisms (V).

To better understand the mechanism, the proteins related to the charge transfer, carbon fixation,

and energy conversion in M. barkeri were analyzed (Figures 7 and S21). Specifically, the carbon

fixation during the CO2-to-CH4 conversion was catalyzed by different enzymes (Figure 8). Untar-

geted proteome data show that cytoplasmic formylmethanofuran dehydrogenase (Fmd) and

methyl-S-CoM reductase (Mcr) were significantly upregulated in the M. barkeri-Ni(0.75%):CdS bio-

hybrids compared with M. barkeri-CdS biohybrids (p < 0.05). In addition, membrane-associated

methyl-H4SPT:CoM methyltransferase (Mtr), which can transmit methyl-tetrahydrosarcinapterin

(CH3-H4SPT) into methyl-CoM (CH3-CoM), was also significantly upregulated in the M. barkeri-

Ni(0.75%):CdS biohybrids. The membrane-associated proteins in M. barkeri also play an important

role in the electron flow during methanogenesis, such as energy-converting [NiFe] hydrogenase

(Ech, H2 + Fdox # Fdred
2� + 2H+), methanophenazine-reducing [NiFe] hydrogenase (Vht, H2 +

MP # MPH2), methanophenazine-dependent heterodisulphide reductase (Hdr, MPH2 + CoM-S-S-

CoB # MP + HS-CoM + HS-CoB) (Thauer et al., 2008), and (Fpo, MP + F420H2 # MPH2 +

F420) (Kulkarni et al., 2009). The significant upregulation (p < 0.05) of these enzymes in the

M. barkeri-Ni(0.75%):CdS biohybrid is beneficial for the photoelectron harvest and transfer. Simulta-

neously, the significant upregulation of NADH-dependent oxidoreductase (WP_011305330.1,

WP_011307787.1), carbon-monoxide dehydrogenase (CODH), and ferredoxin (Fd) indicate that the

harvested photoelectrons can trigger the increase of reducing equivalents and accelerate in vivo

reductive reactions in the cells (Zhang et al., 2020). In addition, Ni was demonstrated to act as

cofactors for many enzymes (Paulo et al., 2015). The significant upregulation of nickel transport

proteins (CbiN and CbiM, p < 0.05) in the M. barkeri-Ni(0.75%):CdS biohybrids and the increased

membrane-associated ATP synthase (ATPase, p < 0.05) may stimulate the growth and metabolism

of M. barkeri. Importantly, P-II family nitrogen regulator protein (WP_011307315.1) and ankyrin

repeat domain-containing protein (WP_011307347.1), which functioned in signal transduction mech-

anisms, were significantly upregulated. ABC transporter ATP-binding proteins (WP_011305631.1,

WP_048102540.1, WP_011305876.1), which are responsible for the defense mechanisms, were also

Figure 5. Characterization of the Membrane-Bound Protein and Activities of M. barkeri in Biohybrids with

Various Ni Doping Amounts

Concentrations of membrane-bound protein (A), concentrations of Ni and Cd elements (B), square wave voltammetry

curves of membrane-bound protein (C), and NADH/NAD ratio (D). Data are represented as mean G SEM (n = 3), and the

different letters represented statistically significant difference (p < 0.05) in different groups.
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significantly increased. These results indicate that M. barkeri adjusted the expression of related

proteins to strengthen the stress resistance caused by Ni dopants.

Based on these results, a mechanism was proposed for the enhanced methanogenesis with theM. barkeri-

Ni:CdS biohybrids (Figure 8). Ni:CdS semiconductors are decorated on the surface of M. barkeri and

generate sufficient electrons under light irradiation. The photo-induced electronsmigrate to Ni sites, which

serve as an effective electron sink with Cys as a sacrificial reducing agent. In addition, Ni doping changes

the metabolic status ofM. barkeri and increases the concentration of proteins for electron transfer, energy

conversion, and CO2 fixation. With these proteins, the photoelectrons on the interface of biohybrids can

be more easily injected into cells to generate excessive intracellular reducing power, which enhances

the CO2-to-CH4 conversion.

Limitations of the Study

A comprehensive study of the energy conversion pathways and intermediate metabolites of

M. barkeri-Ni:CdS biohybrids should be further conducted. In addition, the reason for different re-

sponses of various subunits (operons) of the proteins in M. barkeri after Ni doping must be

explored. This information is beneficial for better understanding and constructing the biohybrid

system.

Figure 6. Assessment of Ni-Induced Physiological Perturbation of M. barkeri

Score plots (A) and volcano plots (B) of the proteome of M. barkeri-Ni(0.75%):CdS biohybrids compared with M. barkeri-

CdS biohybrids; COG functional annotation for the 91 proteins with significant variations in M. barkeri-Ni(0.75%):CdS

biohybrids compared with M. barkeri-CdS biohybrids (C).
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Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Shungui Zhou (sgzhou@soil.gd.cn).

Materials Availability

Any materials generated and used in this study are available for dissemination to others.

Data and Code Availability

This study did not generate a new code. All relevant data are available from the Lead Contact upon reason-

able request.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

Figure 7. Relative Concentration of Proteins for Electron Transfer, Energy Conversion, and CO2 Fixation in M. barkeri-Ni(0.75%):CdS Biohybrids

Compared with M. barkeri-CdS Biohybrids

Data are represented as mean G SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. S1 The Cd-S (at 200-350 cm-1) single cell Raman mapping of pure CdS and Ni(0.75%):CdS 
nanoparticles. Related to Figure 1. 
 
 
 
 

 
 

Fig. S2 TEM images (a and f), High-angle annular dark field (HAADF) images (b and g), and 
elements formed by Cd (c and h), S (d and i) and Ni (e and j) with EDS mapping of pure CdS 
and Ni(0.75%):CdS semiconductors. The scale bars are 100 nm. Related to Figure 1. 
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Fig. S3 XPS spectra of pure CdS semiconductor (a-d), pure Ni(0.75%):CdS semiconductor (e-h), 
M. barkeri-CdS biohybrids (i-l), M. barkeri-Ni(0.75%):CdS biohybrids (m-p) and M. barkeri-
Ni(0.75%):CdS biohybrids after irradiation (q-t). Related to Figure 1. 
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Fig. S4 X-Ray Diffraction patterns of pure CdS semiconductor, pure Ni(0.75%):CdS 
semiconductor, M. barkeri-CdS biohybrids, M. barkeri-Ni(0.75%):CdS biohybrids and M. 
barkeri-Ni(0.75%):CdS biohybrids after irradiation. (reference peak from JCPDS data card No. 
75-0581). Related to Figure 1. 
 
 
The prepared semiconductors exhibited similar diffraction patterns, three distinct diffraction 

peaks at 26.7°, 44.1°, and 52.2°, which could be attributed to the (111), (220), and (311) crystal 

planes of CdS (JCPDS No. 75-0581), respectively. No peaks of any other impurities were 

detected, demonstrating the possible formation of pure CdS semiconductors. Meanwhile, The 

SEM and HRTEM images further indicated that almost no amorphous by-products formed 

during the preparation of Ni(0.75%):CdS semiconductor. The fringes with d values of 0.35 nm, 

0.21 nm and 0.18 nm could be attributed to the (111), (220), and (311) crystal planes of CdS, 

respectively. 
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Fig. S5 The SEM images of pure CdS (a) and Ni(0.75%):CdS (b) semiconductors, the high 
resolution TEM (HRTEM) images of pure CdS (c, e) and Ni(0.75%):CdS semiconductors (d, f). 
Related to Figure 1. 
 
 

 
 

 
Fig. S6 Effect of different dosages on the CH4 production performance of M. barkeri-Ni(x):CdS 
biohybrids. Data are represented as mean ± SEM (n = 3). Related to Figure 1. 
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Fig. S7 Effect of different Ni weight ratios (0.24%, 0.52%, 0.75%, 1.08%, and 2.00%) on the 
CH4 production performance of M. barkeri-Ni(x):CdS biohybrids. Data are represented as mean 
± SEM (n = 3). Related to Figure 1. 
 
 

 
Fig. S8 Fluorescence of M. barkeri and M. barkeri-Ni(0.75%):CdS under UV irradiation (a); 
Confocal laser-scanning microscopic image of M. barkeri-Ni(0.75%):CdS with bright field (b); 
Confocal laser scanning microscopic images of M. barkeri with dark (c) and bright field (d) 
under 410 nm. All the scale bar are 20 μm. Related to Figure 1. 
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Fig. S9 The CH4 production by M.barkeri-Ni2+-Light and M. barkeri-Ni2+-Dark controls with 
the addition of the same Ni2+ as that in M. barkeri-Ni(0.75%):CdS biohybrids. Data are 
represented as mean ± SEM (n = 3). Related to Figure 2. 
 
 
 

 
Fig. S10 Cys-dependent CH4 yield by M. barkeri-Ni(0.75%):CdS biohybrids with Cys added after 
4 days of irradiation, for additional 5 days of photosynthesis. Data are represented as mean ± 
SEM (n = 3). Related to Figure 2. 
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Fig. S11 Cumulative CH4 and quantum efficiency of different biohybrids with a light-dark 
cycle of 1 day. Data are represented as mean ± SEM (n = 3). Related to Figure 2. 

 

 

 

 

Fig. S12 SEM images of photooxidative damage to M. barkeri-Ni(0.75%):CdS biohybrids with 
the light intensity of 1.6 mW/cm2. All scale bars are 1 μm. Related to Figure 2. 
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Fig. S13 UV-vis adsorption spectra (a), Tauc plots (b) and I-t curve (c) of pure CdS,  
Ni(0.75%):CdS and Ni(2.00%):CdS semiconductors. Related to Figure 3. 

 

 

Although previous research demonstrated that the metal Ni might be a promising plasmonic 

promoter (Pei et al., 2019; Meng et al., 2014), no significant difference in the absorption 

intensity between CdS and Ni(x):CdS nanoparticles (Fig. S16), particularly in the visible light 

region (> 530 nm), demonstrating that no obvious plasmonic effect was performed after loading 

Ni atoms to CdS semiconductors. Data are represented as mean ± SEM (n = 3). 
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Fig. S14 Plots of (Ahv)2 versus the energy of exciting light (hv) for 2.0~2.65 eV. Related to 
Figure 3. 

 

 

 

 
Fig. S15 Valence band XPS spectra of different biohybrids. Related to Figure 3. 
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Fig. S16 PL emission spectra of three treatments in the absence (a) and presence (b) of 10-5 M 
MV2+ (λex = 380 nm). Related to Figure 3. 

 

 
 
 
 
 
 

 

Fig. S17 Corresponding total energy evolution during geometry optimization process. Related 
to Figure 4. 
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Fig. S18 Band structure plots of the simulated Ni:CdS systems. Related to Figure 4. 

 

 

 

 

 

 

Fig. S19 Concentrations of membrane-bound protein based on the normalization results. Data 
are represented as mean ± SEM (n = 3), and the different letters represented statistically 
significant difference (p < 0.05) in different groups. Related to Figure 5. 
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Fig. S20 Network analysis of the proteins with significant variations. Related to Figure 6. 
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Fig. S21 Relative concentration of proteins for electron transfer, energy conversion and CO2 
fixation in M. barkeri-Ni(0.75%):CdS biohybrids compared to M. barkeri-CdS biohybrids. Data 
are represented as mean ± SEM (n = 3). “*”, “**” and “***” indicate p values smaller than 0.05, 
0.01 and 0.001, respectively. Three biological replicates are used. Related to Figure 7.



14 
 

Table S1 The composition of contained substrate medium (CSM) and uncontained substrate 

medium (USM). Related to Figure 2.  

Component CSM (g/L) USM (g/L) 

MgCl2·6H2O 0.4 0.4 

CaCl2·2H2O 0.1 0.1 

NH4Cl 0.1 0.1 

KH2PO4 0.2 0.2 

KCl 0.5 0.5 

HEPES 7.16 7.16 

NaHCO3 2.52 2.52 

Na2S·9H2O 0.24 - 

NaAc 1.394 - 

Cysteine-HCl - 0.24 

Trace element solution SL-10* 1 mL 1 mL 

Selenite-tungastate solution** 1 mL 1 mL 

Vitamin solution*** 3 mL 3 mL 

*Per liter, the medium containing 

HCl (2M) 50 mL 

FeCl2·4H2O 2 g 

ZnCl2 0.2 g 

MnCl2·4H2O 0.1 g 

H3BO3 0.18 g 

CoCl2·6H2O 0.05 g 

CuCl2·2H2O 6 mg 

NiCl2·6H2O 72 mg 

Na2MoO4·2H2O 108 mg 

**Per liter, the medium containing 

NaOH 0.5 g 



15 
 

Na2SeO3·5H2O 3 mg 

Na2WO4·2H2O 4 mg 

***Per liter, the medium containing 

4-aminobenzoic acid 0.04 g 

D(+)-biotin 0.01 g 

DL-a-lipoic acid 0.01 g 

Calcium-D(+)-panto-thenate 0.1 g 

Pyridoxine-HCl 0.1 g 

Folic acid 0.03 g 

Nicotinic acid 0.05 g 

Riboflavin 0.05 g 

Thiamin-HCl·2H2O 0.01 g 

Vitamin B12 0.05 g 
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Table S2 The photocatalytic CH4 production performance with different biohybrids. Related to 
Figure 2. 

Biohybrid 
(50 mL) 

M. 
barkeri 

inoculum 
(mL) 

CdS  
(mM) 

Maximum 
CH4 

yield* 
(μmol) 

Average 
CH4 

production 
rate* 

(μmol/h) 

Light 
intensity 

(mW/cm2) 
References 

M. barkeri-CdS 10 1.0 13.70 0.19 1.0 Ye et al. 
(2019) 

M. barkeri -
Ni(0.75%):CdS 10 0.6 21.50 0.21 0.8 In this 

study 

M. barkeri -
Ni(0.75%):CdS 10 0.6 23.04 0.24 1.0 In this 

study 

* The value was calculated with the data that were statistically significant. 

 

Table S3 Fit parameters for the PL decay curves of M. barkeri-Ni(x):CdS. Related to Figure 3. 

 A1 A2 τ1 (ns) τ2 (ns) τ (ns) 

M. barkeri-CdS 336.95 16.09 0.32 3.45 1.38 

M. barkeri-Ni(0.75%):CdS 423.16 64.24 0.80 7.00 4.32 

M. barkeri-Ni(2.00%):CdS 496.00 17.57 0.38 7.20 3.14 

Based on the PL decay curves (Figure 3d), the parameters in Table S2 can be obtained through 

curve fitting. The average lifetime of the QD PL decay is calculated by using following 

expression: 

𝜏𝜏 =  
∑ (𝐴𝐴𝑛𝑛𝜏𝜏𝑛𝑛2)𝑛𝑛

∑ 𝐴𝐴𝑛𝑛𝜏𝜏𝑛𝑛𝑛𝑛
 

where n corresponds to the nth component of a given multi-exponential decay process (James 

et al., 1985).
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Materials and methods 

Synthesis of Ni:CdS semiconductors 

The synthesis of Ni:CdS semiconductors were conducted according to the previous research 

(Wang et al., 2018), where 3-Mercaptopropionic acid (MPA) was used to disperse and control 

the particle size of CdS nanoparticles. Briefly, 5 mmol of CdCl2 and 8.5 mmol of MPA were 

added into 100 mL of water. In addition, the Ni amount (wt. %) was varied to control the dosage 

volume of NiCl2 to construct Ni(x):CdS semiconductors, where x is the nominal loading amount 

of Ni, which is determined by the ICP-MS measurement. For example, the addition of 10 μmol 

of NiCl2·6H2O produced 65.3 ± 0.5 mg of Ni(0.75%):CdS semiconductors. Before transferring 

the solution into a 250 mL three-necked flask, the pH was adjusted to 10.0 by 5.0 mol/L of 

NaOH solution. Then, the air in the headspace of the flask was replaced with Ar, and 0.5 mmol 

of freshly prepared Na2S solution was dropwise added under stirring. Subsequently, the mixture 

was heated to 100 oC with a condenser, and the observed bright-yellow, transparent solution 

was continually stirred at 100 oC for 30 min. After natural cooling to room temperature, the 

Ni(x):CdS semiconductors were isolated through precipitation with alcohol. Then, the pellet was 

redispersed in water and freeze dried for further use. As control, CdS semiconductors with the 

identical particle size were synthesized by the same method without Ni. All analytical-grade 

chemicals were purchased from Sigma-Aldrich and used without further purification. 

Construction and characterization of M. barkeri-Ni:CdS biohybrid 

The inoculum of M. barkeri (DSM 800, obtained from DSMZ, Braunschweig, Germany) was 

cultured in a 50-mL anaerobic heterotrophic medium at 37 oC (Table S1). When the growth of 
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M. barkeri reached an exponential phase (OD600~0.2), 0.6 mmol/L Ni(x):CdS semiconductors 

were added according to the preliminary experiment, and the mixture was placed in the shaker 

at a speed of 180 rpm to create an M. barkeri-Ni(x):CdS biohybrid. After 3 days of cultivation, 

the suspension was sequentially centrifuged, washed, and resuspended in 5 mL 0.9% NaCl 

solution three times. As control, the M. barkeri-CdS biohybrid was prepared by the same 

method, except Ni(x):CdS was replaced with CdS semiconductors. 

The prepared M. barkeri-Ni(x):CdS/M. barkeri-CdS biohybrids were collected, fixed by 4% 

glutaraldehyde, and sequentially dehydrated to prepare nonsectioned and thin-sectioned 

samples (Wang et al., 2019). Fluorescence images were collected using a Carl Zeiss LSM880 

confocal laser-scanning microscope (CLSM). Micro-Raman measurement was performed using 

a Renishaw micro-Raman spectrometer (Tian et al., 2019). The high-resolution/transmission 

electron microscopy (HR-/TEM) images were obtained with a FEI Tecnai G2 F20 S-TWIN 

field-emission transmission electron microscope. Elemental mapping was performed by an X-

MaxN energy dispersive X-ray spectrometer (EDS) attached to the TEM instrument. The X-ray 

diffraction (XRD) patterns were recorded with a Shimadzu XRD-6000 X-ray diffractometer. 

The X-ray photoelectron spectroscopy (XPS) and valence band XPS (VB XPS) experiments 

were conducted by a Thermo ESCALAB 250XI XPS spectrometer system. 

A CHI 660E electrochemical workstation (CH Instruments Inc, Austin, TX) was used for the 

electrochemical measurements with 395 ± 5 nm violet LED irradiation (1.0 mW/cm2) in a three-

electrode system under N2 gas atmosphere according to the previous research (Ye et al., 2018; 

Ye et al., 2019). A platinum sheet and a saturated calomel electrode (SCE) were used as the 

contour and reference electrodes, respectively. The thin-film working electrodes were prepared 
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by drop-casting 50 μL of suspensions (3 mg of semiconductors/biohybrids after dispersed in 

0.5 mL of 1:3 v/v isopropyl alcohol/water solvent) onto indium tin oxide (ITO) glass substrates 

(11 cm), followed by drying the film overnight. A 100 mM phosphate buffer solution (PBS) 

(pH = 7) was used as the electrolyte solution (prepared with 0.13 g/L KCl, 5.93 g/L 

NaH2PO4·2H2O and 22.2 g/L Na2HPO4·12H2O). The photocurrent (I-t) was measured by light 

irradiation (light on/off cycles: 20 s) at a bias potential of -0.4 V (vs. SCE). The square wave 

voltammetry (SWV) between -0.6 and 0 V (vs. SHE) was performed with a scan rate of 2 mV/s. 

The electrochemical impedance spectroscopy (EIS) analyses were conducted in a frequency 

range of 1 × 105 to 0.1 Hz with a sinusoidal perturbation amplitude of 5 mV. Linear sweep 

voltammetry (LSV) was operated from 0.3 to -1.5 V (vs. SCE) with a scan rate of 2 mV/s in an 

aqueous solution. A glassy carbon electrode (3 mm in diameter) was used as the working 

electrode, and the samples were loaded by transferring the catalyst dispersion (3 mg of 

biohybrids, 50 μL of 5 wt% Nafion solution, and 1.0 mL of ethanol solvent) onto the glassy 

carbon, followed by drying the film overnight. Steady-state photoluminescence (PL) spectra 

and PL decay spectra were determined on the FLS980 photoluminescence spectrometer. The 

lifetime data were analyzed with DataStation V6.6 (Horiba Scientific). The ultraviolet/visible 

(UV-vis) diffused reflectance spectra and UV-vis absorption spectra were recorded on a 

Shimadzu UV2600 UV spectrometer. 

As indicative of biomass growth, the total protein content of M. barkeri was analyzed following 

a previously reported method (Pushpakumari Kudahettige et al., 2018). Membrane-bound 

proteins of M. barkeri were mechanically isolated as described (Mehta et al., 2005), and 

measured with the BCA Protein Assay Kit (Thermo Scientific Pierce). The concentrations of 
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Cd and Ni elements in the membrane-bound protein of M. barkeri were quantified with a 

NexION 300X inductively coupled plasma mass spectrometer. The NADH/NAD ratio of M. 

barkeri was measured with the Sigma-Aldrich NADH/NAD quantification kit (MAK 037). The 

number of cells in different samples was measured by flow cytometry (Quanta SC, Beckman 

Coulter) according to Xiao et al. (2017). 

Photocatalytic CO2-to-CH4 conversion experiments 

The photocatalytic CO2-to-CH4 conversion experiments were conducted in 125-mL serum 

bottles with 50-mL sterilized autotrophic medium (pH = 6.8, Table S1). After flushing the 

bottles with CO2:N2 (80:20) for 30 min, 5 mL M. barkeri-Ni(x):CdS suspension and cysteine at 

0.15 wt% (sacrificial agent) were added. Then, the bottles were placed in a constant temperature 

incubator to maintain at 35 ± 2 oC, and irradiated by a visible-light source. The 395 ± 5 nm 

violet LEDs and 300 W Xenon lamp (CEL-HXF300, Ceaulight, China) with a 400 nm filter 

were employed as the visible-light source. Parallel studies were conducted, Where M. barkeri, 

Ni(x):CdS, and light were removed or replaced by CdS semiconductors, while 0.15 wt% 

cysteine was still added. The CH4 concentration was determined by a Shimadzu GC2014 gas 

chromatograph. Moreover, the isotope-labeled experiments were conducted using NaH13CO3 

instead of NaH12CO3 in the medium. Then, the products were measured with an Agilent 7890-

5975c gas chromatography-mass spectrometer (GC-MS). The average quantum yield (QE) was 

calculated according to previous research (Sakimoto et al., 2016). The photosynthetic CH4 

efficiencies of M. barkeri-Ni(0.75%):CdS biohybrids could also be calculated based on the initial 

Cys concentration according to Eq. S1. The 0.15 wt% Cys·HCl (MW = 157.62 g·mol-1) in the 

photosynthesis measurements, corresponds to 457.83 μmol Cys. With the above stoichiometry, 
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this leads to a maximum CH4 production yield of 57.23 μmol. Then the quantum yield based 

on the initial Cys concentration is defined as: 

Quantum yield(%) = 
nCH4
57.23

 × 100%                 (S1) 

where nCH4 is the CH4 yield. 

 

Density functional theory (DFT) theoretical calculation 

Three greenockite models were established with different numbers of Ni atoms in the 8 atom 

cells, which are named Cd4S4, Cd3Ni1S4, and Cd2Ni2S4. Their electronic structures were 

investigated via the plane-wave-pseudopotential approach based on the density functional 

theory. For the original model, we determined the stability of the doped structure before 

calculating the electronic structures. The convergence tolerances for the energy, maximum force, 

maximum stress, maximum displacement were set to 5.010-6 eV/atom, 0.01 eV/Å, 0.02 GPa, 

5.010-4 Å, respectively. The electronic exchange-correlation energy was calculated with 

Perdew-Burke-Ernzerhof (PBE) of the generalized gradient approximation. The electron-core 

interaction was using norm conserving pseudopotentials with a plane-wave basis cutoff energy 

of 290 eV. The self-consistent field tolerance was 5.010-6 eV/atom. The FFT grids and 

augmentation density scaling factor of all models were 363636 and 1.5, respectively. The 

k-points were set to 444 for all optimized models. 
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